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Abstract

TURBULENT MAGNETIZED PLASMAS FROM IONIZING
SHOCK WAVES 

by
Zuohua Liang 

Advisor: Professor Joseph A. Johnson III

Turbulent argon plasmas produced behind hypersonic shock 
waves (10 < M < 60) are studied in the presence of weak 
magnetic fields at various strengths between 0 and 600 gauss, 
parallel and antiparallel to the shock tube's axis. The experiment 
is performed in a cylindrical arc discharge shock tube of 5 cm 
diameter and 210 cm overall length. Laser induced fluorescence 
and an electric probe are used as diagnostics of the ion density. 
Turbulent fluctuations behind the shock front are observed which 
persist for a time in the order of 10 ps. Using standard turbulent 
and chaotic analytical procedures, the influence of the magnetic 
field on the characterizing parameters is determined under 
circumstances of changing Mach number and pressure. These 

parameters include spectral index, correlation time scales, 
turbulent intensity and chaotic dimensionality. The parameters 
of turbulence obtained from the two diagnostics are quite 
consistent. Fluctuation power spectra follow a P ~ f " n  behavior 
with 1.3<n<2.8; this agrees with theoretical predictions as well as 
the results of other investigators. An increasing magnetic field



increases the characterizing correlation time, the turbulent 
intensity, and the chaotic dimension but decreases the small 
correlation time. Therefore the magnetic field decreases the 
order (increases the dimensionality) in the turbulent plasma, 
independent of the direction of the field parallel or antiparallel to 
the direction of the shock wave. A turbulent velocity-field- 
coupling model is proposed. A dispersion relation shows that, in 
the presence of an external magnetic field, varieties of new 
modes in a turbulent plasma are generated. The model predicts 
an increasing complexity of the turbulent system with increasing 
strength of the field and is in very good qualitative agreement 
with our experiment results.
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Chapter I Introduction

Turbulent fluid motion is understood to be a condition of flow 
in which various physical quantities show an irregular 
instantaneous unpredictable variation with time and space 
coordinates.1 Ionization instabilities arise in nonequilibrium 
systems when local particle density, temperature, and velocity 
couple with one another through ionization-recombination 
reaction and diffusion processes. A plasma is a gas of charged 
particles. In plasma turbulence, waves of one or more modes are 
excited; the excited modes and their harmonics produce spectral 
signatures over a wide range of frequencies.

The study of turbulent behavior is one of the most important 
problems in plasma physics. Shock waves have been a topic of 
considerable interest in plasma physics as a means of producing 
and then heating and compressing a plasma to thermonuclear 
temperatures.2*3 Interest in a connection between turbulence and 
nonlinear dynamics has grown explosively in recent years.4-5 6 
Although some progress has been made in this regard on the 
subject of fluctuations in ionized gas, it now seems clear that new 
measurement are required on high temperature turbulent 
collisional plasmas.

Turbulence and instabilities have been observed in ionizing 
shock waves in monatomic gases.7*12 A model for studying 
plasma and fluid turbulence has been presented;13 an ionization 
reaction diffusion turbulence model was proposed for a 
nonequilibrium open system, in which post-shock chaotic
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patterning can be induced by the ionization and diffusion effects 
and driven by the highly ordered pre-shock gas flow.7 A 
considerable amount of theoretical and experimental work has 
been carried out on shock waves in plasma physics.14 Wide 
ranging reviews of shock waves in plasma physics have been 
g iv en .14*15 Many experiments have been preformed with 
collisional shock waves propagating into a highly ionized plasma 
(using pinch devices), where the term "collisionar is used when 
the shock front transition length scale is larger than the mean 
free path of the pre-shock medium. A review of work in status of 
plasma turbulence has been published by Similon and Sudan.16

Nonetheless current theoretical models are woefully 
inadequate, even for the simplest issues and turbulent plasma 
dynamics. Ionizing shock waves in magnetic fields have been 
under extensive experimental and theoretical investigations since 
the fifties. A normal shock refers to a magnetic field ahead of the 
shock perpendicular to the plane of the shock and a transverse 

shock refers to the field parallel to the shock plane. A set of two- 
fluid Navier-Stokes equations with classical physical transport 
coefficients was used to compute the evolution and structure of 
collisional plasma shock waves and it was found that a strong 
transversely biased magnetic field would significantly alter the 
size and shape of the shock profiles.17 The electron temperature 
and density profiles in deuterium plasmas produced by strong 
collisional shock waves (including transverse shock waves) and 
in plasmas created by reflecting a strong shock from a dielectric 
wall were studied.18 The theoretical expectation that the electron
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temperature would be much less than the ion temperature was 
confirmed. However, there are no predictions for turbulent 
plasma dynamics in the presence of weak magnetic field.

Recent studies have shown that there is some connection 
between dynamical systems theory and turbulence. A simple 
dynamical model of three ordinary differential equations for two 
dimensional Benard convection exhibited a bounded, non­
periodic, apparently chaotic behavior.19 Ruelle and Takens20 
proposed a model in which turbulence would be a deterministic, 
the chaotic regime reached after a small number of bifurcations. 
This ideas was totally opposite to Landau's theory in which 
turbulence involved the continuous amplification of indefinitely 
many modes. The basic question is as follows: To what extent can 
turbulent motion be described by a low dimensional attractor 
similar to those found in low order dimensional nonlinear 
systems? A correspondence has been shown in closed flow 

systems; i.e., systems constrained by boundaries. However, the 
connection is much more difficult for open, fully developed 
turbulent flows, since a large number of modes can easily be 

excited as the bifurcation parameter varies. It is therefore 
necessary to determine whether the dynamics of a complex 

turbulent flow can be described, at least qualitatively, by a finite, 
possibly small, number of modes.

A cascade model for chaotic flows was proposed21 which 
enables us to explore fluid turbulence from the dynamical system 
viewpoint. The underlying concept of the cascade model is to 
distinguish two different regimes of space-time scale: one is a
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dynamic local regime, where local causal space dynamics is 

useful, and the other is a stochastic global regime where a 
statistical approach must be used. The model has been further 
developed to determine the Hausdorff dimension D of some 

strange attractors and to relate the turbulence statistics to local 
vortex dynamics by applying it to dissipative systems and to fully- 
developed fluid turbulence.22 It remains however to apply this 
novel analytical procedures to high temperature turbulent 
plasmas.

We notice that the continuity equation for the collisional 
ionizing shock has a nonlinear and dispersive structure similar to 
the Poisson's equation for the electrical field in the collisionless 
plasma shock wave in which solitary wave and turbulence have 
been predicted and observed.23-24-25 Particle-like clumps can be 
developed as a consequence of the balance between the nonlinear 
ionization and the dispersive diffusion effects.7 When the 
diffusion rates for different components are different, one and 
two dimensional instabilities can be induced.26-27-28 It is known 
that the particle concentration behind an ionizing shock front can 
change not only through the usual compression, convection, and 
diffusion mechanisms, but also through ionization reactions as 
well; furthermore, a magnetic field parallel to the flow at the 
shock front can couple directly into at least two of the three 
components of fluctuating velocities in the reacting regions. Thus 
the magnetized ionizing shock wave has at least two more 
degrees of freedom than the unmagnetized neutral gas dynamic 
shock wave. Like many other similar open nonequilibrium



5

systems, the self-organizing patterning behind the ionizing shock 
is expected to be driven by the ordered incoming pre-shock gas 
flow. A determination of the role which deterministic nonlinear 

dynamics plays in these open nonequilibrium systems should 
provide a useful tool for the evolution of theoretical models for 
turbulence.

Physical understanding of turbulent nonequilibrium fluids is 
still far from complete, mainly because of difficulties associated 
with properly determining the role of nonlinear behaviors. 
Furthermore, many of the plasmas in nature and in important 
laboratory systems occur in the presence of magnetic fields. No 
efforts have been made to characterize the coupling of turbulent 
fluid-like plasmas with external magnetic fields.

The major purpose of this work is therefore to understand 
more completely the turbulent properties of the ionizing shock 
waves and investigate the effects of external magnetic fields on 
the turbulent plasmas behind the shock front. This thesis is 
divided into six chapters. Following the introduction, a brief 
review of the theories of ionizing shock waves and turbulent 
plasmas, and of the influence of a magnetic field on plasmas is 
given in chapter II. In chapter III, the overall scheme of the 
experiment is outlined. The design of the shock tube, the 
discharge system and the electric probe and optical system, the 
operation of the shock tube and the diagnostics are discussed in 
detail. Chapter IV describes the methods of analysis. Chapter V 
presents the data and gives the experimental results and 
discussion. The last chapter interprets the results of the
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experiment measurements and data analyses for the turbulent 
plasmas. A new model is proposed and compared with the results 
of our experiment. Conclusions are given and suggestions for 
some possible further investigations are given in the last section.
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Chapter II Background

The classical theory of shock waves in plasma physics is well 
developed. The results of this theory are presented in the first 
section of this chapter. Ionizing shock waves and shock 
propagation parallel to the magnetic field are described. A review 
of the previous theoretical and experimental works on turbulence 
related to our work is given. Turbulence in plasmas is discussed 
in the second section. It includes the discussions of the theory of 
"weak turbulence", quasilinear theory, etc. The turbulent 
mechanism is considered in the third section. Finally, we discuss 
some possible effects of a magnetic field on turbulent fluid-like 
plasmas.
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2.1 Shock Waves in Plasma Physics

A shock wave arises when a large amount of energy is 
suddenly released into a continuous medium. The shock wave 
heats, compresses, and accelerates the medium through which it 
propagates. Using fluid equations, including the effects of non- 
linearity and dissipation, the steepness of the wavefront is limited 
and it ultimately reaches a stable shape. This is the steady profile 
produced by the balance of non-linear and dissipative effects 
which corresponds to a shock wave.29 Shock waves occur in 
gases, liquids, solids, and analogs have been found in various 
electromagnetic phenomena.

A shock wave is an adiabatic but not an isentropic process; 
the temperature produced by shock wave compression can 
exceed that in an isentropic compression by a very large factor.30 
The changes in pressure, density, temperature and velocity of the 

gas across the shock front occur at a fast (in the order of 1 ps) but 
finite rate. The gas flow velocity changes across the front due to 

the gas collision processes, and it is the degradation of this directed 
kinetic energy of gas motion into random kinetic or thermal 
energy of the molecules which raises the state of the shocked gas 
above that in an ordinary isentropic compression. This process is 
irreversible; an increase in entropy occurs across a shock front. 
Since the entropy of a gas is a function only of its thermodynamic 
state, a detailed knowledge of the nature of these irreversible 
collision processes is not required in order to calculate the final 
state of the shocked gas; this may be evaluated from the resulting
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change in gas flow velocity across the front and the initial 
conditions alone. The shock speed is greater than the 

characteristic sound speed at which the molecules communicate 
a weak compression. For example, the sound speed for argon gas 
at temperature 20°C is 331 m/s. The shock speed is from 3,000 
m/s to 20,000 m/s in our shock tube.

2.1.1 Phenomena in Ionizing Shock Waves

The shock wave is called an ionizing shock wave if the pre­
shock gas is nonionized and the post-shock gas is ionized. Strong 
shock waves will ionize the gas. We distinguish three different 
situations in terms of their pre-shock (subscript 1) and post-shock 
(subscript 2) electrical conductivity a:

d  = 0 2  = 0 gas dynamic shock
Oi, 0 2  > 0 plasma shock

Oi = 0, 0 2  > 0 ionizing shock

The ionizing shock propagates into an initial cold (about 293 
K) low pressure gas. The ionizing shock may be considered as 
consisting of two stages. The first is a fast relaxation zone, with 
thickness of a few mean free paths, in which there is a sharp 
density jump and excitation of translational degrees of freedom of 
the gas. Viscosity and thermal conductivity are the dissipative 
processes at this stage. The second is the "slow" relaxation zone 
with a much thicker stage. Its thickness is proportional to eX,
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where X is the electron-atom ionization mean free path and 
e = (me/ma) 1/2. eX is in the order of 0.4 mm under our 

experimental conditions. In this zone the excited translational 
motion relaxes to other degrees of freedom. The processes which 
occur are: Molecular rotation, oscillation, and dissociation; 
excitation of electronic levels; and ionization.

The compression and heating behind the shock front are due 
to the conservation of mass, momentum, and energy flux. The 
mechanism can be easily understood in the frame of reference 
moving with the shock front. Because of the high density 
compression behind the shock front, the pre-shock gas must slow 
down in order to conserve the mass flux. The extra flow energy is 
converted to excite new degrees of freedom. The theory of 
collisional shock waves predicts preferential heating of ions as 
opposed to electrons in an ionizing shock wave. In other words, 
the plasma electron temperature is much less that the ion 
temperature. This has been confirmed by experiment.18 
Following the initial shock heating, equilibration of ion and 
electron temperatures should occur due to energy exchange 

between ions and electrons in Coulomb collisions.
In monatomic gases, ionization may be produced by atom- 

atom collisions, by electron-atom collisions, by electron-ion 
collisions and by photo-ionization. While the electron-ion 

collisions are individually most likely to be inelastic because of the 
long range of the Coulomb force, the number of such collisions 
will be extremely small until the ionization is already high, so that 
such collisions make a negligible contribution to the initial



11

ionization process. Photo-ionization of argon requires light in the 
far ultra-violet below 80.0 nm, and it may make a contribution 
only at temperatures above 20,000 K.

The amount of ionization to be expected for a hot gas in 
thermodynamic equilibrium can readily be calculated from the 

Saha equation which relates the concentration of ions and 
electrons to the temperature, ionization potential, gas pressure 
and partition functions.30 For argon, the ionization potential is 
15.75 eV so that the ionization is almost negligible below about 
8000 K

The structure of an ionizing shock wave is determined 
basically by two features: The requirement of quasineutrality and 
the great mass difference between ions and electrons. In the 
coordinate system fixed to a stationary shock front, most of the 
directed motion of the incident gas is converted to thermal motion 
by viscous dissipation in the shock structure. A shock front of 
speed U in the lab frame is much greater than the thermal speed 
of the initial gas and provides the ions with a kinetic energy 
Ei«mjU2 and the electrons with Ee^meU2. Since the ion mass is 
much greater than the electron mass (for argon, mj/me-7x l04), 
one has E/Ec~mj/me» l .  The temperature has the same mass 
and velocity dependence as energy; it yields T j»T e immediately 

after heating by the shock front. Electrons may be further heated 
in the shock by adiabatic compression, resistive heating, 
acceleration in the ions’ electric field, or by elastic collisions with 
ions. In a collisionless plasma shock, collective field heating
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mechanisms generally heat electrons more strongly. However, 
some collisionless heating mechanisms may heat ions as well.18

Finally we notice that a shock transition often acts as a 
source of disturbances that may propagate ahead of the shock 
front and thereby spread its effect over much wider length 

scales.23 They are usually referred to as shock precursors. In the 
case of ionizing shock wave, there is a weakly ionized precursor 
running ahead of the shock front, which makes the pre-shock 

gas with Oi>0. Possible mechanisms for the formation of the 
precursor have been proposed: Electron diffusion from the shock 

front,31 photo-ionization by the absorption of UV light from the 
post-shock gas,32 electric field break down waves, or a 
combination of mechanisms.33

The movements of the shock front, the contact surface and 
several flow regimes are schematically indicated by an x-t 
diagram in Figure 2.1. The shock front D separates a pre-shock 
equilibrium gas and a post-shock transition plasma region. 
Plasmas behind the shock front are generated because the 
temperature in that region is sufficiently high to cause ionization 
of the neutral gas. The temperature in the post shock region is of 
the order of 105 to 10®K. The contact surface is the interface 
between the post-shock plasma and the arc discharge heated 
expanding plasma (driver gas); it moves rapidly along the tube 
behind the shock front. Our interest is in the post-shock 
transition plasma shown by the shaded area, which is where the 
turbulence takes place; i.e., the turbulent plasma region. The 
diagram also shows that the relation between x and t for the
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shock wave is not linear: The speed of the shock front decreases as 
it travels downstream.

2.1.2 Shock Propagation Parallel to the Magnetic Field

When shock waves propagate in the direction of the initial 
magnetic field, in general, the magnetic field after the shock has 

passed may have both a normal and a tangential component. 
Considering a plane shock in a frame of reference moving with 
the shock velocity, the undisturbed fluid flows into the front of the 

shock with a relative velocity Ui, and the shocked fluid flows out 
from the back of the shock with a relative velocity U2 . When v is 
the velocity of the gas relative to the shock tube, and U8 the 
velocity of the shock front relative to the tube, we may then write

U ^ U s -V !  

u 2 = U8 - V2.

A coordinate system in the rest frame of the shock wave is 
chosen so that x is perpendicular to the shock surface and y, z are 
in the plane of the shock. For an ideal gas without chemistry, we 
may write the shock jump equations3 0 ’34*36

PiU, -  P2U2
B ^

PlU , 2  ♦ P, = p2U22  + P2  + g jf



14

P iU , Tfi * i n  * 
(ri)pi 2 1 + |(U 22 + w 22)

EyBz2
4 k

PiUiW2 - b xb z2
4 k

=  0

where the subscripts 1  and 2  denote the undisturbed fluid region 
and shock fluid region respectively, and yis the ratio of the 
specific heats, U the flow speed relative to the shock front and W 
is the velocity parallel to the front in the z direction, the density 
and pressure are denoted by p and P, E is the electric field and B is 
the magnetic field. These shock jump equations give the post 
shock state in terms of the initial state.

Considering a weak initial magnetic field, we have BZ2=0 , 
andW 2=0. 34 Thus, the shock jump equations become

PiUi = P2U2

P1U 12 + Pi = p2U 22 + P2 (2.1)
_ j £ l _  . L t ,  2  =  _ 2 P 2 _ .  I t ,  2

(y-1 )p 1 2 (Y-DP2 2 2

The magnetic field plays no part in this case. The field itself is not 
changed and it does not appear in the above equations governing 
the changes in p, U, and P.

The Mach number M is the ratio of the shock speed in the 
laboratory frame in a gas to the local speed of sound in the gas; i.e. 
M=Ug/a. Noting that the gas ahead of the shock is stationary, 
U8=Ui. Solving the equations above and applying strong shock 

condition M » 1  gives



( 2 .2 )

The density ratio is 4 for y=5/3 of argon. The expression for 
temperature ratio shows that strong shocks may convert the 
initially nonconducting neutral gas into a plasma by creating a 
temperature, T2 , behind the shock sufficiently high to cause 

ionization. The resulting plasma can interact with 
electromagnetic fields.

When the initial magnetic field is very strong, a case called 
"switch-on shock" occurs, in which a transverse magnetic field is 
"switched on" behind the shock.
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2 . 2  Turbulence in Plasmas

A plasma is a gas of charged particles. Plasma turbulence is 
a phenomenon driven by a variety of agents; e.g., currents, 
gradients in density, temperature, current density, etc. It is the 
state of a plasma in which waves of one or of several modes are 
excited in a wide range of frequencies and of wave numbers. The 
particle concentration behind an ionizing shock front can change 
not only through the usual compression, convection, and diffusion 
mechanisms but also through ionization reactions as well.

When the amplitudes of the dispersive eigenmodes are 
small, the state of the plasma may be treated as a linear 
superposition of these modes but with amplitudes having a slow 
time variation governed by weak nonlinear interaction. 29 This is 
the theory of "weak turbulence", in which the nonlinearities are 
small and yield small corrections to linear behavior. Strong 
turbulence means that the nonlinearities are as strong as the 
linear terms. The usual conditions for the validity of weak 
turbulence are (a) small mode amplitudes in the sense mentioned 
above and (b) the wave growth over the correlation time of the 

members of the spectrum is small.
Another issue is the effect of small-scale, high-frequency 

fluctuations on large-scale, low-frequency modes. It can be 

handled by a relatively elementary technique called quasilinear 
theory. In this theory, the nonlinear terms are so small that they 
can be neglected in the equations for high frequency fluctuations 
and the wave propagation can be treated by linear theory. The
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nonlinear part of quasilinear theory concerns the long term effect 
of many waves on the background distribution function. In the 
presence of the turbulent electric fields, the particles are 
accelerated. Because the fields are turbulent, the acceleration is 
not constant but is random, being alternately positive and 
negative. Thus, a typical particle will perform a random walk in 
velocity space. This implies a diffusion of particles in velocity 
space. Diffusion tends to spread out the particles in velocity space. 
Quasilinear theory involves the linear wave-particle interaction.

The magnetohydrodynamic (MHD) description is valid 
when the collision frequencies of the electrons and ions are much 

greater than their cyclotron frequencies, and when there is 
strong coupling through collisions between the electrons and ions 
so that they act as one fluid defined by a viscosity and an electrical 
conductivity. MHD is often used to describe the equilibrium state 
of a plasma.

Some progress in the treatment of turbulence in a low- 
pressure, magnetized plasma has been made by stressing the 
homology between fluid turbulence and low-frequency plasma 
turbulence and invoking the Kolmogorov cascade of a system 
invariant, such as the energy density . 3 7 *41 Plasmas generally 
have more than one system invariant (e.g. energy, entropy, 
helicity, etc.). Different modes with different spectral 
characteristics may dominate different regions of k-space. 
Additionally, the turbulence is strongly anisotropic in a 
magnetized plasma. The fluctuations have slow phase variations
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along the magnetic field but change rapidly across the field (k //«  
kj. for the wave vector k).
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2.3 Ionization Reaction Diffusion Turbulence

A reaction-diffusion system can be treated as a system  
composed of many local nonlinear limit cycle oscillators coupled 
with each other spatially through diffusion and convection. 26 A 
turbulent spatio-temporal pattern appears even in a two 
component one dimensional system with multiple diffusion 
processes. It can be roughly divided into phase turbulence and 
amplitude turbulence. In the former case, the disturbance is 
small. The turbulent pattern is due to the different diffusion rates 
of multiple diffusion processes. In the latter case, the spatial 
inhomogeneity is strong enough to produce the turbulence. 27  

Instability and turbulence can also be developed along the wave 
fronts in a two dimensional reaction diffusion system . 28  A simple 
bistable system composed of an activator x and inhibitor y is 
applied in Kuramoto's model. Suppose a straight wave front 
separates the medium into two regions with the steady state 
condition Pj=: (xlf yx) and P2= (x2, y2), where Xj>x2 and yj>y2. A

small pushing of the straight wave front from region 1  toward 
region 2  will be unstable if the diffusion coefficients have relation 
Dx<Dy. Since y diffuses faster than x, there will be more x left in

the perturbed region and it will keep the disturbance growing. 
The instability and turbulence of the wave front might be 
considered to be one of the phenomena resulting from the 
competition between the cross-inhibitary and the cross-excitory 

nature of the system.



2 0

Our system is one kind of reaction-diffusion system in which 
particle density, temperature and velocity couple with one 
another through ionization-recombination reaction and diffusion 
processes. Due to the difference between particle and thermal 
diffusion rates, turbulence is possible. The ion acoustic wave is 
another mechanism through which the flow can be made 
turbulent. An ionization wave characterization of shock wave 
turbulence which is a mixture of acoustic and reaction-diffusion 
mechanisms can be suggested.

The system  behind the ionizing shock front is a 
nonequilibrium open system due to the presence of a constant 
energy and mass flow from the boundary (shock front). The 
dynamic equations of different variables of the system can 
generally be written as:

dX/at + v  . VX = D . V2X + F(X,X) (2.3)

where X represents a set of space-time dependent variables 
describing the state of the system, v is the flow velocity, D is a 
diffusion matrix, F is the nonlinear term corresponding to 
ionization, recombination and other nonlinear processes, and X is 
a set of external parameters controlling the process. The 

ionization-recombination reaction gives rise to nonlinear source 
and sink terms, and diffusion makes the system dispersive and 
gives spatial coupling. 7 A typical example of a general nonlinear 

dispersive system is a solitary wave.29
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Diffusion induced chemical turbulence has been 
demonstrated experimentally . 4 2 -43 Turbulence and ionization 
waves in a discharge tube have been studied. 4 4 *47 In this case, the 
system is a nonequilibrium open system with ionization reaction, 
thermal diffusion and particle ambipolar diffusion. The 
instability or turbulence is driven by the external electric field or 
the electron beam. For an ionizing shock wave, it is possible to 

excite ionization instability and turbulence since there are high 
energy atomic (neutral) streams; viz., the incoming pre-shock 
gas flow and charged particle streams from the precursor flow.
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2.4 Influence of a Magnetic Field on Plasmas

In plasma physics, the complete Boltzmann equation is 
derived from classical kinetic theory. It describes the evolution of 
the distribution function in seven-dimensional space. It is 
expressed as

a tf  (X ,v ,t)+  v  • V* f+ ^ - (E + ̂  x B) -Vv f  = Fcoii. (2.4)

where f  denotes the distribution function. The Vlasov equation is 

a collisionless Boltzmann equation, in which the collisional term is 
neglected. It is written as29

a tf(x,v,t)+v-V x f + ^ ( E  + ̂ x B )V v f= 0 (2.5)

These two equations can be used to determine the role of a 
magnetic field in fluid-like plasmas.

There are many phenomena in plasma physics that can be 
studied by thinking of the plasma as two interpenetrating fluids, 
an ion fluid and an electron fluid. In this approach, it is not 
necessary to consider the fact that each species consists of 
particles with different velocities so that the plasma can be 
treated as fluid flows. We use the normalization

ns (x, t )  = J* d v  fg(x, v , t ) ( 2 .6 )
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and note that the fluid velocity V9 is

V, = ^  J  dv v fB(x, v, t) (2.7)

where f8 is considered as a probability density. Integrating (2 .5 ) 
over all velocity space, we obtain the continuity equation

d tn9(x,t) + V-(n8 V8) = 0 (2 .8 )

Multiplying (2.5) by v and integrating over all velocity space, 
using above equations and noting that

V, • J  dv v v fB = Vx • ( n8 <v v>) = V- (n8VgVg) +VP9 /m8 (2.9) 

We find

3tV. + (V ,• V)V, - — VP. + ^ E +^ ( V .  x B )  (2 .1 0 )

where P8 is pressure, which can be expressed as

VP8 = V (n8T8) = n9VT9+ T8Vn8 = y  8 Tg Vn9

and where y  8 is the ratio of specific heats and Ts is the 
temperature. The total charge density p is defined by

p(x,t) = X q8n8(x,t) (2 .1 1 )
s
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while the total current density J  is defined by

J(x,t) = X q 8ng(x,t) V8(x,t) (2 .1 2 )
s

When these combine with Maxwell’s equations

V-E (x,t) = 4xp (2.13)
V B  (x,t)= 0 (2.14)

V xE (x,t)= -^ atB (2.15)
4k

VxB (x,t) J  + 8 tE (2.16)

we can study various kinds of waves in plasma.
Consider a case in which we assume quasineutrality; i.e., nei 

= nji with n8 = no + nsi. Then we need the force and continuity 
equations to describe the plasma motion. From the linearized 
equations (2 .8 ) and (2 .1 0 ), we find

menodtVe + YeTeVn«i+enoE+— (VexB)= 0 (2.17)

8 1 ne(x,t) + noV- Ve = 0 (2.18)

mjno8 tVi+YiTj Vnji-e n0E + ^ p (V exB)= 0 (2.19)

8 1 ni(x,t) + noV- Vi = 0  (2 .2 0 )

where the subscripts e and i represent the electron and ion 
respectively. These equations can be solved, and a dispersion 
relation can be obtained.
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Therefore, based on the force equation, and combining it with 

the continuity equation and Maxwell's equations, we can study 
the wave propagating in plasmas. When a magnetic field is 
present, a variety of new modes will be generated in the plasma 
system . 29 The modes occurring in the presence of the magnetic 
field Bo are: (a) Upper hybrid waves. They are high frequency 
waves traveling across the magnetic field and known as 
perpendicular longitudinal electrostatic waves. The electrons are 
performing a sort of gyromotion in the wave. The frequency
to2=coe2+ fie2 is higher than the wave where the magnetic field is

4tcii ©̂ ©B
absent, where coe2= — — and f ie= ^  ! . (b) Electrostatic ionme meC
waves. They are low frequency electrostatic waves whose physics 
is dominated by ions. Let us consider these waves in various 
limits. Define an angle 0 as the angle between wave number k 
and magnetic field Bo, we can find the following: (i) when 0 = 0  

and kx=0 , we have three solutions: oy2=k2c82, which is ion-acoustic 

wave; to2 =Qi2, which is ion-cyclotron wave; co2 = fle2» which is 

electron-cyclotron wave; where c82=(YeTe+'yiTi)/mi( Oi= and
111 J v

" cBp
fle= -y. _ ; (ii) when 0 <tc/2 , l » k z/k x>>(m e/m i)1/2, we have mec
co2=k2cg2 +f2i2; (iii) when 0 =n/2 , kz=0 , two solutions are obtained: 
cô =k2Cs2+ I DiDe I; to2 =0. (c) Electromagnetic waves. They

include waves traveling perpendicular to magnetic field and 

waves traveling parallel to the field. In the first case, there exist 
ordinary wave (O-mode) and extraordinary wave (X-mode), 
depending on the angle between electric field and magnetic field.
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The dispersion relation for the ordinary mode is co2 =(oe2+k2c2.
This wave propagates as if there were no magnetic field. For the

k2c2
e x t r a o r d i n a r y  m o d e , t h e  d i s p e r s io n  r e l a t i o n  i s  e x p r e s s e d  a s  — y  

tOe2 co2-o)e2
=1 - ~ r  2_m— 2 - In the second case, there are right circularly

tu ui wUH

polarized R-wave and left circularly polarized L-wave, i.e., wLR= 

coe2 +f^e2/4 with plus sign corresponding to L-wave and

minus sign R-wave. (d) Alfven waves. These are low frequency
parallel electromagnetic waves traveling along magnetic field,
which combine ion motion with electromagnetic effects. The

k2V^ 2
dispersion relation is (0 2 =£ ^ y ^ 2/c2 ) > where Alfven speed

VA2 =(Bo2/4xpm)1/2, pm=nomi. (e) Magnetosonic waves. They are
low frequency perpendicular electromagnetic waves, traveling
across magnetic field. The expression of dispersion relation is 

k2VA2co2= i +(y a2/c2 ) • (f) Drift waves. They are linear fluid waves in

magnetized, inhomogeneous plasma. Spatial inhomogeneities
can give rise to their own wave motions. The dispersion relation

ve 2for electrostatic drift waves is co=kvvDe, vDe= yi: T is electron
I iie I Ln

diamagnetic drift speed, where

The different modes described above can be excited 
simultaneously by a magnetic field. Therefore, in a magnetized 
plasma, there is a greater variety of natural modes of oscillation. 
This makes the system more complicated. A parametric 
excitation of electrostatic waves in magnetized plasmas has been
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investigated.48  The Vlasov-Poisson system of equations were used 
to derive a dispersion relation for electrostatic waves in a 
magnetized plasma in the presence of a uniform high-frequency 
electric field. Tzoar4 9  has studied the excitation of long 
wavelength waves propagating perpendicular to the magnetic 
field and has derived a dispersion relation. The excitation of ion 
acoustic waves and purely growing ion modes in a warm plasma, 
when the driving frequency is near the resonant frequency of 
electron modes, was also studied. 50

Nonlinear phenomena in a plasma system arise from wave- 
particle interactions and wave-wave interactions. Diffusion in a 
fully ionized gas is a nonlinear problem because the diffusion 
coefficient varies with density. Wave-particle interactions take 
place when the speed of particles is very close to the phase speed of 
the wave, such as is the case for the phenomenon of plasma 
echoes. 61 A nonlinear interaction between long and short waves 
can occur strongly if the phase velocity of the long wave coincides 
with the group velocity of the short wave. This kind of resonant 
interaction has been examined for long ion acoustic and short 
electron plasma waves 5 2  and other systems. 53*54 It is found that 
the chaotic state can appear even if only a single unstable mode 

exists.56

The magnetic field parallel to the turbulent flow at an 
ionizing shock front can couple directly into the two components 
of fluctuating velocities transverse to the axis of the flow. Thus 
the magnetized region can have at least two more degrees of 
freedom than the region where the magnetic field is absent. An
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increase in the number of degrees of freedom would ordinarily be 
expected to increase the degree of instability in the system.

The effects of turbulent motion on magnetic fields were 
investigated by Steenbeck et al. 56 It was shown that in turbulent 
velocity fields the average crossproduct of velocity fluctuation and 
magnetic field fluctuation has a non-vanishing component 
parallel to the average magnetic field. The system they 
considered was an electrically conducting fluid in a turbulent 
motion. The calculations were base on the following assumptions: 
the magnetic field is weak, and the Lorentz force in the Navier- 
Stokes equation is correspondingly negligible. Under these 
assumptions it is possible to develop an electromagnetic theory for 
the mean values of fluctuating fields. The equations used are 
Maxwell’s equations, which are linear relations between fields 
and remain valid for the mean fields; i.e.:

VxE = , VxH= i , V B= 0.

Ohm's law is expressed as:

B= pH, i = o(E+ vxB).

where i is the electric current density, v  is the velocity fluctuation 
of the fluid, p is its permeability, and a is its electrical conductivity.

Setting H = H + H \ H '  is fluctuation part and is calculated as a 

perturbation created by v’ from
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1 —

~ d i '  ^  V2H’ = v  x (v’ xH) (2.21)

It follows from (2.21) that

Hj (X ,t) = (5il 5jm * 6 jm 6 fl) X

X J^dt'J dx' 0 ~rtvi(x',t') Hn(x',t')] r  (x-x\t-t’))

( 2 .22 )

where

r(x>t)=0 3/2e*̂ (Tx2/4t>

dx' denotes the element of volume, and 5ii is the unit tensor. The 
mean value of v' xH' is given as

____ 1 i r p  ___
v' xH'= t^iov' 2  L2{-gV(log H - jg- [4 H co •'V(log p->/v**) -

- (H • (D )V(log p V ^ ) - CD H • V(log pV^)]) (2.23)

where y  is a dimensionless factor of the order of magnitude unity. 
This result shows that the mean value of the product v'xH'

possesses a nonzero component in the direction of H. The 
consequences of this effect for rotating, electrically conducting 
plasma were considered. 57
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A B C D

1 >

x
Figure 2. 1  An x-t Diagram

A and B: Discharge electrodes.
C: Contact surface.
D: Shock front.
E: Hot expanding discharge heated plasma.
F: Post-shock equilibrium plasma.
G: Post-shock transition plasma.
H: Weakly ionized precursor.
I: Pre-shock equilibrium gas.
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Chapter m  Experiment

This chapter describes the experimental apparatus used to 
obtain turbulent plasma density profiles in the arc driven shock 

tube. A brief description of the operation of the shock tube is 
followed by an overall description of the tube. Subsequently, the 

mechanical, optical, and electronic design of the apparatus is 
described. Finally, the items of equipment for collecting and 
analyzing data are discussed.

The shock waves are produced in a cylindrical arc discharge 
shock tube of 5 cm diameter and 2 1 0  cm overall length filled with 
argon. The discharge is generated symmetrically through a ring 
electrode by triggering a capacitor charged to 15~20 kV. The 
principal diagnostic port has three windows arranged at 90° 
intervals for fluorescence induced resonance radiation, a port for 
the ion probe being arranged such that all these measurements 
are made at the same axial location. Magnetic coils are placed so 
that the diagnostic port is in the center of the set of coils and a 
magnetic field is generated which is parallel (or antiparallel) to 
the direction of the shock wave. The shock speed can be varied 
between 3.3 xlO3 m/s and 2.0 xKHm/s for different initial filling 

pressures and discharge voltages. This corresponds to a range of 
ionization between 1 % and 1 0 0 %, and typically plasmas of 
Nj~1016/cm3 and Ti~5 eV.

Data processing and analysis are accomplished using an 
Apple Mac IIx with real time data acquisition from a set of 
Nicolet 440 ADC’s. The transient recorders provide time histories
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for Ar+ florescence and two measurements of the ion probes at 
two different positions at a 10 MHz sampling frequency. Phase 
space trajectories, chaotic dimensions, power spectra, correlation 
functions and time scales can thereby be obtained.
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3.1 Arc Driven Shock Tube

A shock tube is essentially any device in which a shock wave 
is produced. The conventional shock tube uses a diaphragm 
separating a gas at high pressure from one at lower pressure. A 
plane shock wave is generated by sudden bursting of the 
diaphragm. Numerous strong shock devices have been 
developed. One of them is the arc driven shock tube used in our 
experiment. A compression wave is formed in the gas after a 
large amount of the electric energy from the capacitor is 
suddenly released, this wave rapidly steepening to form a shock 
front. Vibrational relaxation times in gases at ordinary 
temperature are usually measured by studying supersonic 
dispersion; at high temperatures the shock tube has proved a 
valuable supplementary tool. The gases behind strong shock 
waves are highly ionized by the high temperature, and results are 
therefore of interest in relation to work in plasma physics. In 
addition, turbulent flow in plasmas may be created by shock tubes 

for studies of high temperature plasma fluctuations.

3.1.1 Shock Tube Set-Up

The experiments reported here are performed in a 
cylindrical arc discharge shock tube. The major part of it is made 
of stainless steel, which shows superior corrosion resistance, very 
low vapor pressure and thermal conductivity, and it is almost 
nonmagnetic. It consists of a driver section, a driven section and a
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test section. The overall layout is shown in Figure 3.1. The total 
length of the tube is approximately 2  meters, and the inner 
diameter is 5 cm.

The driver section of our tube is constructed of a 1 0  cm long 

brass tube outfitted with two electrodes. To keep the discharge 
symmetric, a stainless steel ring of 4 cm inner diameter and 2 
mm thickness is used as the cathode which is grounded through 
the tube wall. An 8  cm long and 6  mm diameter threaded steel 
anode is put through the center of a 2.5 cm thick plastic plate 
which closes the end of the driver section and insulates the anode 
from the tube wall. A schematic drawing of the driver section is 
shown in Figure 3.2.

A stainless steel tube of 150 cm length is the driven section 
connected to the driver section via an O-ring seal. There are 
three ports separated by 15 cm at the end of the tube for electric 
probes and two ports with the same separations for pressure 
transducers. Another port is for the gauge monitoring the 
pressure in the tube.

The main test section is a tube of 14 cm length. It possesses 3 
optical windows of 2  cm diameter which allow fluorescence 
induced resonance radiation measurements. These quartz 
windows can stand the high power of the incident laser beam, and 
have a 1/4 wave flatness. It also contains a port for an ion probe. 
This port is radially located in the middle of the section and about 
160 cm from the discharge. The section is enclosed externally by 
a set of magnet coils producing the magnetic field. The current 
through the coils is provided by a dc power supply of 0-30 A.
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There is a switch between the dc power supply and coils so that 
the coils will not be over heated by turning off the switch after 
each run. Figure 3.3 gives a schematic view of the test section.

Another 33 cm long section is added to the test section, which 
makes certain that the reflected shock wave passes through the 
test point after data collection is finished and therefore does not 
affect the measurement.

3.1.2 Charge and Discharge System

Details of the discharge system are showed in Figure 3.4. It 
consists of the following components:
(1) Electrodes in shock tube driver section.
(2) High voltage power supply

The output of it is between 0-30 kV. It is used to charge the 
capacitor from -15 kV to -20 kV.

(3) Trigger System
a. Oscilloscope

Its trigger output sends out a pulse to trigger the 
generator.

b. Trigger generator
It is made by Maxwell, with four outputs which supply 

a positive or negative 40 kV pulse.
c. Air gap switch

It receives signals from the generator to turn on the 

discharge.
(4) 14.5 pF and 40 nH capacitor
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It serves as an energy bank for the discharge.
(5) 30 kQ charging resistors

They are used for limiting the charging current.
(6 ) Isolating chokes

They are used to isolate the big transient discharge current.
(7) Switches

The operating voltage of this relay is 25 kV. It is used to 
connect or isolate the power supply and the capacitor.

(8 ) Mechanical safety grounding switch 
It is used to dump the capacitor charge.

The arc discharge shock tube is fired by discharging voltage 
at a 14.5 microfarad capacitor. The capacitor is charged to high 
voltage through a charging resistor. Normal operating voltage is 
-15 to -20 kV, corresponding to stored energies of 1.6 kJ to 2.9 kJ. 
A trigger signal coming from an oscilloscope triggers the pulse 
generator. The high voltage generator sends out four channels of 
40 kV pulses to create four streamers between the electrodes of 
the switch. Once the air in the switch gap is broken down, a 
uniform arc is formed, which brings the voltage on one side of the 
capacitor very close to ground and forces the other side to positive 

high voltage. As a result, a strong shock wave is produced.

3.1.3 Shock Tube Calibration and Operation

The plasma studied in this experiment is produced in the arc 
driven shock tube. Different sections of the tube are connected by
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means of O-ring gasket made by Viton. Those ports in the test 
and driven section are also based on O-ring seals. The system is 
evacuated to lower than 10'6Torr before each filling gas. The 
leak rate at isolation is less than 9x10*6  Torr/min.

The overall configuration is chosen so as to minimize the 
influence of reflected expansion waves on measurements of the 
shock front in the test section. Typically, the first expansion 
waves arrive at the test section at least 350 ps after the discharge, 
while all measurements are finished in less than 2 0 0  ps.

Firings of this tube using electrodes have shown an adequate 
Mach number range even when the diaphragm is not used. The 
discharge voltage is varied between 15 kV and 20 kV, and initial 
filling pressure is varied from Pj=20 mTorr to 250 mTorr. By

changing the discharge voltage and filling pressure 
independently, the shock wave's Mach number at the test section 
can be varied from M=10 to M=60. The Mach number increases 
as the discharge voltage does. Higher filling pressure results in 
lower Mach number. Therefore, we have options to fixing Mach 
number by choosing different sets of discharge voltage and 
pressure. Figures 3.5 and 3.6 show the relation between Mach 
number and the pressure. The result of Mach number versus 
discharge voltage is given in Figure 3.7.

As the shock propagates downstream, its speed slows down 
very rapidly at the beginning and appears to approach a steady 
speed . 68 The measurements are done 160 cm from the discharge 
where the shock wave has reached a nearly steady speed and the 

noise induced by discharge vanishes.
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The intensity of the external magnetic field can be varied 
between 0  and 600 gauss by changing the current through the 
coils from 0  to 1 0  amperes. The field is produced either parallel or 
antiparallel to the direction of shock propagation. The switch 
installed between the dc power supply and the coils is only turned 
on just before each firing to avoid overheating the coils.

There is signal noise caused by the electromagnetic field 
immediately after firing. The signal collecting system, especially 
the electronic equipment, is sensitive to the noise. To reduce the 
signal noise level, the analog to digital converter is grounded 
through the power supply and shielded in a grounded aluminum 
box. It is found that the length of the coaxial cable influences the 
signal noise level.

All of the experiments reported upon in this thesis used 
argon as a fill gas. In general, the firing condition options 
correspond to a range of ionization between 1 % and 1 0 0 %, and 
typically plasmas of Ni*1016cm' 3  and Ti*5 eV.
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3.2 Diagnostics

The techniques for measuring the properties of plasmas, 
generally referred to as plasma diagnostics, have played a critical 
role in advancing our knowledge of plasma physics. The task of 
determining with strictly noninvasive techniques the many 
significant plasma parameters that are varying in complex 

spatial and temporal patterns remains a formidable challenge. 
Diagnostic methods can be and, in many cases, are based on 
phenomena which are only remotely related to intrinsic plasma 
characteristics; thus in each instance, there should be a well 
understood connection between such properties and the condition 

of the plasma.
The development of plasma diagnostics has a somewhat 

interdisciplinary character, borrowing methods from many 
branches of physics including optics, spectroscopy, high-energy 
physics, microwave technology, and fluid mechanics. We will 
discuss in detail the two diagnostic methods used in our 
experiment. They are laser induced fluorescence and the electric 

probe.

3.2.1 Laser Induced Fluorescence (LIF)

Laser induced fluorescence is a sensitive diagnostic method 
with wide applicability in plasma and fluid physics. The LIF 
method was used to investigate the structure and dynamics of 
round turbulent jets.59 A quantitative two- and three­
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dimensional LIF images of the scalar field in fully turbulent flows 
were obtained.60’61 Different ways of using resonant laser 
excitation of ions in plasmas have been conceptually explored. 
The technique is very useful in argon plasmas and can be used to 
observe ion density fluctuation.62 The technique has the 
advantage that no material probe is inserted into the plasma so 
that there is a greatly reduced possibility of contamination.

The probability for excitation per particle is the basic 
parameter underlying the processes, which is P=J N(u)o(\))d\). 
Here the absorption cross section o(u) at resonance tends to the 
limit \W n .  For wavelength X in the visible region, the magnitude 
of it is about 1 0 11 cm 2, which is much larger than the Thompson 
or Raman cross sections.

LIF occurs as a result of the emission of photons when an 
excited ion or molecule decays back to its ground state. A 
moderate power laser, operating at a frequency that coincides 
with the frequency of an emission line, can selectively excite a 
large number of the appropriate particles into the upper state of 
the transition along the path of the laser beam. This will cause an 
intensification of the spontaneous emission, which can be 
explained as scattering of the laser beam, from the volume 
exposed to the laser radiation. If this enhanced emission can be 
distinguished from the background radiation emanating from 
the rest of the plasma, it will provide useful localized information 
about the state of the plasma. An important feature of this 
technique is that if the upper level of the laser excited transition
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gas has alternative radiative decay modes, a frequency different 
from that of the laser can be monitored.

Consider the case in which, along a 488.0 nm laser beam, 
argon ions in the initial state 4s2P3/2 are excited into a upper state 
4p2Ds/2. Ions in the upper state can decay either to the 4s2 state 
with emission of a 488.0 nm photo or to the 4s4P3/2 state with 

emission of a photon at 422.8 nm. The fluorescence intensity, or 
the number of photons emitted, is proportional to the number of 
excited ions, which in turn is proportional to the number of 
ground state ions as well as the illuminating light intensity. 
Therefore, following excitation by the laser beam, the fluorescent 
emission of either 488.0 or 422.8 nm radiation provides a 
diagnostic of the condition of a target ion.

In our experiments, a 7 Watt 488.0 nm laser beam from an 
Ar+ laser made by Coherent is sent through the shock tube at an 
optical window and is focused to a 0.5 mm diameter by means of a 
convex lens at the test point. The fluorescence signal is picked up 
at the other window which is perpendicular to the one through 
which the laser beam travels. A filter which transmits at 422.8 
nm is placed in front of a fiber-optic light pipe so that only 
fluorescent emission of the 422.8 nm radiation is obtained. An 
aperture with 50 pm diameter pinhole is placed between two 
lenses to reduce the stray light and improve the spatial resolution. 
The optical signal is collected by a photomultiplier tube (PMT). It 
is an extremely sensitive light detectors, providing a current 
output proportional to the light intensity. The tube is quoted by 
the manufacturer as having good time response of 12 nsec and
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very low background noise. The light collecting system is in an 
aluminum box which is painted black on the inside. The sketch of 
the laser light source arrangement and light collection optics is 
given in Figure 3.8.

3.2.2 Electric Probe

The electric probe has been extensively used for plasma 
diagnostics and has been one of the major tools in the study of 
plasma waves, instabilities and turbulence. The technique was 
developed by Langmuir in 1924 and is therefore sometimes called 
the method of Langmuir probes.

Simply stated, an electrostatic probe is merely a small 
metallic electrode, usually a wire, inserted into a plasma. They 
are very simple devices. Basically, compared to many other 
diagnostic tools the probe is distinguished by the possibility of 
direct local measurement of plasma parameters; most of 
techniques give information averaged over a large volume of 
plasma. The conducting probe immersed in a plasma will emit or 
collect current, depending on the voltage impressed. The probe is 
attached to a dc power supply capable of biasing it at various 
voltages positive and negative relative to the plasma, and the 
current collected by the probe then provides information about 
conditions in the plasma. Ion density, electron density, and 
electron temperature can be measured by varying the bias 
voltage on the probe.63*64 Density fluctuations can be monitored 
when the probe is biased at its saturation voltage.64



4 3

In the case of no magnetic field, when the bias voltage is 
made very negative, almost all the electrons are repelled and only 
ions are collected. The random ion current passing through an 
area in the plasma is related to the ion density and the velocity.65 
It was shown66 that ion saturation current is

Ii oc a  pjM

ni
where a  = — - = the ionization degree, ni+ne ®

Pi = filling pressure,

M = Mach number.
We can see that the current is linearly proportional to the ion
density flux and the flow velocity. In the lab frame, the
fluctuation of the flow velocity is very small compared with the
density fluctuation. Hence we can assume that the current
fluctuation observed is linearly proportional to the density
fluctuation.

In the presence of a magnetic field, the ion saturation 
current is not much affected until the field strength is fairly large. 
The insensitivity exists because the ion gyroradius is much bigger 
than that of electrons.65

The presence of the probe produces a perturbation in the 
plasma. However, it will not influence the proportional property 
of the current with ion density. Along with the perturbations 
caused by the probe in the plasma, there are also certain plasma 
perturbations upon the probe. Probe deterioration is the most
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serious of these. A probe immersed in plasma suffers continual 
particle bombardment, which evaporates away metal from the 
probe, and plates it on surrounding surfaces, including the 
insulating probe support. This may either decrease or increase 
the current-collecting area, depending on whether the metal gets 
away or is plated onto the insulating support adjacent to the probe 
tip.

Several different kinds of probes have been tested in a 
previous experiment.66 Our choice has the advantages of low cost, 
good mechanical strength, small local disturbance, high 
frequency response, good spatial resolution and high reliability. It 
is a straight probe with a 0.75 mm diameter stainless steel wire, 
which is welded to a BNC connector and enclosed by a 1.5 mm 
OD 99% ceramic insulating tube. Probes are inserted radially 
into the tube via O-rings. A schematic view of the electric probe is 
shown in Figure 3.9.

A BNC cable connects the electric probe to a circuit which 
provides a bias voltage. Figure 3.10 gives a schematic description 
of the probe circuit. The whole circuit is shielded by an aluminum 
box. The probe bias voltage can be adjusted by using a variable 
resistor. A switch is used for changing the polarities of the voltage 
on the probe. An ion current signal is sent to a data acquisition 
system by a BNC cable.

To observe ion density fluctuations in the present 
experiment, the electric probe is biased at the region of saturation 
ion current. The region is a fairly flat portion of the probe 
characteristic, and is obtained point by point in a pulsed discharge,
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the probe bias being changed from pulse to pulse. In other words, 
the discharge voltage and filling pressure are fixed while 
changing the bias voltage. The ion current saturates when the 
absolute value of bias voltage is greater than 5 V; the probe arcs to 
the wall of the tube when it is greater than 20 V. Usually, the 
probe is biased at -7 V to collect saturated ion current. Typically, 
the probe current is less than 2 mA and lasts less than 0.1 ms in 
our measurements.

The plasma sheath around the probe only extends a few 
Debye lengths (~10'5 cm); hence we expect that the potential 
perturbation is negligible. Since the probe size is much greater 
than the particle mean free path (~10'2 to 10'3 cm) in this region, 
the probe might create some density disturbances. It has been 
shown that the density perturbation is localized and not carried 
downstream by the flow behind the shock front.7

The probe operation is affected seriously by the impurity on 
its tip. The shock tube discharges leave impurities on the 
collecting area of the probe (including the insulating tube), 
especially on the side facing the direction of the primary shock 

wave propagation. It is therefore necessary to clean the probe tip 

from time to time.
The two ion probes used are separated from each other by 13 

cm; one is located upstream from the magnetic coils while the 
other is located in the test section and coincident with the source 
of resonance radiation. The shock speed can be obtained by ion 

signals collected at these two stations.
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3.3 Data Acquisition

Ion probe and fluorescence signals are digitized and recorded 
simultaneously in an analog to digital converter (Nicolet model 
440) using frequency of 10 Megasamples per second. This four 
channel model is configured with 12-bit digitizers and has a 
range from 30 mV to 120 V. Its recording length can be varied 
and the maximum length is 64,000 samples per channel. We use 
one of the channels for the electric probe located upstream from 
the magnetic coils, one for the electric probe located in the test 
section, and two with different amplifications for the fluorescence 
signal. The post-trigger delay of the ADC is 109 x (selected time 
per point). The external trigger signal to the ADC comes from 
the output of an oscilloscope which also triggers the discharge. 
The delay time is set in the Nicolet since it takes some time (in the 
order of 10 microseconds) for a shock wave to reach the test point. 
When the shock wave comes, there is a big increase in ion density. 
The 12-bit resolution is very important if we are to observe those 
density fluctuations behind the shock front. The signals received 
are stored on the diskettes.

Data processing and analyses are accomplished in a 
Macintosh IIx. First, the Nicolet DOS files must be translated 
into Macintosh files. This takes place in two steps: The first 
translation produces a binary file; the second combines the binary 
bytes into numbers that can be manipulated. Data analyses are 
done by using Macspin, and various other codes of our own design 
developed under Macintosh Programmers' Workshop software.
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Figure 3.1 Arc Driven Shock Tube



4 8

k \\\v !
I I I I I I H I I H I I I I I I H I I I I I I IH I I I I I I in i l l l l l l l l l l l l l l l l l l l l l l l l l l l l l lH I I I I I H I I I I I I I I

Figure 3.2 Driver Section
1. Brass tube. 2. Plastic end plate. 3. Steel ring 
electrode (cathode). 4. Swage lock. 5. Viton O-ring. 6. 
Allen cap screw (anode). 7. O-ring groove. 8. 1/4" 
screw.



Laser  Beam

P r o b e

O p t i c a l
Window

O -R in g

O p t i c a l  
i S y s t e m

S c r e w

Figure 3.3 Test Section



5 0

Figure 3.4 Charge and Discharge System.
1. Driver section 2. 14.5 pF capacitor. 3. High voltage 
power supply. 4. Isolating chokes. 5. 30 kD charging 
resisters. 6. Switches. 7. Mechanical safety switch. 8. 
Air gap switch. 9. High voltage pulse generator. 10. 
Oscilloscope.
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Figure 3.5 Mach Number versus Pressure
(a) Discharge voltage = 17 kV
(b) Discharge voltage = 18 kV



5 2

2.0
(a) O: y -  2.9527 - 0.84176* RA2 -  0.989
(b) ♦: y -  2.8408 - 0.84091 x RA2 -  0.994

1.8 -

0.8
1.2 1 . 61.4 1 . 8 2.0 2.2 2.4

Log Prossuro

Figure 3.6 Mach Number versus Pressure (logarithmic plot)
(a) Discharge voltage = 17 kV
(b) Discharge voltage = 18 kV
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Figure 3.10 Probe Circuit 
A: To electric probe.
B: To 50 ft resistive load and data acquisition system.
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Chapter IV Analytical Techniques

A variety of analytic and computational tools may be used in 
the study of turbulent systems. A dimension determination using 

nonlinear approaches may describe the statistics of fluid 
turbulence. The power spectrum is computed using Fourier 
analysis in order to display the frequency composition of the time 

variation of the dynamical variables and to derive the power law 
behavior. Correlation techniques can be used to obtain 

information regarding the statistical characteristics of the 
turbulence. The analytical tools we employ are Fourier 
transform, correlation method and fractal dimensional analysis.
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4.1 Fourier Transform and Correlation Methods

The Fourier transform is one of the ways to identify and to 
characterize a dynamical regime. The usefulness of the Fourier 
spectrum is that it reveals the periodic properties of the evolution 
of fluctuations in the system. A Fourier transform can be applied 
to continuous functions, as well as to discrete sequences, with 
integrals replacing summations. Since we are implementing 
spectral analysis techniques with a digital computer, it is 
necessary to Fourier transform the sampled time data lengths 
into the frequency domain via the discrete Fourier transform. 
We define the Fourier transform of a discrete time series xj to be 

the operation creating a corresponding discrete series Xk such 
that:

Xk (fk) = xi exP(_i 

k = l , . . . ,N
i = V_1 pure imaginary

fk = k Af = k :----- , tmax = N At.
Knax

For convenience we have taken At as the unit of time.
The graph representing I Xk 12 as a function of the

frequency f  is called the power spectrum. The area under each 
peak in the spectrum is proportional to the strength of that mode. 
Several theories and experiments concerned with the spectrum
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of plasma turbulence indicate that in the turbulent state, the 
power spectrum falls off as f n; a large spread in the values of n, 
l<n<7, has also been noted,67 69 where n can be obtained from the 
slope of the plot of log I Xk 12 versus logf. For example, Noon et

a l .70 have observed n=1.0; Hooper67 has reported n=3.65; Smith 
and Powers68 have obtained n=5.00. Fourier spectra are an 
indicator of the existence turbulent motion. Therefore, it is 
possible to determine experimentally the spectral index n from 
the power spectra, and determine if the plasma in our discharge 
is turbulent.

In principal, there is no difficulty in using the formula to 
calculate I Xk 12 explicitly. But in practice, the extent of the task

becomes substantial as soon as N takes on appreciable values. 
However, when N is a power of two, an algorithm, called a Fast 
Fourier Transform (FFT), permits calculation of the spectrum 
with a tremendous saving in computer execution time relative to 
the direct Fourier transform. Therefore, FFT has been applied to 
compute the Fourier transform.

Correlation methods have been used in communications 
analyses, control theory, the testing of electronic equipment, the 
study of fluid turbulence, and in plasma physics. There are 
numerous discussions of the procedures in the literature.71-72 
Such techniques have proven to be very powerful as averaging 
techniques, for measuring phase velocities, etc., in plasmas, and 
for the qualitative study of statistical effects.67 Correlation 
methods can be used to obtain information regarding the 

statistical characteristics of the turbulence.
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One use of correlation techniques is to determine whether 
and to what extent different signals are related. The 
autocorrelation function measures the correlation between 
subsequent signals. It remains constant or oscillates for regular 
motion and decays rapidly (mostly with an exponential tail) if the 
signals become uncorrelated in the chaotic regime.73 The 
correlation R(x) between the values of x at two different times is 
called the autocorrelation. It is defined as

R(x)=<x(t)x(t+x)>/<x(t)2>

1 f T
where <x(t)x(t+x)> = lim m

T->«o I
dt x(t)x(t+x) in a continuous case, 

0

and <x(t)x(t+x)> = ^ £xj+TXj for discrete signals. The Wiener-
n j=i

Khinchin theorem states that the autocorrelation function is 
merely the Fourier transform of the power spectrum of the 

quantity of interest:

<x(t)x(t+x)> = ^  £  I Xk 12 cos
n k=i  n

)

where the Fourier transform has been defined above.
From the autocorrelation profile, two characterizing time 

parameters are determined. A characterizing correlation time

xc is calculated from tc=
•>0

which R(t) first becomes zero.

tzR(x)dx, where tz is the value of x for
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A small correlation time x8 is generally considered a 
measure of the dimensions of the smallest structure or the 
lifetime of the most rapidly decaying structure. It is defined by 
the curvature of the autocorrelation coefficient at the origin:

d2R/dx21 t=o s  -2/i#2

Expanding R in a Taylor series about the origin, we can write, for 
small x,

R(t) =1-t2/t82
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4.2 Fractal Dimension

Dissipative dynamical systems which exhibit chaotic 
behavior often have an attractor in phase space which is 
strange.19-20*74 Fractal dimensions give a useful indicator for 
characterizing chaotic flows and strange attractors of the 
systems. Strange attractors are typically characterized by a 
fractal dimensionality D which is smaller than the number of 
degrees of freedom. Dimension is perhaps the most basic 
property of an attractor. So far, this fractal dimension has been 
the most commonly used measure of the "strangeness" of 
attractors.

The dimension of an attractor is the first level of knowledge 
necessary to characterize its properties. The dimension of an 
object gives information about its degree of complexity. Takens’ 
theorem75 states that the important properties of an attractor can 
be reconstructed from a single component. An ultimate objective 
of the analyses would be to derive an estimate of the minimum 

number of phase space dimensions required to resolve the 
system's aperiodic evolution in terms of a "strange" attractor76 
and, with this, an experimental classification of the "chaotic" 
component of the turbulent flow. It is very difficult to distinguish 
a purely chaotic motion from a quasiperiodic one or from a 
motion perturbed by external noise by simply looking at the finite 
sequence of data. The dimension determination is a quantitative 
procedure so as to recognize, characterize and classify the chaotic 
motion on the attractors.
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The dimension of the attractor D is lower than the dimension 
of the original phase space. D is zero for a fixed point, which 
attracts all nearby initial points towards itself and is in a 
stationary time independent equilibrium. D equals one for a limit 
cycle, which is a closed curve corresponding to a periodic motion 
of the system. One can predict its state at all later times if the 
state of the system is known at a given time. D is two for 2-torus, 
which is an attracting closed tube, around the unstable limit cycle. 
It is possible to calculate the state of the system starting from an 
initial condition. The motion becomes quasiperiodic if the two 
frequencies on the torus are incommensurable. However, the 
dimension of strange attractors often turns out to have 
noninteger value. Strange attractors are complicated geometric 
objects, typically with a fractal structure,77 which appear in the 
state space of chaotic flows.

We can define an n dimensional space using as coordinates 
(with m =l, 2, 3, ... n): x m=x(t+(m-l)t'); in our analysis 

t'=constant. Experience has shown that optimal results are 
obtained if t' is somewhat smaller than the typical turnover time. 
The value of time t’ should not be chosen too large. Otherwise 
different coordinates in the space would no longer be 

deterministically related, resulting in a large value of D. On the 
other hand, a too small value of t' would mean that all coordinates 
in the space are roughly equal. We also partition the n- 
dimensional phase space into M cells of size 1 on side. The 
probability pi of finding a point of the attractor in cell number i 
(i=l ,2,...M(1)) is



where Ni is the number of points in the cell.
To characterize the inhomogeneous static structure of the 

attractor, one introduces an infinite set of dimensions, Df, which 

are related to the fth powers of pi via

where M(l) is the number of phase space elements and pi is the 
probability that an attractor point falls in the ith element.6

In fact, numerical determination of the dimensions Df is 

rather cumbersome and impossible for attractors of higher 
dimensions. However, for f=2, a determination of D2 , the so- 

called correlation dimension, is relatively simple. It can be easily 
obtained from any time series.78 In this case we have

D2 = lim  rriTi->o logl

D2can be computed by the correlation integral C(l), which is 

defined by
1
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where Xj and Xj are points on the attractor, H(y) is the Heaviside 
function ( 1  if y>0 and 0 if y<0), and N is the number of points 
randomly chosen from the entire data set. The Heaviside 
function simply counts the number of points within a radius 1 of 
the point denoted by Xj, and CO) gives the average fraction of 
points within a cell. D2 is related to C(l) via

P i 2 = the probability that two points of the attractor lie within a
i= l

* the probability that two points at the attractor are 
separated by a distance smaller than 1 

= lim (number of pairs ij whose distance Ixj-Xjl is less

than 1}

This is the correlation dimension. It can be obtained from the 

slope of a graph of logC(l) versus logl.
Some other different methods can also be used to determine 

the fractal dimension. In the box-counting method, one covers 
the whole plane with square elements of varying sizes and counts 
the number N(r) of elements containing the boundary. The

cell ln

= C(l) 
Therefore,

D  _  l im log(C d))
2 i->o logl
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negative slope of log N(r) versus log r gives the dimension of the 
fractal boundary. It turns out that it is very difficult to compute D 
whenever D>2. 79 A co-dimension method involves computing the 
sm allest distance from each pixel to the boundary and 

determining the number of pixels Nc(r) lying within a distance r 
from the boundary. The slope of this straight region in log-log 
plots of Nc(r) versus r is the co-dimension D of the boundary; its 
fractal dimension is 2 - D .80



Chapter V Results

In this chapter we present and discuss the results of this 
experiment. The measurements are performed under the 
following various firing conditions: The magnetic field strength 
changes from 0 to 600 gauss; Mach numbers range from 10 to 60; 
the operating pressure is between 15 mTorr and 200 mTorr; the 
discharge voltage is in the range of 15 kV and 20 kV. The fluid­
like turbulent parameters are determined by using standard 
turbulent and chaotic analytical procedures on the data as 
discussed in Chapter IV. General trends of the parameters under 

the different running conditions are illustrated.
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5.1 Ion Density Profiles from Laser Induced Fluorescence and 
Electric Probe Measurements

Ion density profiles are observed by fluorescence emissions 
and ion probe measurements. Both light and probe 
measurements are made at the same axial location, which is 
about 160 cm from the discharge. The time when the shock front 
arrives is coincident for both diagnostic methods. Both signals 
exhibit the same fluctuating property.

Figure 5.1 shows the ion density profiles behind the shock 
front from LIF measurements under three different magnetic 
fields. The three magnetic coil currents correspond to fields of 
+480 gauss, 0 gauss, and -480 gauss where positive and negative 
field strengths indicate a field parallel and antiparallel to the 
direction of shock wave propagation. Initial filling argon gas 
pressure pi is 60 mTorr. The voltage applied to the capacitor is 
V=18kV. The Mach number in this case is 32. The graphs show 
typical turbulent fluctuations after the shock front which persist 
for roughly 30 psec. A 10 MHz sampling frequency is used for all 
runs.

Examples of data obtained from ion probe for different Mach 
numbers are shown in Figure 5.2. It shows the ion density 
fluctuating transition region following a sharp spike at the shock 
front; the region is about 1 0  to 15 cm long. The bias voltage on the 
probe is -7 V and magnetic field strength is +600 gauss provided 
by a coil current of 1 0  amps. The top signal is obtained under the 
conditions of filling pressure 90 mTorr and discharge voltage 17
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kV. The middle one is run at pi=60 mTorr; V=18 kV. The firing 
conditions for the bottom signal are pi=60 mTorr; V=20 kV.

Two electric probes separated by 13.2 cm are used to obtain 
the speed of a shock wave. The probe in the upstream position of 
the test section will detect a large density change when the shock 
wave arrives. The one in the test section will receive the shock 
waves signal later. The time interval can be measured from the 
recording signals; hence the speed of the shock wave can be 
calculated along with the Mach number.

The relation between Mach number and initial filling 
pressure follows Moepi-o.84 (Figure 3.6). At a fixed discharge 

voltage of 18 kV, the Mach number increases from 14 to 56 as the 
pressure decreases from 100 mTorr to 20 mTorr. Hence, we 
conclude that the higher the initial filling pressure is, the lower

the Mach number is. This is consistent with M «= 1 + — given

theoretically.
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5.2 Statistical Properties of the Turbulent Plasmas

We use standard turbulent and chaotic analytical 
procedures on the (relative) ion density fluctuations indicated by 
the fluorescence emissions and the ion probe from our arc 
discharge shock tube to obtain the characteristics of the system. 
Power spectra, correlation functions and time scales, turbulent 
intensities, and chaotic dimensions are displayed under various 
conditions. The parameters of turbulence on the two diagnostics 
are compared during simultaneous measurements.

5.2.1 Power Spectra and Power Law Behavior

Two sets of fluctuation power spectra are plotted in Figures
5.3 and 5.4 for density fluctuations from LIF and probe 
respectively. Log-log plots of P versus frequency are displayed in 
Figure 5.3 for three different magnetic fields. We use log(P) 
versus log(f) of the output of the fast Fourier transform 
algorithm because it has been shown that wave number is 
linearly proportional to frequency. 7 *6 8 *69 A region is determined 
for which there is a maximum likelihood of a power law 
dependence and the values of n are calculated from a standard 
least squares fit to that region in the power spectra. These spectra 
of runs under different firing conditions have many common 
features. They are quite consistent and show a general trend P~ 
f n , with 1.3±0.2  ̂n < 2.8±0.3. That means all the power spectra 
follow the behavior of typical turbulent spectrum. Furthermore,
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these power spectra are characterized by many discrete modes. 
In Figure 5.3, comparing the cases (a) and (c) in which magnetic 
field is present with the case (b) in which the field is absent, we 
find that more modes are generated when magnetic fields are 
employed. In other words, the magnetic field adds more modes to 
the system and makes the system more complex.

The spectral index n increases with increasing initial filling 
pressure at a constant magnetic field strength. Figure 5.5 shows 
that 1.3±0.2 £ n £ 2.110.2 for 40 mT £ pi £ 75 mT at M=30, and 

that 1.410.2 £ n £ 2.510.3 for 40 mT £ pi £90 mT at M=20. In both 
cases, it is obtained that n«2.27x10*^1. This trend is reasonable 
since an increasing pressure for a fluid-like plasma increases the 

kinematic viscosity and collisional frequency, and hence the 
fluctuations damp faster.

From the relation between Mach number and the spectral 
index as shown in Figure 5.6, we find that the spectral index 
decreases up to a limit as Mach number increases for both light 
and probe signals. The index varies from about 2.5 to 1.3 when 
Mach number changes from 20 to 60. The reason can be 
explained as follows: When the Mach number is higher, which is 
equivalent to the Reynolds number of plasma flow being higher, 
the viscosity effect of the flow is smaller; therefore, the energy 
dissipation rate is smaller. From a particle motion point of view, 
when the Mach number is higher, the temperature of plasma is 
higher; therefore, the collisional effect in plasmas is smaller. 
When the Mach number increases to about 40, the viscosity effect 
becomes so small that further increases in the Mach number do
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not produce much change in viscosity. That is why the 
relationship becomes flat when the Mach number is higher than 
40.

We show in Figure 5.7 the behavior of the spectral index n 
with changing magnetic field. The two sets of n are obtained at 
fixed Mach numbers of 20 and 30 respectively under the 
different strengths of the magnetic field. The index n is 
insensitive to the change of the magnetic field.

5.2.2 Autocorrelation Functions and Time Scales

The autocorrelation profiles are calculated from the Fourier 
transform of the power spectrum, as discussed in 4.1. Figure 5.8 
shows that the autocorrelation function decays rapidly. The 
width of the first peak of the correlation function is in the order of 
one microsecond, which implies that the signals become 
uncorrelated for this time interval. This feature is consistent with 
typical turbulent behaviors discussed in Section 4.1. The decay is 
independent of the change of the Mach number and magnetic 
field.

Systematic correlation times behaviors are observed with 
changing magnetic fields in the 0-600 gauss range. The small 
correlation time is obtained by fitting R(t) for t->0 to the parabola, 
as discussed in 4.1. This procedure is used in order to confirm to 
the standard analytical approaches for turbulence. However, 
even though the goodness-of-fit estimators are quite satisfactory, 
other error sources contribute substantially to the measurement.
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The small correlation time (220±50 ns £ xs £ 1,400±200 ns) 

decreases with the increasing strength of magnetic field, 
independent of the direction of the magnetic field parallel or 
antiparallel to the direction of the shock wave. Thus increasing 
the magnetic field strengths causes a corresponding increase in 
chaotic motion of the system. This can be seen from Figure 5.9, in 
which the small correlation time calculated from LIF signals is 
plotted against magnetic field strength for different Mach 
numbers, and from Figure 5.11(a) where the time is calculated 
from the ion probe signals. The maximum values of x8 occur in

the absence of the magnetic field for all cases mentioned above. 
This means that the system is more turbulent when a magnetic 
field is applied. However, the characterizing correlation time 
(2.210.3 ps £ tc £ 9.511.0 ps) increases with the magnetic field

strength regardless of the direction (parallel or antiparallel) of 
the field and Mach number. When there is no magnetic field, the 
magnitudes of xc are minimum. This shows in Figure 5.10 for

light signals and Figure 5.11(b) for probe signals. In Figures 5.12 
and 5.13, the comparisons between small correlation times and 
characterizing correlation times are displayed. The first figure is 
obtained from the fluorescence measurements and the second 
from the probe measurements. Each point in the plot represents 
one run at the same Mach number but different current through 
the coils. The values of small and characterizing correlation 
times are coupled when the changes arise from changes in the 
magnetic field strength; increasing xe means decreasing values 
for x8.
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The data also show that the small correlation time decreases 
with the initial pressure in the tube when the Mach number and 
magnetic field are unchanged. These trends are shown in Figure 
5.14, in which 820±150 ns £ x, <, 300±40 ns for 35 mTorr < pi < 70 
mTorr at Mach number 30, and 8501160 ns £ x8 £ 520160 ns for 

40 mT £ pi <, 90 mT at Mach number 20.

5.2.3 Turbulent Intensity

We calculate the root-mean-squared fluctuations about the

V (pave -p-)2
"N(N-1 ) ’ *s defined as a measure

of turbulent intensity. It is an indicator of the strength of the 
fluctuations.

In Figure 5.15, we isolate the influence of Mach number 
from the influence of changing magnetic field. At fixed Mach 

number, the field is varied. In this case, turbulent intensity tends 
to increase with the field. The minimum value of the turbulent 
intensity occurs in the absence of magnetic field. That is, the 
strength of the fluctuation increases as the field increases.

Keeping the magnetic field constant, turbulent intensity is 
plotted against Mach number in Figure 5.16. When the Mach 
number changes from 23 to 31, turbulent intensity increases 
from 0.2310.02 to 0.3810.04. Therefore, the higher the Mach 
number is, the larger the density fluctuation is.

Figure 5.17 shows the tendency of turbulent intensity to 
increase as the initial pressure in the tube increases when the
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Mach number and magnetic field are unchanged. The reason is 
that when pressure increases the collisional effect increases.

5.2.4 Effect of a Weak Magnetic Field on Chaotic Dimension

Phase space trajectories for chaotic dimension analysis are 
shown in Figures 5.18 and 5.19, in which three dimensional 
projections of a seven dimension phase space for the data at 1 = 8  

amperes and 1 = 0  amperes are displayed at the top plots, and these 
same data are connected by lines in time-ordered sequence at the 
bottom ones. The axes {x, y, z) display data {xi, X2 , X3 } from a time 
series in ion density fluctuations x(t) as xm(t+(m-l)t'), where 
t'=400 ns and m=7. The correlation exponents are insensitive to 
changes in the number of dimensions n as long as n£5 as shown 
in Figure 5.20. Figure 5.21 gives a typical correlation integral for 
a seven dimensional phase space trajectory of 256 points. The 
region -3.5 <, log(C(l)) £ -1.8 is used to determine D2 . The sample 
of the data is large enough so that there is very little difference in 
the estimate of the correlation exponent 5=log(C(l))/log(l) from 

the correlation integrals.
A quantitative measure of the dimensionality of the chaotic 

behavior has been obtained successfully from the correlation 
integral. The magnetic field increases the chaotic dimensionality 
in the turbulent plasma, both in the parallel and the antiparallel 
cases, and thereby increases the complexity of the flow. In Figure 
5.22 and Figure 5.23, chaotic dimension versus magnetic field 
current is plotted. The difference between part (a) and part (b) in
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Figure 5.22 is attributed to the narrower range in flow Mach 
numbers. In the first case, the Mach number is held to the range 
2l£M^33; in the second case, it is held to the range 30<M<33. 
When there is no magnetic field, D 2<2.0, while as the magnetic 
field increases to 600 guass, D2 «3.0. Part (a) and part (b) in

Figure 5.23 are for different Mach numbers respectively. In the 
absence of magnetic field (1=0 ampere), the values of D2 are

minimum for all cases.
Other trends have been determined. In Figure 5.24, chaotic 

dimension shows a trend of D2 decreasing with increasing Mach 
number. We have 2.10±0.20 £ D2 £ 2.45±0.30 for 21£M£34. We 

show that the chaotic dimension is insensitive to the initial 
pressure filled before firing in Figure 5.25 at the fixed Mach 
numbers of 20 and 30 respectively.
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Chapter VI Discussions and Conclusions

6.1 Comparison with Theory

As discussed in 4.1, turbulent plasma theories predict that in 
the turbulent state the power spectra should fall off as k'n, k being 
wave number and n being the spectral index. Since wave number 
and frequency are linearly related, we are allowed to interpret 
the experimentally observed f n in terms of the theoretical k'n 
spectrum. Experiments have found, generally, a rather large 
spread in n, l<n^7. Examination of the slope of each spectrum 
shows that over a frequency interval of 0.3~3 MHz the spectra 
fall off as fin, where n is between 1.3 and 2.8 for various firing 
conditions. This is in agreement with the theoretical prediction as 

well as with previous experimental results of other investigators. 
Our shock produced plasma is in a turbulent state.

A correlation length scale can be deduced from the 

characterizing correlation time and measured velocity; i.e. lc = 
vxc. For a typical case, v=106  cm/s, xc=5 ps, the correlation length 
is 5 cm. This constitutes a direct measurement of the large scale 
length parameter for the turbulent system. Since the shock tube's 
diameter is 5 cm, the length parameter we found is reasonable.
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6 . 2  Turbulent Velocity-Field-Coupling Model

In plasma systems, a charged particle is, at any instant, 
interacting electrostatically with many other charged particles. 
Boltzmann's equation gives the basic kinetic description of 
plasmas. In this equation, there is a collisional term due to 
interactions (see Equation (2.4)). In a turbulent plasma there 
exist not only the interactions between the charged particles but 
also the interactions between the turbulent motions, which are 
called turbulent interactions. Energy is transferred during the 
turbulent interactions. Therefore, in general, the collisional term 
in Boltzmann’s equation should include both interaction effects. 
Furthermore, the rate of change of energy due to the turbulent 
interaction can be much larger than that due to the particle- 
particle interaction. 81

The rate of change of energy due to the interaction of 
charged particles (~10*9 J/s) is much smaller the rate of change of 
energy due to the turbulent interaction (~10‘7 J/s) in our case. 
Since the turbulent interaction is much more important than the 

particle interaction, we assume that the particle-particle 
interaction term in Boltzmann's equation can be neglected and 
only the turbulent interaction term is counted. Under this 
assumption, the Boltzmann’s equation (2.4) for fluid species s can 

be written as

3tV. + (V, • V)V, * ~ V P .  x B ) = fturb. (6 .1 )
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where fturb. is the term due to the presence of turbulence. In a 
turbulent plasma a magnetic field fluctuation, B’, is generated 
due to the turbulent motion.56 This fluctuation quantity has three 
components. It will couple with the turbulent motion of the 
plasma flow. This interaction between the turbulent motion and 
the magnetic field will play an important role in magnetized 
turbulent plasma systems. Therefore we assume that the 
interaction term fturb. <* V'x B' increases in magnitude with the 
magnetic field strength, as discussed in 2.4 and as shown in 
Equation (2.23).

As indicated in 2.4, based on the Boltzmann's equation, and 
combining it with the continuity equation and Maxwell's 
equations, we can study the wave propagating in plasmas. We 
now consider the case of quasineutrality, as discussed in 2.4. In 
our case the magnetic field is parallel or antiparallel to the 
direction of shock wave propagation. Therefore the mean 
velocity of plasma flow is in the same or opposite direction with 
respect to the mean magnetic field. Therefore, the VxB term 
vanishes. However, the turbulent interaction term should be 
included as we argued above. It can be seen from equation (2 .2 2 ) 
that the local magnetic field fluctuation is an integral effect of the 
velocity fluctuation. This means that the magnetic field 
fluctuation varies much slower than the velocity fluctuation. 
Therefore, within a time interval, which can be chosen as the 
mean period of the velocity fluctuation, the magnetic field can be 
considered unchanged. Under this consideration, the magnetic
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field fluctuation B’ is assumed to be a constant. By adding the 
interaction term into the equations (2.17) and (2.19), we obtain

men03 tVe' + y eTe Vnei + enoE = --7 r°( Ve'x B') (6.2)

3 1 nei + noV- Ve' = 0 (6.3)

minoatVi' + YiTiVnjl-enoE= “ (V,'x B') (6.4)

a tnu +noV- Vj' = 0  (6.5)

For simplicity, assume B' ■ B' z, where z is a unit vector in z 

direction, and the wave vector k lies in the x-z plane. Looking for 
plane wave solutions, and adding (6.2) to (6.4), we obtain

- iwno (meVe’ +m iV i') + ik (yeTe + YiTi) n«i= ^ - ( V i ' -  V e')x B'

(6 .6 )

Taking the dot product of the wave number k with (6 .6 ), and 
inserting k • Ve.i' = to nei/ no from (6.3) and (6.5), yields

- icono (me+mi) to nei/ no + ik2 (y e Te + y i Ti) n«i

= v 8  k- KVi’- Ve’)x B'] (6.7)

The last term is
k- [(Vi'- Ve')x B'] = kx ( Viy'- Vey’) B' (6.8)

In order to express Vey', Vjy’ in terms of nei, we use (6 .2 ) and take 
its cross product with the wave number k, obtaining
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i(on0 xne( k x Ve') = - k x ( Ve'x B')
v»

or

k x  Ve' = - ^ k x (  Ve'xz)

- eB'
where Qe' = m • Equation (6 .1 0 ) gives three equations

X X I g C

- V ' k, = i—  V ' key a z " ‘ qj T ex "-z

v„ k, + v„ k, = i-^f- Vey' kz
O '

V ' k -  - i-^ 2- V ' kv ey — 1 q  v ex **

These can be solved for Vex\  Vez' in terms of Vey',

1(0v  ’ -  ——  v  ' 
ex “ Qe' y

V  ' — V  ' —  ’ ^  C\ ^  \Vez -  '  V ey ^  1 ^  U  - Q e '2 )

By the continuity equation,

Vex kx + Vez k2 — to nei too

or
conei r. ico - i C l J k z  © 2-5J-=tk.(Q;) + k.(— )

(6.9)

( 6 .10 )

( 6 . 11 )

( 6 .12 )

(6.13)

(6.14)

(6.15)

(6.16)

Then we ignore the mass of electron (m e« m j )  and using (6.8), 

invert (6.16) for Vey', insert in (6.7), and obtain
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io^nei mi = - ik2 (y e Te + y i Tj) nei + ^  kz B’ Xv 1*0

[-u < i(D x ( 1 Qe\ kz2
kx ( ■ ( 0 ) } k, ( 1 " ^ '9 )

CO2

f V 2

ico x / i £2 i\  kz2 

fli’
1 " 1W N /  1 **1 X * * Z ~  ,  -  CO2 .
k x ( o ’) - ( w  > k x  ( 1 - Q. -2 )

(6.17)

Finally, the dispersion relation for the modes generated by 
turbulent interaction is obtained

k2(yeTe 4- y,Ti) r ___________ 1___________  _
mi©2 + 0) *- to f le' kz2 co2

£V '  CO kx2 fie'2

' to n ,’ M , ,  mg 1  = 0  (618)
ft,' ' 10 kx2 11 ' n , 2 >

The dispersion relation shows that, due to the presence of the 
term fturb.» & variety of new modes is generated. In the presence of 
magnetic fields, the turbulent motion of plasmas will couple with 
the external fields and generate more waves. These waves will 
interact each other and therefore result in more turbulence in the 
system as discussed in 2.4. The magnitude of the term fturb 
increases with the strength of the external magnetic field as 
shown in Equation (2.23).
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The conclusions from this velocity-field fluctuation coupling 
model are strongly supported by our experiment results. Figure
5.3 shows that more modes are produced when magnetic fields 
are imposed on a turbulent plasma system. If more modes are 
generated, the plasma system will be more turbulent through the 
nonlinear mode-mode coupling and wave-particle interactions as 
indicated in 2.4. From our model we can see that the turbulent 
interaction which results in the generation of new modes is 
proportional to the strength of external magnetic field; therefore 
the stronger the external magnetic field, the more turbulent the 
system becomes. This is also strongly supported by our chaotic 
dimension results as shown in Figures 5.21 and 5.22. The plots 
show that the magnetic field increases the chaotic dimensionality 
in the turbulent plasma, both in the parallel and the antiparallel 
cases. In other words, the magnetic field adds more modes to the 
system and makes the system more complex. Furthermore, as 
the magnetic field becomes stronger, the value of chaotic 
dimension becomes larger. With this kind of reasoning, the 

turbulent velocity-field-coupling model explains the results of our 
experiment.
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6.3 Conclusions

The influence of an external weak magnetic field on the 
turbulent plasmas behind an ionizing shock front has been 
determined in detail by using standard turbulent and chaotic 
analytical procedures on the data under different experimental 
conditions. The results are summarized as follows:

(1 ) Turbulent ion density fluctuation takes place behind 
the shock front and they persist for a time in the order of 1 0  ps.

(2 ) The power spectra show a general trend P ~ f ’n with
1.3<n<2.8 for different firing conditions. The spectral index n 
increases with the increasing initial filling pressure and 
decreases with the increasing Mach number but it is insensitive 
to the change of the magnetic field.

(3) An increasing magnetic field increases the 
characterizing correlation time xc and decreases the small 
correlation time x8. Here and below, the sensitivity to magnetic 
field strengths does not depend on the sign (direction) of the field. 
The values of small and characterizing correlation times are 
coupled when the changes arise from changes in the magnetic 
field strength; increasing xc means decreasing values for x8. It is 
also found that the small correlation time decreases with the 
operating pressure.

(4) The turbulent intensity tends to increase with the 
increasing magnetic field, Mach number, and the initial filling 

pressure.
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(5) Any increase in the magnetic field increases the 
chaotic dimension and thereby increases the complexity of the 

plasma system. This increase in complexity from the magnetic 
field is consistent with qualitative expectations from our velocity- 
field-coupling model.

(6 ) Both fluorescence em issions and ion probe 
measurements of density fluctuations exhibit the same kind of 
turbulent properties. The parameters of turbulence in the two 
diagnostics are quite consistent. Both methods provide a reliable 
density diagnostic for the fluid-like turbulent parameters in a 
collisional plasma.

6.4 Suggestions for Further Work

It would be interesting to find the trend of chaotic 
dimensionality with increasing magnetic field past the highest 
current strength used in our experiment. There may be a 
turning point when the field increases to a certain value.

The Reynolds stresses <puiuj> are fluctuation-velocity 
correlation terms. Turbulence can be characterized by Reynolds 
stresses. They play a dominant role in the theory of mean 
momentum transfer by turbulent motion. It may be desirable to 
study effects of the magnetic field on the Reynolds stresses by 

obtaining simultaneous multiple-point density measurement 
using laser induced fluorescence.
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