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The linear and nonlinear magnetohydrodynamic (MHD) stability of current-

Doctor of Philosophy driven modes are studied in the MST reversed field pinch. The measured low

(Nuclear Engineering and Engineering Physics) frequency (f < 35 kHz) magnetic fluctuations are consistent with the global resistive

tearing instabilities predicted by 3-D MHD simulations. At frequencies above 35 kHz,

the magnetic fluctuations were detected to be localized and externally resonant.

Discrete dynamo events. "saw,tooth oscillations", have been observed in the
at the

experimental RFP plasmas. This phenomenon causes the plasma to become unstable

UNIVERSITY OF WISCONSIN-MADISON
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to interpret the spectral broadening of the measured data during a discrete dynamo

event. Approved:

Three-wave nonlinear coupling of spectral Fourier modes is measured in the

MST by applying bispectral analysis to magnetic fluctuations measured at the plasma

edge at 64 toroidal locations and 16 poloidal locations, permitting observation of Date Professor Stewart C. Prager
Department of Physics

coupling over 8 poloidal and 32 toroidal modes. Comparison to bispectra predicted

by resistive MHD computation indicates reasonably good agreement. However, during

the crash phase of the sax_tooth oscillation the nonlinear coupling is strongly
Date Professor Gilbert A. Emmert

enhanced, concomitant with a broadened k-spectrum. During the sawtooth formation, Nuclear Engineering and Engineering Physics

the plasma is undergoing a purely diffhsive process. The dvnamo only occurs during

the sawtooth crash. High frequency activity prior to a sawlooth crash is found to be

caused by nonlinear frequency (small-scale) mode coupling. Growth rate and coupling

coefficients of the toroidal mode spectra are calculated bv statistical modeling.

Temporal evolution of the edge toroidal mode spectra has been predicted by transfer

function analysis and results are promising. The driving sources of electrostatic fields

have been found to be different than for the magnetic fields. The characteristics of the

tearing modes can be altered by external field errors and the addition of impurities to

the plasma.
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Chapter 1 that coupling of three spatial components, satisfying the sum rule k1 + k2 = k3, is the

dominant nonlinear interaction. Higher order coupling (4-wave and up) is assumed to

Introduction
be small in most theoretical treatments of fluctuations. In fusion plasmas nonlinear

The status of fusion research would be greatly enhanced by improved interactions are important since the resulting spectra might determine macroscopic

understanding of energy and particle con finement. A ubiquitous feature of plasmas is behavior, such as dynamo effects (magnetic field generation) and sawtooth oscillations.

the presence of nonthermal fluctuations composed of a spectrum of frequencies and Fluctuation spectra have been measured in numerous plasma confinement experiments

wave numbers. The difficulty of evaluating the relevance of the turbulent processes to [l ]. However, to our knowledge direct observation of nonlinear interactions in k-space,

transport is viewed as the leading obstacle to this understanding. The plasma turbulence the subject of this thesis, has not heretofore been obtained.

is marked by density, temperature, and electromagnetic fluctuations. These fluctuating The reversed field pinch plasma configuration is an excellent vehicle for the

quantities and the correlations among them are postulated as a major candidate tbr the stud)' of nonlinear interactions. The dominant magnetic fluctuations in reversed field

observed anomalous plasma transport. This is abetted by the nonlinear character of the pinches (RFPs) are tearing modes. Tearing fluctuations are relatively large scale

problem and the lack of experimental data with which to compare theoretical and oscillations predicted by resistive magnetohydrodynamics (MHD). They are believed

computational results. This lack of experimental results becomes clearer when one to underlie savaooth oscillations and disruptions in tokamaks [2], the dynamo effect [3],

considers that spectral analysis of experimental magnetic turbulence requires hundreds sax_'tooth oscillations in RFPs [4], and perhaps, transport in reversed field pinches.

of magnetic sensors with the necessary resolution in order to be able to compare with ]he purpose of this thesis is to measure magnetic turbulence. We present a

the computational results. Understanding the origin of the spatial and temporal structure comprehensive survey of the magnetic fluctuation amplitude, phase, spatial correlation

of the spontaneously occurring fluctuations remains a daunting goal of nonlinear plasma in the toroidal and poloidal directions, mode numbers and associated helical modes. We

physics. Nonlinear interactions betxvcen spatial Fourier components arc a key have directly measured the three-wave coupling of such magnetic fluctuations in the

determinant of the xvave vector (k) spectrum of the fluctuations. It is generally presumed edge of the MST reversed field pinch (RFP) experiment. In the RFP. tearing fluctuations
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over the wave number range which we examine appear to be intermediate between fully generated by toroid_ plasma current. Unlike the tokamak [5], the ratio of toroidal

developed turbulence and isolated coherent modes. The results of nonlinear mode current to the toroidal magnetic field is relatively high in an RFP. The stability of RFPs

coupling in frequency and wavenumber space and energy cascading are presented. Next, are mainly achieved through strong shear in the magnetic field and a conducting wall,

we compare the measurements with the three-wave mode coupling of tearing which appear to suffice even at relatively high 13[13=plasma pressure/magnetic field

fluctuations calculated bv a three-dimensional, nonlinear, resistive MHD code. energy density]. These differences may lead to a more efficient reactor in terms of

Finally, we present the correlation between electrostatic and magnetic tluctuations. The heating, reactor size, and utilization of the externally applied magnetic field.

effect of the insertion of a movable limiter and impurities on the magnetic fluctuation Experiments have demonstrated spontaneous self-generation and sustainment

spectra and rotational speed of the coupled modes is also presented, of the reversed toroidal field at the edge, which contributes to the strong shear

This chapter is divided into four sections. First, a brief description of a reversed necessa_ for the stability of the RFPs.

field pinch is presented. The second section discusses the objective of the thesis

ToroidalMagneticField at the Wall,B (a)
research. Section Three presents the thesis outline. Section Four describes the 3oo ....

organization of this thesis. 2oo

1oo

0 -,,

I-1) Brief Description of a Reversed Field Pinch -100

The purpose of this section is to highlight the general characteristics of reversed -2oo _ , _ t t0 10 20 30 40 50 60
Time [msec]

field pinches. Figure 1-1 ) Sell-generation and sustainment of toroidai field measured at the edge
of MST. Sawtooth oscillations are observed.

The reversed field pinch is an axisymmetric, toroidal magnetic configuration.

The plasma is confined by a toroidal magnetic field and a poloidal magnetic field
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astrophysical dynamo [7], and paramagnetic effects (magnetic profile modifications)

[8]. The paramagnetic effect alone cannot cause reversal; hence dynamo action is

essential for the existence of the RFP state. The dynamo is most likely the dissipative

dynamical process by which the plasma relaxes through resistive reconnection to the Vh_Compo.e._ofr_t,¢ n._,o.s a_heS_ Spa,_lLo_uo.

minimum energy "Taylor" state (Taylor, 1974) [9]. Experimental RFP states are not o.5_ Toroidal

olull,,' relaxed, but are close enough to exhibit much of the macroscopic features of the = ..Ju_ .... i ........ [ _ _i_.A........ [_ ...... _,._

minimum energy "Taylor" state. For example, reversal of the toroidal magnetic field, -o.s I Reversal Period_ IJ

E j iBt , at the wall is shown above in Figure (1-1). Another example is reduction of _ akal[_,,, a .Jl....... j,_,u,d,d_

magnetic fluctuation during reversal is presented in Figure (1-2). _ -o_,| 1_" I , t-'_,'r'_rmr_

RFP equilibria are typically, expressed in terms of the normalized edge magnetic g o osf -zL_tt_l]-_ .,A_Radiai ................ tt;._,h

fields. This is accomplished bv the F-0 diagram (reversal parameter, F = B,(a)/<B,>, _ -'r_!rrrr-!w_....._ " _ _",,-,_ ......... _ r_,.,_r_--r '" i 1
-O !

pinch parameter, 0= B0(a)l<B,>) which conveniently displays relaxation toward the o s _'o _'s 20
Time lmsee]

Bessel Function Mod Figure 1-2) Magnetic fluctuations measured in early MST plasma show a
relatively quiescent period when the toroidal field is reversed at the wall.

el (BFM) 1(Figure 1-3). Several review articles [9,10,11] exist and should be referred Vertical lines indicate the beginning and end of reversal.

to for additional background on reversed field pinches.

Il Due to the large aspect ratio, R,'a, of many RFP experiments, toroidal cur_'ature
effects are small, so the RFP can often be approximated as a periodic circular

cylinder. [.;sing this approximation, the solutions to VxB = _.B are known as the
Bessel Function Model (BFM).
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I-2) Objective of Thesis Research

The dynamics of plasma systems have been studied either by a hydrodynamic

fluid description or the more detailed kinetic description. In the first case, the MHD
1 }

L__"t_ i equations of motion are used and. in the second case, the Boltz_rnann equation is used.
0.8

"_ , The common feature of these two sets of equations is nonlinearity, although the}'

"\,_
0.e , _ describe the plasmas from different standpoints. The nonlinear character of the equations

F ",,,_ introduces difficulties in the mathematical treatment. In order to simplify the
04 ,_\

i_\ mathematics one may restrict oneself to small variations in time and space ot' the
\

e.2 !--_, _ quantities studied. This approximation and the neglect of the product of varying

{BFM) Expertment

o / quantities results in a linear system. Having thc above logic in mind, l will present the

, \ linear treatmcnt of the experinacntal edge magnetic fluctuations obtained on MST and
-C.2

compare them xvith the computational results of a resistive MHD code [12,13]. Then.
(4

I use advanced signal processing to obtain the first order nonlinear effect (three-wave

Figure 1-3) The F-0 curve fi:)rthe I_FM model and the experimental results couplingl and compare this _'ith the computational 3-D resistive MHD results using the
from the MST.

same technique.
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I-3) Thesis Outline and also with measurements made on HBTX1A [24] and OHTE [25]. I have measured

the toroidal (n) and the poloidal mode numbers (m). Determination of the dominant
In this thesis, I study both linear and nonlinear mode analysis and compare the

modes, in particular the m=0 and the m=l mode amplitudes and phase, are compared
experimental results with resistive MIlD models to describe macroscopic phenomenon

with the numerical results given by Cammana, Nebel and Schnack [26], who conjecture
in the MST reversed field pinch. For the RFP, MHD models have accounted for the

that the driving source of the m=0 mode is the unstable m=l mode.
observed magnetic fluctuation energy spectrum [12] and resistive MHD codes have

3) The relaxation of the pinch configuration to a minimum energy state, as
successfully simulated the RFP sustaining "dynamo" [ 12,14,15]. The thesis addresses

proposed by Taylor [27], has been observed in RFP's: The departure from the fully
a range of issues as tbllows,

relaxed state has been associated with finite pressure, toroidal effects, and energy

1) The general characteristics of the magnetic fluctuation are treated such as: i)
throughput coupled to fluctuations [28,29]. I will present the relation between the

power spectrum; ii) magnitude of the fluctuation amplitudes of Be. B_,, and Br: iii)
nonlinear mode coupling of magnetic fluctuations and the departure from this relaxed

coherence structure as a function of frequency. The MST magnetic fluctuation results
state [30,31 ] by having studied the savaooth phenomenon observed on MST.

are compared to measurements obtained on ZETA [i6]. OHTE [17], ETA-BETA-II
4) To a first approximation turbulent fluctuations can be regarded as the linear

[18], HBTX 1A [ 19]. and ZT-40M [20]. This verifies the general features associated with
superposition of statistically independent waves. However, linear analysis is not able to

the RFPs. such as the reduction of the magnetic fluctuations during the reversal period.
explain how finite unstable wavenumber and fi'equency waves could generate a

MST is about twice the size of the other devices, and has a higher plasma current and
broadband turbulent spectrum. To obtain an understanding of the mechanics of this

Lundquist number. This will help determine whether the increase in the size of the
phenomenon. I have measured nonlinear effects. To first approximation in the nonlinear

device could justit_' the development of the next generation reversed field pinches.
effects, I have investigated the quadratic wave coupling. The bi-spectral analysis

2) I will compare the measured low frequency coherent magnetic mode structures
[32.33]. which is the third-order spectral correlation, has been used to measure quadratic

I have obtained on the MST with 3-D resistive MHD computational results [21.22.23].
frequency coupling and quadratic wavenumber coupling. I have compared the edge
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magnetic fluctuation measurements of the MS1 with results from nonlinear. 3-D.
I-3) Organization of This Thesis

resistive Mlll) computation.

This thesis has been organized into 5 chapters. Chapter 2 contains an
5) I present measurements of magnetic fluctuations as a function or'the Lundquist

introduction to RFP instabilities, and presents a summary of the experimental and
number. S =_r_-L,.t where zr is the resistive diflusion time and % is the All\en transit

computational understandings of the linear and nonlinear mode analysis. The MST
time). Comparison of this scaling with the nonlinear turbulence analysis lbr tearing

reversed field pinch, and the diagnostics unique to this research are discussed in Chapter
fluctuations made by Strauss [34J and An el ai. 1351, resistive interchange instabilities

3. The experimental methods are presented in Chapter 4. Chapter 5 contains the data
made by Robinson and ttender [36]. computational studies by Schnack et al. 122], and

obtained during this research investigation. Characteristics of the plasmas investigated,
also the experimental results oI' ()i ITI! [37], are made.

comparison of experimental and compmational linear mode analysis, nonlinear mode
6) To understand the characteristics of the phase-locked modes observed on the

coupling and energy cascading, cross correlation of electrostatic and magnetic
MST. I have studied the effect of a movable limiter and impurity injection on the

lluctuations, and the el'feet ofa limiter and impurities on the phase-locking of the modes
magnetic fluctuation spectra and the rotational speed of the coupled modes. I also

are also given in this chapter. A summary and discussion of the results along with
present the measurement of the cross correlation between electrostatic and magnetic

suggestions for the future work are presented in Chapter 6.
tluctuations to gain insight into the driving source of electromagnetic turbulence.

A note about Thesis References and PLPs:

Throughout this thesis. I refer to the internal reports (PLPs) of the University ot'

Wisconsin Plasma Physics Group and the Ph.D. theses from the University of

Wisconsin-Madison. Copies of the PLPs and theses are available upon request from:

Physics Department. Plasma Section. University of Wisconsin-Madison,

!! 50 [.Yniversit.vAvenue. Madison. WI 53706.
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2-1); this is unlike the Tokamak configuration in which there are at most one or two
2

(1-q2)dP + B, [l dq] z>O (1)
d--; 32----_-q dr ' widely separated resonance surfaces.

where p is the plasma pressure and q is the safety factor defined as: Large scale MHD activities have been observed in RFP experiments [3,4,5].

These activities are believed to be the manifestation of m=l tearing modes. The m=l

q(r)- r B,. (2)
R Bo tearing modes have been linked to relaxation and dynamo effects [6,7,8] and may be

MHD predicts the occurrence of pressure driven resistive interchange fluctuations. In responsible for the anomalous losses [7,9].

experiments, the pressure gradient appears to be largest in the outer part of the

plasma. Thus, resistive interchange fluctuations might arise in the vicinity of the

reversal surface. The RFP has the advantage of possessing high shear throughout the .... i I i _ /
1.2 -

plasma compared to tokamak plasmas, so that equation (1) is satisfied. The ideal _ Tokaraak
-...,/

1.0 ............. _ n=lstability analysis, as developed by Newcomb [2], shows that RFPs are susceptible to
q

current driven instabilities. This analysis involves the energy integral, W(_). An 0.8 -

instability arises whenever a trial radial displacement function (_)makes the energy ]_ RI_

integral negative. The radial locations rs for which the radial displacement is large 0.2 -_i -:_: =

is given by q(r s) = m/n, where m and n are poloidal and toroidal mode numbers 0.0 i
respectively. The surfaces that correspond to these unstable modes are called resonant 0 0.2 04 0.6 0.8 l

surfaces, r/a

A comparison of q profiles for a tokamak and RFP is given in Fig. (2-1). The Figure 2.1) Comparison of q profiles for RFP's and Tokamaks.

RFP is characterized by the presence of many closely spaced unstable modes (Figure
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For this reason, the RFP provides a unique opportunity to study the nonlinear A detailed mathematical treatment of tearing instabilities [10], is impractical

interactions of tearing modes, the generation of the associated turbulence,and effects here. However, we will very briefly outline the linear theory of tearing instability. In

associated with it. In this chapter we will continue with a brief discussion of the ideal MHD the magnetic field lines and the plasma are constrained to move with each

various nonlinearities in RFPs and the description of the numerical code used to other; i.e., the magnetic field lines are "frozen" to the plasma. The curl of Ohm's law,

generate data for comparison with the MST results. (E + v x B = J/ts), combined with Faraday and Ampere's laws give

OB _ V×( v xB) +--_1 V2B (1)
& PoO

11-2) Tearing Instabilities

Although the classic paper on resistive MHD instabilities was published over The component of B in the x-z plane may be described in terms of Euler potentials;

two decades ago (Furth. Killeen and Rosenbluth 1963), the topic is still under we set ct = _(x,z) and 13= y so that B = Vot [5 VI3. This implies

development. Recently there has been emphasis on nonlinear development of tearing

modes. In this section, we briefly' present the physics of tearing modes which

B = V_ x ey + By e, (2)
provides the basis in my thesis research.

Tearing modes are examples of resistive MHD instabilities. Other examples

of resistive versions of the ideal MHD instabilities are kinks and interchange For t_ = _, the above equation reduces to 0B/0t = _(v × B), which implies that the

instabilities, but tearing modes are the most inaportant in the RFP. In toroidal plasma field lines move with the perpendicular fluid velocity V_l_. The second term in

devices, specifically in RFPs. "sawtooth-like" oscillations are attributed, at least equation (1) represents the slippage of the magnetic field lines when resistivity is

partly, to the onset or saturation of a tearing instability. Tearing instabilities are also introduced. The unperturbed magnetic field is assumed to be of the form Bx = 0, By

thought to be important in tokamak disruptions, Mirnov oscillations, sawtooth = constant. Bz=Bof(X), with f(x) _ ___1at x _ _+ooand with f(x) _ xFL for Ix ] << L.

oscillations, and also in solar flares and other astrophysical phenomena.
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The length L characterizes the variation in the magnetic field across the neutral layer.

transform in the y- and z- directions. From ordering near x=0, (W___)5_ /ttL (5)We can Fourier
L $z

together with V-B = 0, We require that k satisfy koB I = 0 at x = 0. Here, we

assume ky = 0, kz ¢ 0. In toroidal geometry the pitch of the tearing mode is
where xR =laco 6 L2, the resistive time scale, S= XRlXA, the Lundquist number, and

opposite to that of the magnetic field at the rational surface. ( i.e., for q = m/n the

x A is the Alfven time. The quantity A' characterizes the properties of the resistive
tearing mode varies as e(-im0-n_)), this being the appropriate form for k°B o oc (

layer when viewed as a surface separating two ideal MHD regions. There is a
_q-n )=0 at the rational surface q = m/n. The equation of motion is

discontinuous change in the derivative of the x-component of the fidd ( 5tF - B x ,

dSw/dx changes by A' _5_ ). The quantity A' is defined as
d___.Y=-VP +JxB (3)

Pdt

The plasma is assumed to be incompressible, V°v = 0. Also small amplitude wave &l=(dlnr__l (dlnr___l (6)
.-k o._ I \ u,_l -

motion is assumed: (_ = tFo + _5_ ) and we assume _ varies with z as exp [ikz}.

This allows one to linearize the curl of the equation of the fluid motion and equation

(2) above to get two coupled second order differential equations for 8x_.
The fact that S is large (order 106 ) for RFPs implies that the width W is

At this stage it is appropriate to rely on a semi-quantitative argument. The
much smaller than the characteristic length L, and the growth time (c0i)-1 is shorter

system is separated into a resistive layer about x=0 where resistivity is important; the

than the resistive time scale zR.
regions above and below this layer satisfy ideal MHD. The growth rate coi and the

resistive layer width (W) along the x-axis are derived from boundar 3' layer theory.

( A/L)4t5S z/5 (4)
(,0i - --
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11-3) Review of Numerical Simulations of Nonlinear reconnection could occur for modes with m=l poloidal mode number. Subsequently,

Schnack et al. I15,16], have found nonlinear coupling between different helicity

Dynamics in RFP's.
modes using the 3-D nonlinear MHD code. The m=0 and m=2 modes are nonlinearly

l-his section presents a brief reviex_ of numerical simulations of nonlinear produced from m=l mode couplings and change the n-spectrum of the m=l mode.

dynamics in RFP's. This occurs because energy is drained away by the m=0 and m=2 modes. The effect

Robinson [11] in 1978 showed that current driven resistive instabilities in the of multiple helicities is the generation of a stochastic region about the resonance

RFP could be stabilized and MHD stable RFP equilibria could exist. However, profile regions. For large values of pinch parameter 0 > 1.6, they conjecture that the m=0

maintenance against transport was not addressed. Caramana et al. [12] have studied island (resonant on the reversal surface) may overlap with the m=l island and make

the nonlinear single helicity reconnection of the RFP using 3-D resistive nonlinear the entire discharge stochastic. Nebel et al. [17] have asserted that the m=0 modes

MHD equations. Essentially the full set of nonlinear MHD equations were used to have very little effect on field reversal when they consider a few linearly m=l

follow the evolution of single helicity resistive tearing modes. They have concluded unstable modes.

that there are two processes in the evolution of single helicity tearing modes. The off- Kusano and Sato [181, have used a topological argument to show that both

axis current gradient drives the plasmas unstable during the first reconnection, m=l and m=0 modes are required for the field reversal. They asserted that depending

resulting in peaking of the on-axis current: this moves the reversal surface outward, on the departure from the Taylor relaxed state, the contributions of different modes

Then. the second reconnection where the resonant surface is restored takes place, the change. Nonlinear reconnection of m=0 becomes dominant when the percent excess

q on axis increases above its initial value, and the plasma approaches the minimum energy. W* is less than 8%, where W* is given by

energy state (Taylor state [13]). Transport was not included in the simulation and the

effect of the nonlinear interaction of modes with different helicities was not W'- Win- _nrM, (7)

TII

WnrM

considered, where W m is the total magnetic energy of the initial state, and WBF M is the

Schnack and Killcen [ 14[. using 2-D MttD simulations, have found that global
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magnetic energy of the BFM minimum energy state which has the same helicity as the axial field by themselves.

the initial state.

To elucidate the nonlinear dynamics, Holmes et al. [9] performed a statistical 1I-4) Computational MHD Model

turbulence calculation. They fixed the mean profiles, and hence did not specifically
The computational model used to generate data to compare with our

study the reversal process_ They took a broad spectrum of modes to interact
experimental results is described in this section. We used the initial value code DEBS

nonlinearly. They identified two processes. First, the toroidal mode spectrum
[20,21 ]. This code has been employed by Sidikman to generate the three components

broadens, resulting in a radial spread of turbulence from the center to the reversal
of the B field in real space. The code uses a semi-implicit method for solving the

surface when the poloidal mode number is one. Second, the unstable m= 1 modes are
time-dependent, nonlinear, 3-D MHD equations in a periodic cylinder [7-8]. The

stabilized via an energy cascade to small scales; the energy transfer is in the radial
pressureless resistive MHD equations which are solved, written in dimensionless

direction. The m=l spectral broadening is mediated by an m=0 energy sink; they
form, are

back-couple to keep m=l and generate a high n spectrum. Similarly, the cascade to

small scales is mediated by the nonlinearly driven m=2 modes. Their coupling

transfers the energy to a higher poloidal mode spectrum. OA -S (VxB)- rlJ (8)
Ot

Ho and Craddock [191 further investigated the energy flow using a 3D MHD

code. They have identified the conversion of the poloidal magnetic energy to toroidal

magnetic field energy by the dynamo. They predicted that, at high pinch parameter S 01I =-SV'VV+SJ x B . v V2V (9)
dt

0, the dynamo can be alternatively dominated by quasilinear and nonlinear processes

in a quasiperiodic fashion. They have identified the m=0 modes as being crucial to
where B= V x A. ] = V x B and V is the velocity. The chosen gauge is

produce the nonlinear dynamo whereas quasi-linearly, the m=l modes can reverse
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CRAY time to 20-30 minutes per run.
O.4 - E (10)
at The modes considered are -2 < m < 2, -42 < n < 42 and there are 127 radial

where E is the electric field. Nonlinear MHD systems evolve on time scales that are grid points. However, the time-space representation of the magnetic field components

long compared to those associated with the fastest normal modes of the plasma; tbr will be used for the spectral analysis of nonlinear mode coupling.

this reason the nonlinearities are treated pseudospectrally, while time is advanced Certain assumptions that have gone into the computation are worthy of note.

using the semi-implicit method [22]. The magnetic field is normalized to the on-axis First, the code does not contain plasma pressure. This assumption of a zero-beta

magnetic field strength at t = 0, time to "tR (resistive diffusion time model approximates the experimental observation that RFPs have low [3. This is

= a2 c2xR 4 x / tic ). The subscript c denotes a characteristic value. Velocity is consistent with the force free relaxed state chosen for the equilibrium representation.

normalized to the Alfven velocity ( V A = Bc / (4 n pc )05 ), lengths to the minor Second, density profiles are not evolved. Third, the Lundquist number in the

radius a, and resistivity to the on-axis resistivity, qc" The viscosity is added for computation is two orders of magnitude smaller than that in the experiment. Fourth,

numerical stability [23]. In order to model the experiment, there is a need for viscosity is time independent.

hundreds of runs to generate an ensemble of statistically independent fluctuations.

The code is typically 12,000,000 words in length and requires tens of Cray CPU

hours per run [24]. Although the total number of time steps required to follow

resistive evolution is greatly reduced by the code, such a large number of runs is

unrealistic. Hence, rather than starting the code each time from the beginning, we

simulate the experiments by starting with the equilibrium to x_'hichthe code is known

to evolve, but with random initial perturbation profiles. Initial phases of all fluctuation

components are random, subject to the constraint VoBI= O. This reduced the required
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The Madison Symmetric Toms, MST, is a toroidal reversed field pinch

device which commenced operation in June, 1988. The MST is a large RFP with

a minor radius of 52 cm and a major radius of 150 cm. The shell thickness "t" of

5 cm corresponds to a poloidal magnetic soak-in time, defined by T=21a0t2/rl, of

about 60 msec. The parameters of the device are listed in Table III-1. The MST

is shown on Figure (lII-l). The design of MST was heavily concerned with

minimizing field errors due to gaps, portholes, DC and primary windings. The

vacuum system of the MST is unconventional: it is used as the toroidal l_eld

winding and the stabilizing conducting shell, as shown in Fig. (III-2).

The conducting shell has two cuts. toroidal (_) and poloidal (0). The

toroidal gap is a cut the long way around the torus, allowing the toroidal magnetic
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field to enter the shell. The poloidal gap is a cut in the short way around the torus The toroidal field is produced by the poloidal current in the conducting shell. This

allowing the poloidal magnetic field to enter the shell, shell is used as a one turn secondary to a 1/2 Volt-second transformer. This results

Ohmic heating and field generation are provided by a 2.0 Volt-second in small toroidal field ripple, easy diagnostic access, and maintenance. The

laminated iron core transtbrmer, which links the plasma to the 20 turn primary primary of the toroidal field transformer is connected to a 450 Volt, 1/2 Farad

winding. The pulsed current to this winding is supplied by a 5 KV capacitor bank. electrolytic capacitor bank.

The poloidal field windings are composed of three separate sets of Pumping is done through a manifold connected to the bottom of the vessel

windings around the iron core [I.2,3.4,5] as shown in Fig. (I11-3). First, the by 193 1.5" diameter holes rather than a few large pumping ducts. The main

reversed DC bias winding enables a 2.0 volt-second flux swing by reverse biasing pumping system are three Sargent-Welch 1500 l/s turbomolecular pump, one

the iron core. It carries 8000 ampere-turns of dc current tbr 3 to 10 seconds. The Cr3'ogenic pump and one Sargent-Welch 800 1/s turbomolecular pump. Vacuum

bias winding has been distributed along the iron core in such a way to trap most pressure and quality were monitored on a Bayard-Alpert ionization gauge and a

of the magnetic flux inside the iron and minimize the dc field in the plasma quadruple gas analyzer.

volume [6], Second, the continuity winding carries the wall current from one side Table III-1 MST PARAMETERS

of the poloidal gap to the other side by topologically excluding the iron core. This
Major radius R= 150 cm

winding provides a low impedance path tbr the surface currents flowing on the Minor radius a= 52 cm
Shell thickness t= 5 cm

inside surthce of the shell. Third, the poloidal field (PF) winding carries the pulsed Plasma Current I_ <600 KA
Toroidal field I_0< 0.12 T

current which provides the flux swing: it is tightly wound around the continuity Line ave. density <ne> = 2.x 1013 cm -3
" Base Pressure 4 x 10-7 Torr

winding: the distribution of the PF winding is optimized to match the plasma Ion Temperature 250 eV.
Electron temperature 200 eV.

image current flowing on the inside surlhce wall of the torus and the flange. [3-10%

through the holes, to the outside surface of the tlange and the continuity winding.
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Poloidal Field Winding Upper Continuity winding
located for optimum plasma current

( not shown ) g__ i__ 2 Volt sec Iron Core

for driving plasma current

DC Biasing MST Poioidai Field System
wWmd in

Box Port for Winding Poloidal Flange Image Currents
Upper Half II] -- -'_ "__-,_ Diagnostic in the wall

--t

Manifold ! -- _--J_-. _ Feed Leg
" ( one of four ) Bias

Windings Continiuity Plasma
Windings Current

/
Small Iron Core

forgeneratingBt Fig. IH-2) Poloidal field system of MST.

Figure Ill-l) Side view of the Madison Svmmetric Torus (MST).
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III-2) Diagnostic Description

Magnetic sensors are commonly used to measure the magnetic properties

Vacuum Vessel acts as

Toroidal Field Winding of plasma experiments [7-9]. Probes consist of copper wire coils encased in a
Inner Toroidal Gap
( electrically insulated ) nonconducting heat shield and one or more layers of conducting material such as

graphite, stainless steel or a thin layer of silver paint as an electrostatic shield.

Magnetic sensors are used both inside and outside the plasma to measure the

_k_ equilibrium and fluctuating field in MST.Toroidal Flange
Outer Toroidal Since magnetic fluctuation coherence measurements are frequency
Joint

Arrows show path dependent, a technique has been developed to calibrate the magnetic coils-
of Poloidal current

Poloidal Current amplifier system to measure the magnetic fluctuation signals for a wide frequency

Feed Leg ran,,e The frequency-dependent eft_ct of the electrostatic shielding and the self-
( one of four) _ " "

[_ inductance effect of the coils are taken into account over the entire bandwidth.
Small Iron Core The technique may also be used to take into account the eddy currents present in
for generating Bt

the vacuum vessel walls.

a) Magnetic Probes
Fig. Ill-3) Toroidal Field system of MST.

The magnetic probes have been developed for general use. as well as

specifically tbr this thesis research. Ease of access and minimization of the cost

have been the primary goal.
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1have developed :'.,ur"'-types of magnetic sensors during this research. (1

t',vo poloidal and one toroidal fixed array of tri-axial sensors installed at the reside

edge of the device. (2) a dense arrax of 32 toroidal and 16 poloidal coils. (3) a

multi-purpose movable probe cot:sisting oi"8 radial coils and txvo ion saturation
PoloJdal GAP

eL,trent pwbcs, and (4) a lar_c number of tri-axial movable coil sets.

1) Fixed Poloidal and Toroidal Arrays:

The fixed coil sets consist of three orthogonal magnetic sensors (Figure 111-

4). oriented to measure the magnetic field in poloidal, toroidal and radial

directions.

Figure III-4) View of toroidal and gap coils. Each toroidal coil set is encapsu-
lated in a graphite box as an electrostatic and heat shield.

The five turn coils are wound on machinable ceramic of an "H" cross section

using 32 gauge HML coated wire. Typical coil resistance is _ 1_ and typical

effective coil areas are 1.5 Cm 2. The coils are installed inside a ceramic heat

shield case which also acts as structural support (Figure III.5).
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These encapsulated coil forms are mounted on the inside of MST as shown

scr_81_.E ABOU10 G_" DE[P 91_"ultt_ _ 3se"OEEP,THEN_5_ _ OalCt

if '" AND ............ E ........ in Figures (111.6) and (111.7). The electrostatic and heat deposition shield is a

_&_-_t----_jj- I 3/32" graphite box. The twisted coil leads are inserted inside a teflon heat shield
i---q NO COFINERHOLE

COUNTERSUNKU_NG "A"DRIll Q,50"DEPTH

CUT IS lr32"DEEP

___ [._____,_-_ and covered by 3/16 inch aluminum tube. The curvature formed aluminum tubesoc2o"

"...... _ _ ' _t_ are formed to the curvature of MST and mounted to the inside of the vacuum

j ..... vessel. The vacuum seal is made at two toroidal location at breakout trees.

Iii _ Vacuum feedthrough BNC connects the sensor leads to the outside. There are 64!. i\:_J

-° fixed coil sets in the toroidal direction. The two poloidal fixed arrays have 16 and

SGI_BBLE THE q ONT_IEE

16-STATION ARRAY OF

Figure III-5) Schematic drawing of a fixed coil set which are installed on
inside wall of MST.

Figure 11I-6) Poloidal view of the location of fixed
array at d_=180 degrees.
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2) Dense Array:

I have designed two dense arrays. These closely-spaced magnetic sensors

have been designed to not only measure low frequency (f < 250 kHz) magnetic

fluctuations but also high frequency (f < 5 MHz) magnetic fluctuations. There are

four modules in the toroidal direction and two in the poloidal direction. Each
_ AT32-_I'ATION POLOIOAL ARRAY OF DOUBLETS

POLOIDAL GAP
TIONTOROIDALARRAYOFTRIPLETS module has eight coils separated one centimeter from one another. The coils are

_- i,/_,_/,-_/_ _A wound on hollow low conductance graphite "H" forms with 38 gauge
HML coated

/¢/ -***f'_"___/ _ % \ /-- MSTVACUUMVESSEL wire. The typical 25 turn coils have a resistance of 6.9f2 and area _ 1.4 cm 2. The

/ -/ T coils are encased in 0.005" open ended (in the direction of magnetic pickup)
"DENSE" ARRAY OF SINGLETS

stainless steel tube formed to the curvature of the MST. Structural support and

electrostatic shielding is provided by machinable ceramic which are thinly silver

painted on the inside. These forms are in the shape of the inside curvature of the

MST and mounted to graphite blocks as shown in Figure (III-8). Each graphite

\
a-STATIONARRAYOFTRIPLETS block acting as a router of the coil leads is attached to the inside vacuum vessel.

The vacuum seal is made with a breakout pot and vacuum feed through BNC

Figure III-7 ) Top view of MST showing the location of magnetic sensors. connectors.
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3) Movable Forked Probe:

Poloidal Coils Toroidal Dense Array
The movable forked probe developed for the experiments described in this

thesis was motivated by t_'ing to determine whether the source of magnetic

fluctuations was related to electrostatic fluctuations.

_'_ ._,s Figure (1II-9) shows, there are 4 radial coils 1.2 cm apart. The

specifications of the radial coils are similar to the dense array discussed above
it

r', _vith the diffcrence that there is a tungsten wire running through the center of the

,l_[l_:_ :_'- : " . i).i_!"-':-_" perpendicularmagneticradialc°ilsfieldThetogeneratedthetUngstena.xisofXVireviaBrtheiScoilsUSedcurrentandt° d_esmeasuredrav_.nn_tbya_terthethei_nthei_nsaturati_nmagneticsaturati_ncurrent._uctuati_nspr_beTheis

Figure III-8) View of dense array, 16 coils in poloidal direction and 32 coils in measurement. Bench test after the construction of the probe has verified that.
toroidal direction. The silver electrostatic coated coils are covered with ceramic

particle shield.

07"-

/
Tungsten l'ip Sensor 3/8"Stainles.m Steel

Figure III-9) Schematic of the "forked" probe. Each tine is a Boron Nitride
particle shield. Electrostatic shield is provided by silver painting the inside w',dl.
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4) Tri-axial (oil Sets:

lhrought,iit ti:i,: :l_c._i> pr,_ic'=l and the- prexious research done on the .p:t..f,.<.9.,,x2_,,,...,,_.s,,x_._.c_._..x_x_<:_>__/_ _'_

Octupolc. a noncircui:_r Rt:I' machine and the ditcrtcr noncircular Rt:P dexicc. ::) ...... _" ._ _:_a._._,_>_:_

1_I........ :<
about 10()tri-axial m_,',atqc probes '_.:rc made to IIICUsLIrcthe radial profile of the -_-_-_'_q,_--___,-,_J

IX"

fluctuating and cqtli!ibri ti)lt )'iclAs. l'hk' probes conbisI of three orthoeonal magnetic Stainless Steel B_ron Nitritie

coils wound on a three dimen._itmctt "I t crobs section machinable ceramic tbrms.

A typical set ',vas n_ade from 42 '.,, 54 ._auge l¢_].m coated x_irc 120 turf] Figure Ill-t0),,\s_,embly drawing tbr a tri-axlal magnetic probe used in this
research shoxvine the coils inside the electrostatic shield. The vacuum seat is

transverse coils and ¢_ turn radial coils _, (,ql resistance \aried from St2 to {_1)(.2 made on the mare probe body and is not shown.

depending on the kvpc of the "airc and ttn_: icngth of the pwbe. The coils v_cre

mounted on a ccrc, n'.ic cup. Structural support and electrostatic silielding is

provided bva stain!c,-_ <ecl tabc {!,!,{,5" tl,ick ,,all. ; 10" outside diamctcr_..-\ 111-3) Standard Calibration"

boron nitride shcatt-_ ;_ used fi,r panicle .-.i_.iclding and heat deposition, lhcsc lhe output of a magnetic sensor is given bv

sheaths are machmc,t fwm a solid I 4" b_ ro,! nitridc r_,ds _!). ii)" thick wall. and

-- 14" ().I).). lhc tube containing the c,¢_.., is inserted iqtu tiff> sheath (Figure lll-

lOf dt dt f a'd, .....A_-at-- (1)

lhc main h :d'. _:f !he pr_ bc i:: a ] 4" ,.,utcr diameter, t).2!_ thick >canllc.,s x_.herc (I) is _.hc magnetic !lux linked by the coil. B is the magnetic field at the

stainless steel tube t]:c '_L:k'tltl!I] ".:ali,. !'_!:Idc :A[ ti_c back clld ,_[ the prt_}',c x_llh c,_il, ds i_, the clement of the coil area. '\off is the clIective area ,,l the ,.:oil. and

spatially designed }-"c..;Kt,tl[ t"oi ;;lid ,.:.!cu_.,.!ti 7C=..][hroLlk!!lBNt" com_cctor'< l _, :.. lhc a_.crage nlag.qc!ic iicld ,_\er tt_e coil area. Ideally. '\elf := N.-\ _.vhcre

\ is the ce,;mctric area of '..inccoil and N is ihe ram:bet o( loops. Attenuation o|"
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signals due to the thickness of the electrostatic shielding, tension of wire on the

coil form, and imprecision in winding deviates the Aeff from such a simple

relation. As mentioned previously, the effective areas are calibrated as a lhnction Table III-2) MST DIAGNOSTICS

of frequency. This is accomplished with a Helmholtz coil set that produces a
1 TOROIDAL ARRAY OF MAGNETIC SENSORS; 64 x 3 COILS.

known magnetic field. Coils are calibrated from 1 kHz to 250 kttz. At low 1 POLO1DAL ARRAY OF MAGNETIC SENSORS: 16 x 3 COILS.
1 POLOIDAL ARRAY OF MAGNETIC SENSORS; 8 x 3 COILS.

frequencies, (10 kHz < f < 100 kHz), Acff can be represented by a frequency 1 PARTIAL ARRAY OF 32 CLOSELY SPACED TOROIDAL COILS.
I PARTIAL ARRAY OF 16 CLOSELY SPACED POI,OIDAL COILS.

independent constant Aef f. For frequencies above 100 ktiz calibration curve is 1 MOVABLE PROBE OF 6 x 4 COILS.
1 MOVABLE PROBE OF 8 x 3 COILS.

used. 6 MOVABLE PROBES OF TRI-AXIAL COILS.

The detailed list of MST diagnostics is given in Table 111-2. The magnetic Array of 40 soft x-ray detectors.
Array of 32 visible light detectors.

sensors designed for this thesis are listed in this table. There arc 354 magnetic Microwave interferometer tbr <ne>.
Thompson scattering for Teo & Neo-

coils designed, built and installed tbr this research experiment. Fast ion gauge.
CXA
Bolometer.

Optical diagnostics
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series. It is essential, therefore, to perform higher order spectral analysis on the series

Chapter IV in order to detect departures from linearity and "Gaussianity". The simplest form of

higher order spectral analysis is bi-spectral analysis. The basic concepts of digital

Stationary Time Series and Spectral Analysis
linear analysis relevant to the magnetic fluctuations are given in section IV-2.

Wavenumber and frequency spectra are given in section IV-3. The estimation of the

Analysis of magnetic fluctuation data on the MST relies on the use of the Fast coupling coefficient and a brief description of bi-spectral analysis is given in section

Fourier Transform (FFT) algorithm [1] for both speed of the calculation and to derive IV-4. The temporal evolution of the wavenumber spectrum via energy cascading is

introduced in section IV-5.
the frequency dependence of the measured quantities. In this chapter, I vdll present

a brief introduction to the theory of stationary time series and spectral analysis.

including bi-spectral analysis used to measure nonlinear coupling. IV-2) Basic Concepts

Let B l(t) and B2(t) denote two fluctuating magnetic signals which are

IV-1 ) Introduction digitized and then Fourier transformed to Bl(t9) and B2(o_). The RMS amplitude

If a stationary' time series is Gaussian, and theretbre linear, the second spectrum is given by

moment (auto- and cross-power spectra) contains all the useful information present {1 C(co)2 ( i /_ (co) I 2 )}in (4.1)
/_(co) = T

in the series. (e.g. inlbrmation about the possible presence of harmonics), l f the series

is non-linear, the second order spectra will not adequately characterize the series. For _vhere <---> represents an ensemble average over hundreds of data records of

instance, the second order properties of a bi-linear time series are similar to those of duration T. C'(c,_)is the complex frequency calibration (amplitude and phase) and

B (c,_)= B (rot i m. The discrete tbrm of the above equation is
a linear time series model. As such. second order spectral analysis will not

necessarily sho_ up any features of non-linearit._ (or non-Gaussian) present in the (4.2)
/_ = {C 2(iB !-')}_a
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The magnetic fluctuation amplitude in a specific frequency range is simply given by

summing over the limited number of the frequency steps. This is different from the
n( to ) = Rk_ ( to ) (4.6)

standard Blackman and Tukey [2] [3] method .

The cross power spectrum is computed from P 12(o) -- B l(O))*B2(o) where where r is the minor radial position and R is the major radial position. The azimuthal

* denotes complex conjugation. Since P12(o) is in general complex, it may be phase velocity is given by

expressed via its real and imaginary parts.
2 _f_ 2 lr RAOf

V_,= /Co 0"12(-_" (4.7)

P12 (to) = C12 (to) + iQI2(to) --- / P12(to) Iei°'2(°) (4.3)
The coherency spectrum is defined in terms of the (auto-) cross-power spectrum as

where the real part C12(o) is called the co-spectrum, and the imaginary part, Q12(o).
IP=(_)12

is called the quad-spectrum. I en2(_)I = l Bl(_0)1 I B2(o_)] is called the cross- Y12(to)= [ Pl1( to ) P22( to ) ] 1/2 (4.8)

amplitude spectrum and 012(o) = 01(o) - 02(o) is named the cross-phase-spectrum, where 0__ ! )'12 I sl

Preservation of the phase information in the form of a phase difference is being used

to measure the wavenumber of waves/modes present in the plasma. The phase ]'he cross-amplitude spectrum is normalized by the auto-power spectrum of

spectrum can be interpreted as the phase shift each spectral component undergoes in both B l(t) and B2(t ) and can be interpreted as the degree of the cross-correlation

traveling a distance Ar between the two spatial points at which B l(t) and B2(t) are between B l(t ) and B2(t) at each frequency. If the coherency is zero at a particular

being measured. This phase shift 012(o)) (and poloidal & toroidal mode numbers frequency then the two magnetic tluctuating signals are called incoherent at that

m.n) are given by the dot product of the wave-vector k and.the distance of travel At: frequency. If. on the other hand. the coherency is 1, the two signals are fully coherent.

Due to background noise and discreteness of the signals an intermediate value for
012 (to) = _:(to). A-r (4.4)

coherency exists. If the two signals are spatially separated by a distance Ax, then the
m(to) = r ko (to) (4.5)
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coherence length of an exponentially decaying goherence is defined as (1-¥_z) It2 (4.12)

L(co) = Ax / (In),). The cross correlation is defined as: _(y22)- i_12tv'-_

R, 2 _ -® = (4.9) IV-3) The Wavenumber-Frequency Spectrum
[ (if_2(t) dt)(ffzz(t) dt)]_P"

While the dispersion relation for linear waves in a stationary state can be

where deterministic (for a given co there is a unique value of k), this is not the case for the

® turbulent state: instead, the power at a given frequency band co to o_ + A_ may be

ff_(t)f2(t+_) _- f F_(_)F_(co)e j_ dco. (4.10)
.... distributed broadly in wavenumber space due to nonlinear wave coupling. The

Error estimates of the above statistical quantities are derived by' Bendat and dispersion relation is broadened and must be described by the joint wavenurnber-

" frequency power spectrum S(k._). The S(k,(o) spectra contain complete intbrmation
Piersol [4]. The estimates of the square coherence ( v- ) errors is given as:

on the second order space-time relationship of a stationary process. As noted earlier,

E(y212) V2( 1 -'f_2) (4.11) the frequency' spectra can easily be obtained from a single probe, but wavenumber
V:N '!Y121

intbrmation would require simultaneous measurement of fluctuations in at least two

The error in the coherency ( "F- ) is inversely proportional to the number of
spatial locations. One method is a spatial Fourier decomposition of spatially

terms in the ensemble (N). The error in the coherence is also inversely proportional
distributed probes to obtain the _'avenumber spectrum. This straightforward method

to the coherence itself as expected, since the causal relation lbr t_vo similar signals
has the disadvantage of limited _vavenumber resolution and can be potentially

is easier to determine. The random error in relative phase determination is similar
cxpcnsive. An alternative method has been developed by Beall [5] to calculate a local

to coherence error: _avenumber-frequency spectrum using a fixed probe pair separated by Ax. In this
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technique, it is assumed that fluctuations consist of a superposition of a finite number wavenumber bins of interest to provide good statistics. For easier visualization we

of sinusoidal oscillations in time and space. It is also assumed that the amplitudes and will, in the following, use the notation k = m Ak and f = l Af.

phases of the oscillations are slowly varying over time. The power and average From the local wavenumber frequency spectrum SL(k, f), the frequency

wavenumber spectra can be calculated as described in the previous section. The local spectrum SL(f) and the local wavenumber SL(k ) can be estimated by

wavenumber and frequency spectrum SL(k,f ) can be estimated by

SL(mAk,lAf) = (Sj( x, lAf) I,,,Ak[kj( IAf)] > (4.13) St (f)=_k St( k,jO --(Sj(x,l Af)), (4.15)

where m = number of wavenumber bins. l =. number of frequency bins, Ak= SL (k) =_ St.(k,f). (4.16)
f

wavenumber resolution, Af= frequency resolution = IF[ and Im Ak [kj(l Af)] = 1 for

(m-l/2) Ak < k j (1 Af) _<(m+l/2)Ak and Im Ak [kj(l At)] = 0 elsewhere and the
The frequency spectrum (SL(f')) can also be obtained directly from the temporal

sample jth realization is given by equation (4.13) as
Fourier transform using Equation (4.14).

Sj(x,lAf)=Bl)(x,lAf)Blj(x,lAf)-_(Ax-O,IAf). (4.14) The frequency spectrum of magnetic fluctuations in transition to turbulence

tails off rapidly toward higher frequencies. Thus by analogy with random variable

Note that < l-tj (Ax. 1 At) > is another _ay of defining the cross-power spectrum, and theory it is useful to define a normalized SL(k, f) spectrum, called the conditional

the discrete wavenumber (m Ak) are bounded by (- rt / Ax) and (71/ Ax) and the spectrum SL(k I f) as

xvavenumber resolution Ak is given by the number of segments chosen in the interval
SL(k,f)

(- rt / Ax) and _;,t:'Axe. The resolution ( i.e.. number of ,_,avenumber bins) must be St( k If)- St(f) (4.17)

chosen appropriately so as to have a sufficient number of realizmions tailing into the
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The conditional spectrum Sk(k]f) enhances the frequency components with low' IV-4) Bi-spectral Analysis

power.
In this section auto- and cross- bi-spectrum are introduced. These powerful

In situations where random nonlinear interactions are present the dispersion
statistical concepts have been used in a number of investigations as data analysis

relation (k{f) versus f) is no longer deterministic. However. an average statistical
tools, notably by Hasselman, Munk and McDonald, [6] on ocean waves, Lii,

dispersion estimate, < k(f)>, can be written.
Rosanblatt and Van Atta [7] on turbulence, Helland and Lii [8] on the energy transfer

in grid-generated turbulence. Ritz. Powers and Bengtson [9] on the three wave

<k(f)> =y_St(k if). (4.18) coupling and energy cascading in plasmas. The focus here is on the statistical
k

properties of auto- and cross-bispectra, and how to estimate them from finite data

The broadening of the spectrum is defined by
lengths.

< o_ (f) > :_ ( k -< k (f)) >)" St( k If)- (4.19) There are t_'o different approaches to obtaining quadratic wave coupling in a
k

sell-excited fluctuation spectrum.

The wavenumber broadening for a given frequency fo is related to the distribution of
{1) " Multi-windo_ s bispectrum estimation" method. A good reference is by David

the SL(k. f) spectrum at frequency fo It has been shown by Beall ct al. [5 ! that. in
J. Thomson of AT&T Bell Laboratories. Briefly, this method has proven to be useful

a spatially homogeneous medium, the local SL{k . t) spectrum is equal to the
x_hen the process is of evolutionary nature or the number of data points are not

conventional x_'avenumber spectrum. It should also be noted that. just as the sampling
sufficient (spatial Fourier decomposition of the modes are coarse). Here, a multiple-

interval must be short enough to avoid aliasing in the frequency domain, so must the
x_indo_ method lbr computing consistent estimates of the bispectrurn from a short

probe separation be small enough such that ,-t'3x is greater than the highest
segment of the process is used. In multi-window methods the intbrmation in a narrow

xsavcnumber of any significant spectral component.
band is summarized by the coefficient of its expansion in the Slepian sequence [10]

t t)iscrcte Prolatc Spheroidal Sequences). Bispectrum estimates are then tbrmed either
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by averaging what are effectively complex demodulates over time. or by averaging The definition of the B(k.l)clearly shows how the bispectrum measures the statistical

products of such expansions centered at frequencies fl " 1_ and fl ± f" over a 3-_ _ dependence bet_veen three waves [141. That is. if waves present at k I , k2, and k I _-

dimensional element of the frequency domain (x_avenumber domain). Either choice k-) are spontaneously excited independent waves, each wave can be characterized by

reduces to the weighted average of products of the expansion coefficients, statistically independent random phases. Thus, the summation of the three spectral

(2) The second method which I mostly follow is based on the digital time series component phases will be randomly distributed over (-Tz.rc). When a statistical

analysis technique. A review of the concepts of cumulant st)ectra [11]. [12]. [131. averaging process denoted bv the expectation operator (4.22) is carried out. the

which measure the extent of joint dependence of the spectral components, is not given bispectrum x_'illvanish due to the random phase mixing effect. On the other hand. if

here and the reader is encouraged to refer to the above references. First. we define the the three spectral components are nonlinearly coupled to each other, the total phase

power spectrum. S(k), which is tkmiliar from the last section as a second order _I" the three _aves _ill nt_t be random, though phases of each wave are randomly

cumulant spectra and then the bispectrum B(k.l) is the third-order cumulant spectra: changing l_)r each realization. Consequently. the statistical averaging ,.,,ill not lead to

a zero xalue of the bispectrum.
S (k) = E [ B_B_ l (4.20)

The bispectrum satisfies the following symmet_' relations:

1) t3(k. 1) = B(I. k) = B (-k. -1):

B(k,l) =E[BkBtB_.t], (4.21) 2) Blk. 1) = l](-k-l. I) = BIk.-k-l).

l.ct's consider a simple example of _ three-wave coupling with

where El...] is defined as x_avcnumbcr kl. k-,._and k-;_(k = 1. 1= 2L satist_,,ing the resonance conditions tbr

xvaxcnumbcrs and frcqt,encies.(k 3 --=k I ± k2. o)3 = o_! := _,)2). Then the general
1/2. I/-,.

Et,(×)n( +x,)B(× l : f f B( )e '2=(k*x_'t'x', dk, dk2. quadratic ,,,),,linear relation is
-lf2 -lf2.
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interaction and thus suggests that the waves km, kk and k I are spontaneously
B3= _ A2.1B 2B 1 +e, (4.23)

_=_'_ excited independent modes. The quantity b2(k, 1) S(k) corresponds to the power of the

where the quantity e denotes any error associated with the measurement. For a simple wave at km due to the coupling of the waves at kk and k !. That is, B(k m ) = Bun c

three-wave coupling with zero imperfection then Eq. 4.23 will reduce to: + Ak, 1 Bk B 1 is decomposed into an uncoupled, Bunc, part and a part which is

generated by three wave coupling, described by a coupling coefficient Ak, I. The bi-
B3 =A2,1 B2B 1 . (4.24)

coherence b2(k, l)=Ak, 1 enters as the nonlinear coefficient and measures the fraction

of the power at km due to the three-wave coupling in a single three-wave interaction.
The "goodness" of equation (4.24), which is in a quadratic regression form, may be

Note that Ak, I is given by
measured by the quadratic correlation coefficient [15], b(k,l), called the bi-coherence

spectrum: E[ B_ B l"Bk.t]
At,.t = (4.26)

El IBknz 12]

b 2 (k,l) = IR( k,L )l 2 (4.25)
E[ IB_a,t2] E[ [B 12]

This value of Ak, i minimizes the mean-square error E [ I e 12] of the quadratic
where m = k + 1. The Equation (4.25) is basically the measure of the coherence

model of single three-wave coupling (Eq. 4.24).
between the three waves due to the wave coupling and it is analogous to the linear

In the more general case of multiple interacting waves, the spectrum can
coherence spectrum which measures the degree of linear correlation between two

contain numerous modes coupled by previous interactions. In this case the number of
signals on a spectral basis [16]. The bi-coherence spectrum is bounded by 0 _<b < 1.

coupled pairs (k k . k I) which can contribute to the bispectrum in equation (4.20) then
This can be shown by employing Schwarz' inequality. The bi-coherence spectrum is

excceds a single triad and the bi-coherence can no longer be considered as a fractional
close 10 unity when the resonant wave km --k k ± kI is excited by' the waves at kk

power measure. In general, the bi-coherence is viewed as a phase coherence measure
and k I . ()n the other hand b(k.l) ----0 implies an absence of coherence for the

betx_een coupled waves.
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ysis model of figure IV-I is facilitated.

IV-5) Energy Cascading and Estimation of the Coupling

II. I1,1Coefficients

------ Time
A brief description of the estimation of the nonlinear coupling coefficients and

of the resulting amount of energy cascading between waves for a fully turbulent

_t (t+T)_B(X,t ) B(X,t+_ )

system is given in this section. This method was initially introduced in plasma physics _ 13(x, t) B(x. t+,_) _ dk _.l..l

by Ritz et al. 1171. x iF ,if-! x -

Suppose the time evolution of the wave coupling spectrum in the simplest tXk[2 _ _, iYkl2

variant of a wave-wave coupling could be described by linear plus a quadratic Xk Yk
Qk(ki,k2)

nonlinear terms in the lbrm: JL
V

d B( k,t ) ._(yk +i _t ) B( k,t ) + l _ .,t_ _

dt -2 _-" AOk(k1'k_)B(kl't)S(_'t ) 4.27 x k 8Xk

tq._,k I..1 AQ(kl,k2) 6_

where )'k is the grov,_ rate, t_k is the dispersion relation, AkQ is the coupling .l[_
v

coefficient. Then the spatial Fourier spectrum B(k = kI + k2, t) of the magnetic

• 5t
fluctuations is defined by Pk--" Xk Xk>

B ( x,t ) :_ B ( k,t ) e ikx. (4.28) Figure IV-I ) Schematic representation of the measurement technique ms
k described by Ritz, et al.

Then the computation of the linear ()'k' °_k) and the three-wave coupling

AkQ [k I . k2 ] coefficients from the raw fluctuating time series data via spectral anal-
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In plasmas the turbulence system, can be verb_complicated. It should be noted

< xi, = <xkxi, . 1
that Fig. (IV-l). only. represents the linear plus the quadratic nonlinear coupling. We 2 kt_._._ 'ok <X[ Xk, X_ > (4.29)

assume that four wave coupling and higher-order processes are much weaker than

three-wave coupling. • 1

< Y' X_' X_ > = L'< X' X: X_ > +-2 k,_,,,, "¢'_'"'<X_ X; X_t X_' > (4.30)

Definitions

Yk = Linear growth rate.

o k = Mean dispersion relation, with k = k1 + k2 = k' 1 + k'9
Lk = Linear transfer function.

Qk ( k l'k2 ) = Quadratic transfer function. The fourth order moment < Xkl Xk2 Xk,l* X k'2* > can be approximated

Ak L = _/k + i< o_k > = Linear coefficient coupling, by the square of second-order moments < IXkl Xk2 12>, as suggested by Millionshc-

AkQ ( kl,k 2 ) = Quadratic coupling ccefficient, hikov [18] for weak turbulence, by neglecting terms with (k I , k2 ) ¢ (k' 1 , k'2).

Tk ( kl,k 2 ) = Power transfer function. Hence Equation (4.30) becomes

. t

E ,e, <IX 4 X_ (4.31:)

Equations (.4.29) and (4.31) can be solved iteratively to find the transfer functions

(defined in Chapter 5).

The fast Fourier transtbrm of the measured spatial magnetic fluctuations at two The quantities in the angular brackets can be calculated from the procedure given in

different times results in the wavenumber spectra X k and Yk Following the recipe the last two sections, i.e. < Xkl Xk, l* > the is auto-power spectrum: < Ykl X k'l*

given by Ritz et al. we obtain t_o coupled equations: > is the cross power spectrum: < Xk Xk, l* X k'2* > is the auto-bispectrum: and
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plasma transport in the reversed field pinch (RFP). Though the mechanism is not

well understood, fluctuations are thought to mediate both, through their role in energy

and helicity transport. The prime objective of this research has been to determine the

behavior of the edge magnetic fluctuations measurements and to compare them with

predictions of MHD computation. Edge magnetic fluctuations in MST have been

measured with fixed magnetic coil arrays at the wall and with insertable probes.

Spatial mode spectra from tull arrays at the wall are compared with two-point

correlation measurements. In contrast to tokamaks, relative magnetic fluctuations are

large, B I / Bo - i-3%. The dominant fluctuations occur at frequencies f<35 kHz,

and have been identilied as global modes with poloidal mode number m = l, and

toroidal mode number n - 2R/a - 6. The short-wavelength, high frequency

fluctuations (f > 35 kHz) represent only a small fraction of the total magnetic

tluctuation power and correspond to modes locally resonant in the edge.

Three-wave nonlinear coupling of spatial Fourier modes is measured by

applying bi-spectral analysis to magnetic fluctuations measured at the plasma edge

at 64 toroidal locations and 16 poloidal locations, permitting observation of coupling
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over 8 poloidal modes and 32 toroidal modes. Comparison to bi-spectral prediction experimental parameters and diagnostic considerations are presented. In second

of MHD computation indicates reasonably good agreement. However, during the experimental parameters and diagnostic considerations are presented. The second

crash phase of the sawtooth oscillations, the nonlinear coupling is strongly enhanced, section also discusses the magnetic fluctuation types. Section Three presents the

concomitant with a broadening of the k-spectrum and frequency spectrum, in this general characteristics of the measured edge magnetic fluctuations. Current and

chapter. I present initial results of energy cascading of toroidal modes. The results Lundquist number scaling of magnetic fluctuations are also presented in this section.

are promising; in particular, the computed linear and nonlinear transfer functions Section Four presents the linear poloidal, toroidal and associated helical mode

could be used to predict the linear and quadratic growth of the toroidal modes, spectra. The fluctuation driven quantities such as parallel and perpendicular

It is convenient to classifi,' the wave interactions in a collisionless plasma as correlation length, global v.s. local mode spectra are also presented in this section.

wave-wave or wave-particle interactions [1-3]. To understand the coupling Section Five presents the measurements of nonlinear mode coupling. Section Six

mechanism, I designed a movable probe to measure simultaneously magnetic and discusses the initial results of energy cascading associated with three-wave toroidal

electrostatic fluctuations. The coherence (y2) between fluctuating Br and Jsat has mode coupling. Section Seven presents the correlation of magnetic and electrostatic

been found to be small. Thus, a significant fraction of the measured particle fluctuations. Section Eightdiscussestheeffectofamaterial limiter and impurities on

fluctuations may have risen from sources other than radial convection with the edge magnetic fluctuations and mode number spectrum.

magnetic field.

The effect of impurities and an insertable limiter on the magnetic fluctuation

spectra and the rotational speed of the coupled modes show that the coherent coupled

_ modes slow down and the fluctuation levels increase.

This chapter presents the measurements of the edge magnetic fluOuations on

the MST reversed field pinch. The chapter is divided into eight sections. First. the
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see section V-4); however, their characteristics are dependent on impurity levels and

V-l) Experimental Parameters and Diagnostic Consideration field errors ( see section V-8).

Optimized parameters for the MST reversed field pinch are listed in Table 2-

1. However, considerably lower plasma current, which is reproducible over hundreds V-2 Magnetic Fluctuation Types Considered

of shots, have been utilized Ibr the purpose of this thesis. For completeness, I include
Before we present the results of edge magnetic fluctuations on MST, it is

plasma current and magnetic Lundquist number scans of magnetic fluctuations in
useful to review some of the macroscopic influences on the fluctuations due to

section V-3. The plasma parameters chosen for this thesis experiment are: plasma
impurities and field errors. The magnetic fluctuations with frequency from 1 kHz to

current Ip = 250 KA. electron line density ne _ 0.7_:1013 cm -3, central electron 500 kHz have been measured externally by the closely arranged dense array of

temperature Te_200 ev. single-turn loop voltage V I _15 V, reversal parameter
toroidal and poloidal extent. The measured frequency spectra of fluctuations are

F = Bt(a)/-<Bt _-_ -0.15. and pinch parameter ®= Bp(a)/-_Bt>- _ 1.75. dominated by coherent phase-locked oscillations. These long-wavelength, low-

For the data presented, the dense-array is utilized for high frequency magnetic
frequency (f < 35 kHz), global magnetic oscillations greatly influence macroscopic

fluctuation measurements. Two fixed poloidal arravs (_ =165 ° & 180°) and one
" behavior of the discharges. These oscillations are identified as MHD tearing modes

toroidal array _', 0 =241 ° were designed for spatial mode analysis and nonlinear
" - [4]. These modes are rotating with respect to the laboratory frame and are sensitive

mode coupling measurements. There is another poloidal array of coils at _ = 0°
to the impurity level (see V-8), and the structure of the equilibrium field [5,6]. In the

(poloidal gap), but due to the size of the coils they were unsuitable for fluctuation
presence of a non-axisvmmetric error in the equilibrium magnetic field, the modes

studies. Measurements made at other poloidal and toroidal locations utilizing movable
can cease rotation and become stationary or "locked" in the laboratory frame. In

probes indicated no major difference in the characteristics of the magnetic fluctua-
MST locked modes occur in response to field errors or high impurity levels. Locked

tions and resultant mode spectra. The persistenl coherent modes are present in cverv
discharges are drastically diffbrent from "normal" discharges. Premature discharge

discharge irrespective of varying plasma current, reversal and pinch parameters (i.e.
termination tF'ig. V-2-11. higher error field at the poloidal and toroidal gaps, confine-



! I I T_a_7 i _ I'7il ilii IIIi ]I i ii IIII {I II _ _'nsI_IIILI_T_ "'-'7-
.

79 80

merit degradation, higher single-turn loop voltage, and higher impurity levels are

Poloidal Magnetic Fluctuations For "normal" and "locked"

characteristics of these locked discharges. Discharges.

I will not consider the shots with locked modes in the linear and nonlinear

analysis in this thesis. Figure V-2-2 presents the raw poloidal magnetic fluctuations 16 [ NormalDischarge

for both "normal" and "locked discharges". The observed low frequency fluctuations

in the "normal" discharges diminish when phase locking to the wall occurs. Other _ F
-'x

Lexamples of locked discharges are given fn the section V-8. "_

-i6 t I I I I I i I

I I I / 15_

4oo _ - Locked Mode Discharge

Normal Discharge _

.=

ioo

o I I
o ,o 20 30 4o so 6o 7o 8o - 15 I I I ! I I I

r,,../.,_/ 0 I0 20 30

Figure V-2-1) The plasma current for two identical discharge, one is "normal", TIME [reset]
and longer the other is "locked", shorter and degraded.

Figure V-2-2) Raw poloidal magnetic fluctuations measured. High
fluctuations are present when discharges are "normal" ( top Fig.).
Mode locking occurs, in the bottom Fig. at 5.3 ms.



] | F I "_r _v_ ....

o

o

81 82

V-3) General Characteristics of Magnetic Fluctuations by a sudden increase in the average toroidal field. On the other hand. the high

frequency magnetic fluctuations (f > 35 kHz) are broadband with no dominant peak.

In RFP's, even during relatively quiescent periods, a significant level of
Figure V-3-4 shows the power spectrum of the 3 components of the fields. The dam

magnetic fluctuations exist. The three components of the edge magnetic fluctuations
used to calculate the fluctuation power spectra are taken near the peak plasma

in the MST are shown in Fig. V-3-1. Periods of greatly reduced fluctuations are
current. The toroidal fluctuating field is twice the poloidal field which in turn is 3

observed as the sustained reversal is achieved. The same phenomena has been
times the radial component. This is consistent with BT/B P - n/m, (Figure V-3-5),

observed on other RFPs [7,8,9,10,11 ]. It is widely accepted that the appearance and
derivable at the conducting boundary from (( V×B )1r -- Jr = 0) =:_

sustainment of a reversed toroidal magnetic field by the plasma requires such

magnetic fluctuations, although the detailed mechanism by which self-reversal occurs

is not vet established experimentally. The energy confinement in the RFP is also R IBTI rl
" rl- i m

InpI

correlated with enhanced transport arising from the fluctuations. Detailed study of the

fluctuations therefore offers the possibilit3' of elucidating these vital topics.

V-3.1) General Features of Edge Magnetic Fluctuations in MST if only one mode is present. When many modes are present, the right hand side

The magnetic fluctuation measurements on MST show that more than 90% represents an average value of n/m.

of the power is from low frequency (f < 35 kHz) oscillations, Figure V-3-2. Excluding the coherent fluctuations with toroidal mode n-5-7 and m-I, the

Superimposed on these oscillations are high frequency fluctuations with small magnetic fluctuations of the MST can be characterized as broadband, monotonically

amplitudes. These low frequency, coherent fluctuations are present throughout the decreasing with frequency.

reversal of most discharges. The coherent oscillations can be seen clearly on the

dBpdt signals, as shown in Figure V-3-3. Also present are sudden "bursts" of

periodic nature as the plasma experiences "sax_tooth-like '' activities. This is signified
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Integrated Normalized Toroidal Magnetic Fluctuation Power

1 , p

0.8

Three Compommts of Magneuc Fluctmmons at the Same Spatial Location.

I Pdf 0.6
/I kHz

o. _ Toroidal {2s0 _=

iI 1 ,, ,,o., -
, ,._LL.,.......... [ Z,_L.._........ _.,.,J..'.,._. 1

Reversal Period
-o.s J I t 0 i J t , I
o.z 0 20 40 80 80 100 20

4._ _ _ Figure V-3-2) More than 90% of magnetic fluctuation power is concentrated
at frequencies below 35 kHz.

o. o_[ Radial

• ,._,,,.,.L ...................... ,I,b-,,,I,,
_- "--_nl]T_R! ...... :,,- pr _ -.-,-r,,',r" ..... :'" T --r.,,rYY1r---,, Poloidal Magnetic Fluctuations "normal" Discharges.

-0o 05 I f
0 5 10 /5 Z

2o _ ,ilblI, ,,A_,,,.,,.A,,-t=J_lh, ....=IL.....I_.--,-,_J_aLu,=,lTime [ms=c]

_vvvvwp, v,-e-,',_q_v,_r'-,,p_ "T,q-r_r,m, _,-,ql-Pq,1

Figure V-3-1) Magnetic fluctuations measured.in early MST plasma shows _-S _ ' i i J
relatively quiescent period when the toroidal field is reversed at the wall. Vertical 21 22 23 24 25
lines indicate beginning and end of reversal. Time[re_see]

Figure V-3-3) Low frequency coherent oscillations are clearly seen on raw
poloidal magnetic fluctuation signals.
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I ! t !

24

a last
g

6

1 12 It-141 I i I I J

0 Freq. [kHz] 250 0 Freq. [kHz] 250

I 0 1 I I0 1O0 150 200 250

,E.7[ _ Frequemcy[kHz]
! Figure V-3-5) Ratio of toroidal to poloidal magnetic fluctuation amplitudes

measured at the edge which are proportional to n/m as a function of frequency.

V-3. I. l) Coherent Oscillations
z

IL-_; The large scale, low frequency (f < 35 kHz) oscillations on arrays of discrete
0 Freq. [kHz] 250

magnetic field pick-up sensors are accompanied by oscillations of approximately the

Figure V-3-4) The power spectrum of the 3 components
of magnetic fluctuations, same frequency on the SXR flux (Fig. V-3-6). Note that the SXR emissivity surfaces

(Fig. V-3-6) show the formation of an m=l island. The amplitude of these

oscillations are sensitive to profile modifications and nonlinear mode coupling during

a sawtooth-like phenomenon. The magnetic and soti x-ray perturbations have lnt-5-8,
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and they are internally resonant,. The helical structures of these coherent oscillations

are consistent with resistive MHD simulation which predict In/ml - 2R/a --6 for MST.

This will be discussed in more detailed in Section V-4. We should note that these ' (_ ' -- " (_ , (_) ' ' _ _ i

oscillations are not evident in any of the line radiation diagnostics. This would [____] 6____t_]__,j,!

suggest that, although there are perturbations in the current density and the plasma

temperature, they have small effect on the plasma density. _ i" _/_,)
The behavior of RFP magnetic fields and currents during the sawtooth-like

oscillations is illustrated using a F-® diagram; see Fig. V-3-7. The locus of Taylor I
I

minimum energy Bessel Function Model (BFM) states is left of the diagram (i.e. at

® < 1.7). The minimum energy states have zero _0 (JJ_ = 0) and a flat 2.-profile, x_x I I I I L I

where 2. = j.B/B 2. The MST experiment operates to the right of the BFM due to both
qb

the finite 90 and non-flat 2.-profile. During these "sawtooth-like" oscillations, the 204 _.e v2o.8 2_ 2_.2 2_.4 21.e _

discharge follows an almost closed trajectory in the F-O plane suggesting that the
Figure V-3-6) Soft x-ray emissivity reconstructions show the formation of an

oscillations can be described as the recovery of an initial state from which the plasma m= 1 island during a sawtooth crash. (courtesy of G. Chartas)

departs periodically.
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-0.15 7L5 t .... z .... i .... i .... o_....I ( f (li.Hz) _2_I.... , .... _'

06sa o,-y_ ' 1i F , .

- /
=( _ / Crash zso :zoo _ 3o0 350 4oo 45o 5oo

-0.19 Y _¢' plasma curtain

1 Figure V-3-8) Normalized toroidal magnetic fluctua--0.2

17 172 1.74 1.7s _.Ta _e l e2 l e, 186 tions decreases as plasma current increases during the
Pinch Parameter ( O ) flat top region of the discharges.

1 .... i .... ! .... i .... i .... i .... i ' • ,----

Figure V-3-7) F-® diagram during a sawtooth, (formation, evolution and ] o t(faa,o_

crash), o.e _ • _<_aa,o<so

V-3.2) Current Scaling of Magnetic Fluctuations o.6 "_--..

Edge magnetic fluctuations are measured on the MST by varying the plasma IB,I 0.4 T _ ".. j
t

current from 200 KA to 480 KA. The normalized toroidal magnetic fluctuations are "_" .._ "
0.2 | --

presented in Figure V-3-8 and the nonnalized poloidal component is shown in V-3-9. .;. _ _ io .,, _i,i, r[ l I l i l [ i ......... t ....

We have observed the reduction of the fluctuations for various frequency ranges as 150 2oo 25o _ 35o _o 45o s_0
plasma eurrtmt

the plasma current has increased. The normalized toroidal and poloidal fluctuations Figure V-3-9) Normalized poloidal magnetic fluctu-
ations decrease as the plasma current increases during

have been calculated lbr the fiat top region of the discha:_e, the flat top part of the discharge.
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V-3.3) Magnetic Fluctuation Scaling with Lundquist Number

The scaling of the fluctuations with Lundquist number. (S) is important since

it increases with plasma current. Hender and Robinson [12] in 1983 predicted for the
OHTE

resistive interchange mode that the fluctuating Br is proportional to an inverse

fractional power of Lundquist number. Struss [13] in 1986, using an approximate

nonlinear turbulence analysis, predicted that radial magnetic fluctuations scale as S- 10 |L-____

o!/3. An et al. [14] were able to correlate S and fluctuating field. Nebei [15] found

othat the magnetic fluctuation is independent of Lundquist number for a limited S B - o',_ o,,a
(%) oorange. LaHaye [16] in 1984 obtained scaling of S"0"54 for the normalized total

fluctuating field from experimental data on OHTE (Fig. V-3-10). In MST we have 1 - o //__

varied S over a factor of 10. S is changed by varying the plasma current (magnetic "6--cx S .54
_0

. B

field), with accompanying changes in density and temperature. Thus, it is not a

single-parameter scan. The S value is computed from the central density and
10-1 I I _ JJ a , _ Jl ,

temperature, which is measured by Thomson scattering. It is seen in Fig. V-3-1 1 that 102 103 104

fluctuations tend to decrease with S. ltowever substantial scatter in the data might MAGNETICREYNOLDSNUMBER
rR

S = _ c_T 1-5 Bn-0.5
imply that other parameters are important. Fluctuation dependence on the value of rA

S calculated from the measured conductivity temperature results in the sane Figure V-3-10) Magnetic fluctuations on OHTE decrease as S-°':_q.

conclusion.
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V-4) Linear Mode Analysis

2 ! , , , -'..... ' _ _ Before turbulence is addressed, the linear modes of the system are analyzed
1.8

m in order to gain prior insight. By linear analysis, I mean the amplitude of a single kxr

1.6 •
component is simply given by a Gaussian profile in the "y" direction. The spectra are

1.4 •

averaged over 100-400 ensembles to illustrate d=c trends, although variations from
IBpl 1.2 • " ," ==

• m_ • • • j shot to shot occur in the details of the spectra. At the same time. the phase relative

'I "" "'',=-": " " "t
•. m =• me" - to the signal detected by a fixed coil provides both positive anti negative propagation

0.8 •mq. •,,,
• - directions. It should be noted that the method presented here works _ell only when

0.15 f linear modes are varying in time. The frequencies belong 1 kttz cannot be considered0.4 .... 1__

1 0s 106 due to hardware filtering restrictions. Linear anal)ses x_*erecarried over a period long

Reynolds no. S
enough that the standard deviation in the source/sink term ([-'s) over a _indow x_as

Figure V-3-11 t There is no clear correlation between Lundquist number and

c_tgc magnetic f/uctuations on MST. below the error I E. Three impo.,'tant thctors distinguish rex techniques from those

which are most frequently used. The tirst lhctor is that the txvo-point correlation

measurements of toroidal and poloidal mode analysis were carried out using the

multi-coil dense array. This method provides the flexibility of calculating modes at

different frequency, ran,,es_.,b_ keeping the coherence betx_een the selected ct_ils

constant. The second factor is that the most dangerous MIlD instabilities [17.1 g.lt)]

have poloidal modes m ._ 2 and toroidal modes, n=2R_a in the RFI'. rlai.,, t, t!_c

cL_nxczsctq" the tokamak situatit_n xqth dominantlx, n-I and hi,,h__m. Ibis rcqui_c,! :_
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large number of magnetic sensors in both toroidal and poloidal direction to be function of frequency,the coherence must be calculated. The coherence is a measure

implemented. The third factor is that the majority of magnetic fluctuations in RFPs of the correlation of two signals at specific frequency intervals such that the

do not have the obvious periodicities in time which arecommonly seen in tokamaks: correlation of each interval is linearly independent of the correlation at all other

in contrast, the fluctuations are stochastic. Consequently, the simple inspection intervals. Figure (V-4-1) presents the square cross coherency y2. Here y is the

method of raw data to distinguish the evolution of the modes is discarded. It is measured cross-coherence between two dense-arraymagnetic sensors, discussed in

therefore necessary to adapt statistical forms of analysis in orderto extract from the Chapter 4, tbr various coil separations. We see that the coherency is very sensitive

apparently random signal the required information, to the fluctuation frequency. In the low frequency range (f < 35 kHz), coherency

Section V-4.1 identifies the high frequency localized turbulence. Section V- stays high. As the frequency increases to >_35 kHz, the y2 falls by --1/2 after4 cm.

4.2 presents the measured global poloidal mode spectra {for the entire frequency Another evidence that high frequency modes are localized is obtained from

range) using three different methods. Section V-4.3 presents the toroidal mode the spectralanalysis. To calculate the high frequency mode struc,narewe estimate the

spectrum measurements and comparison with the results of 3-D MIlD code. The power-weighted wavenumber spectra from two spatially separatedmagnetic sensors.

calculated helical modes from the "associated cross-spectrum" of the experimental The method is discussed in Chapter 4. Figures V--4--2and V-4-3 are the m and n

data are presented in section V-4.4. spectra for 50 kHz < f < 100 kHz. The low frequency spectra is given in Section

V-4.2 and V-4.3. The high frequencyn-spectrum is shifted in the negative toroidal

mode direction peaking at n - -30, whereas at low frequency it peaks at positive

V-4.1) Localized Edge Magnetic Fluctuations
n _ 5-8. I-towever,the m-spectrumdoes not change sign and peaks at m-l-2. This is

In this section I will give detailed results of the measured high frequency again an indication of locally resonantmodesat high frequencies since m/n <0 modes

mode spectra. Although the cross coherence among adjacent magnetic sensor pairs resonate in the edge reversal region where q < 0 (q = m/n).

stays high. the rapid spatial drop off gives further evidence of global and localized Since the parallel correlation length is virtually in the poloidal direction in

modes at different frequencies. To investigate the correlation of oscillations as a
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RFPs, we speculate that the minimum energy required for the reconnection is for the cm to 54 cm when the frequency increases from 30 kHz to 100 kHz. For the toroidal

smallest scale reconnections which are in the transverse direction, hence the sign of coherence length in Fig. V-4-6, this calculation was done for 10, 40 and 120 ldtz.

n rather than m change. Here, the positive ratio of poloidal mode number to toroidal The toroidal coherence length decreases from 20 cm at 10 kHz to 6 cm at 120 kHz.

mode numbers represents internally resonant modes. A two-point exponential fit predicts a slower decay than the experimental results.

The multi-coil dense array used in this experiment is well suited tbr toroidal This is perhaps due to collisions. The curves indicate that most of the high-power

and poloidal correlation decay measurements for the 0-4 MHz frequency range, activity corresponds to low frequencies (f < 35 kHz). The poloidal coherence length

although the hardware amplifier/filters bound the measurement to less than 250 kHz. is longer than the toroidal coherence length.

One suitable estimate of the degree of relationship between two simultaneous samples Poloidal coherence lengths are an indication of the spread in poloidal mode

of turbulence data is the absolute maximum of their cross-correlation function. A numbers at a given frequency, by the relation Am = rt a / Lp. Figure V-4-7 shows

single coil is chosen as a reference (coil #1 in toroidal direction and coil # 33 in the Am versus frequency. A clearly broad m-spectrum exists as frequency increases. The

poloidal direction) and cross correlated with successively more distant coils (Figure same method is used to calculate An, as shown in the lower graph of Figure V-4-7;

V-4-4). We see that the zero lag time correlations change sign as the separation from An is much broader than Am, as we have seen in Figure V-4-2 and V-4 -3.

the reference coil increases. The result is a measure of the gross correlation decav

with distance. This is another evidence of localized high frequency modes.

The cross-correlations are perhaps more clearly represented by tl:,_coherence

length defined as L i (co) = -Axi / In (TAx(tO))where (Ax is the spatial coil separation.

"i" is poloidal or toroidal). Figure V-4-5 displays the poloidal coherence length

calculated for frequencies 30, 60 and 100 kHz. The decay is faster lbr the higher

frequency cases. Figure V-4-5 shows the poloidal coherence length drops from 460
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Poloidal Mode Spectrum

16_...,...,.' _1' ' ' ' ' ' '

_- Experiment [ "!

Ax = 1 Cm Cm

v2 _.

_" 01-'-,_ , i , , , i , i t | _ t , i , ," V

-10 -6 -2 2 6 10
111

0 _,_.&. i ..... t . t. t . I _ i . t . , _ t. t - t - A | , i . , . t. I . | - I . , . I . t ..... i- • .

0 Frequency [kHzl 2_';0 0 Frequen%' [kHz] 2_0 Figure V-4-2) Poloidal mode number spectra
" of magnetic fluctuations from 2-point phase

shift measurements peaks at m--2 at high fre-_

1.0 ............................. ! ............................ quencies.

;I I Toroldal Mode Spectrum

1 Ax=8Cm i Ax= 136Cm 12 .... , . .A. , . . . I . . . . ....

_ll Experiment _

o ,,.t -_
,__0 0 Frequency [kHz] _00 Frcquency [kHz] _' --

Figure V-4-11 The square cross-coherency between two magnetic fluctuation
signals for lout toroidal separations. The square coherency drops rapidly as coil 0
separation increases. - i 00 n 100

Figure V-4-3) Toroidal mode spectra of mag-
netic fluctuations from 2-point phase shift
measurements peaks at n--30.
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Normalized Cross Correlation Function of Itigh Frequency [ 35 ld Iz < f < 1_0 kl tz ] Magnetic 30 knz
Fluctuations 0.25 -

Lp- 460 Cm
z

v'_/,\
I

(..tOCmdr.1 Ref Coil

lSCm.'_--_74__,/_/ 050 --
------_._--vvVx,%,'M_7,_\TUVVx,Q",__ I
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Fig. V-4-4) Normalized cross correlation function [35 kHz < f < 100 kHz] from 0 50

edge magnetic fluctuation. The top figure shows the toroidal cross correlations, i

The bottom figure shows the poloidal cross correlations. 025 I I00 kHz _ -
Lp- 54 Cm

0 , , J| !

0 20 40 60 80 1O0
Poloidal Separation [Cm]

Note: Each curve represents an additional separation of 1 cm from the re/erence Figure V-4-5) Poloidal coherence length decreases with
increasing frequency. The solid line represents the exponential

coil in the toroidal array and 3 cm in the poloidal array, fit between the first and the last point of the graph.
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0 - ' ' _ _ A _ 1 • -
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• !, .5 -
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0.50 _t
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!0 _ 'll ..... An 80 •/

07_; ' nl /

/°'°I
f "025 LT_ 6 Cm • _ • • ll- 20 l I I i I i

0 20 40 60 80 100 120 140
0 i_ , _

0 2 4 6 8 10 2 14 Frequency IkHzl

Toroidal Separation [Cml Figure V-4-7) Spread of mode number width with frequency. Top

graph shows the spread in poloidal mode number from poloidal
Figure V-4-6) The toroidal coherence length decreases slower coherence. Bottom shows the spread of toroidal mode number.
than the exponential fit to the data represented by the solid

lines. Clearly a decrease of LT with frequency is seen.
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V-4.2) Poloidal Mode Structure
1.s M=O

1

In order to determine the structure of the magnetic fluctuations, we Fourier _ o.s

decompose the signals in the poloidal direction (0) by forming the sums over 16 _ o
" _ -0.6

sensors: -:t i f
19 19.fl 20 20.5 ' 21

[_]

2 N Figure V-4-8) The amplitude of the m=0 mode during the flat top region of

Cm= _ _, B_ Cos(mO_) discharge.k_l

" r- Amplitude of M=l Sawtooth Crash

S_ =_ _ B_ Sin(toO k) _ a
k=l

Ol I I J
tO t9.5 20 20.5 21

A m=l _< Cm 2 + Sm 2> 20_) PI-[ASV.

lOS

t. o

where m < k/2 is the poloidal mode number and Am is the anaplitude in each Fourier_ --tO0

-200

mode. The resultant poloidal mode power spectra obtained from the internal coil t9 t95 a'0 ao.s a_
vru_ [=_,_]

array during the sustainment phase are plotted in Figures (V-4-8) through (V-4-11 ). Figure V-4-9) The amplitude and phase of the m= 1 mode is presented. Coherent
oscillations are observed. The sawtooth crash induces impurities resulting in

The spectrum of poloidal magnetic fluctuations is dominated by re=l-2 with ve_' slowing down these oscillations.

rapid fall off at higher m's.
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The above four graphs are obtained from 1-D Fourier decomposition applied to a

25 Amplitudeof M=2 SawtoothCrash single poloidal array; thus the mode numbers have been determined for all n (i.e.

._ _.5_/____,! 1 ! Am=_ Amn f°r all n)" N° inf°rmati°n can be extracted °n helical m°des (m'n) fr°m
o6 the above analysis. Helical modes have been estimated in section V-4.4. The

o I

t9 tg.-_ a0 a0._ at amplitudes shovm in Figures (V-4-8)-(V-4-I 1) are derived from the dB0/dt signals;

PHASE

a0o_ no integration has been applied either analog or digitally. Although the frequency

= I during a saw,tooth oscillation is complicated, it remains constant prior and after a

"_ - crash. This is apparent from the linear time dependence of the m= 1-2 phases. Away
--

1

lg _g"_ mm [=_cl from the sawtooth, changes in the dB0/dt represents a true variation in the mode

Figure V-4-10) Amplitude and phase of poloidal m=2 mode during a amplitudes, Am. At the time of the sawtooth oscillation (t - 20.6 msec in the above
;awtooth event.

SawaoothCrash case) the mode structure becomes quite complicated (see section V-5) as high mode
1.a [- Amplitudeof M=3

g 1_ numbers are generated. These high mode numbers are associated with high
0.8

_, o._ frequencies, 100-250 kHz, and severely alias the linear decomposition depicted
0.2

°t0 _g.5 a0 2o.._ al above. For this reason, the temporal mode evolutions shown in Figs. (V-4-8)-(V-4-

PHASE 11) are not a sensible representation during the sawtooth crash. As such, the two200 _

tOO _ I _

_,_ :o_oltt0_! ! point phase measurements have been adopted to obtain the spectra.

_" _ 1 "Fhe second approach to the poloidal mode structure is to form a cross

-- ' , I'_ , . , j

tg _9._ 20 a0.s 2_ correlation coefficient among various coils. This is shown for B0 in Figure V-4-12
[mseel

Figure V-4-11 ) The amplituzle :rod phase of m=3 poloidal mode. We note using the coil at 0 -- 16 degrees as reference detector. We observe a clear shift in the
the amplitude is small except during the sawtooth oscillation.
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peak of the cross correlation as 0 advances from the reference coil. This shift in of the time delayed correlation coefficient indicates the relative incoherence of the

Figure V-4-13 indicates poloidal rotational asymmetry in the magnetic fluctuations, modes due to growth and decay rates of the same order of magnitude as the rotation.

The nature of the fluctuations can be deduced from inspection of such cross-

correlation with zero time delay (_ = 0). To lowest order, disregarding the lack of

rotational symmetry, the cross correlations predict the poloidal mode (e.g. the peak

cross correlations sign changes once in this case shown so we see an m = 1 mode).

Lack of symmetry indicates that the m--1 is distorted due to toroidicity. This is

observed from an asymmetric cross-phase variation at 0_16 ° compared with that of

0 - 173° as shown in Figure V-4-14.

Poloidal coherence at lower frequencies is vet3' high (> 0.8), indicating that t

m = 1 modes are low frequency. It is possible that other modes become important I

at higher frequencies (see Section V-5, on nonlinear frequency coupling).

To determine propagation and rotational effects• we examine the time-delayed

cross correlation between the poloidal array coils. Fig. V-4-13 shows the results tbr
Ref Coil

fluctuating B0. As showaa, the low frequency magnetic fluctuations are measured to L,g 0
" [reset] Pol Angle

have helical propagation. The phase velocity of such propagation is defined as v_ = _60 360

2nf J k -- 2ha / At = 3×104 rn/sec The rotation is in the direction of ion diamagnetic Figure V-4-I2) Time-delayed normalized cross correlation function
' " as a function of poloidal angle. Ensemble-averaged over the

drift which is the direction of electron poloidal current flow inside the reversal sustainment phase (digital filtered 1-35 kHz).

surface. The rapid fall off with time (or distance, Fig. V-4-12) of the maximum value
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NormalizedCross Coherence Spectrum

Normalized Cross Correlation Function of Fixed

Poloidal Coil Army. 360

360 ref Coil _ __

_-"S"x

< o " _ ref.

1 I I I l

"_ 0 20 ,o 6o so ,oo
° Frequency [kHz]

Normalized Cross Phase Spectrum

360

___T°r°;dal R°tati°n I
I I I l f I f t

-02 0 0.2 _ _-'_ _-__,,¢_

Lag Time [msec] __ _ ,_

_'v'W_ref.Figure V-4-13) 2-D plot of time-delayed cross-correlation function of B 0 0

of poloidal array indicates the poloidal and toroidal rotation
0 20 40 60 80 100

Frequency [kHzl

L

Figure V-4-14) Cross-coherence and cross-phase

spectrum between poloidal coils.
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The third approach to measure the poloidal mode spectra is given by the

wavenumber-frequency spectrum S(k.c0). The two-point correlation technique

presented in chapter 4 has been used to estimate the power weighted mode number Poloidal Mode Spectrum
20 ' _ ' i ' ' ' I ' ' ' I ' ' ' | ' ' '

spectrum by analyzing the turbulent time signals taken from two spatial-points that Experiment m=1

are poloidally separated. Figure V-4-15 presents the experimental poloidal mode S(kp) io--3OkrU

spectra. The computational spectra 1-2 (Fig. V-4-16) for similar aspect ratio as MST _

are nearly identical to experimental spectra at low frequency (10 kHz < f < 30 kHz). _.

Figure V-4-16 has been obtained from one computational run by summing the energy I _, L 1

of all toroidal modes of a given m. The initial value MHD code employed for

0 , ,, I,,, I , , , , I , , ,

comparison to the experiment solves the full compressible MIlD equations tbr a -10 m 10

periodic cylinder with an aspect ratio of 3. as in the experiment (a brief description
Figure V-4-15) Poloidal modes spectra seen in

is given in Chapter 2). The code was also run 256 times with random initial experiment are similar to those predicted by the
nonlinear tearing simulation (see Figs. V-4-16

conditions to generate an ensemble of" computational data. I have then applied the and V-4-17).

same 2-point correlation analysis to the computational data to obtain an ensemble

averaged m-spectrum (Figure V-4-17). The single run (Fig. V-4-16) and the ensemble

analysis. (Fig. V-4-10) are similar, since the k0-spectra is narrow, with most of the

power concentrated at the lowest k0 value.

1 , Courtesy of Dr. E. Zita.

,-)

"_ * Data provided by Dr. K. Sidikman.



f

115 116

Poloi_ModeSp_m V-4.3) Toroidal Mode Structure and Phase-locking
...,...

I (MHDCode) /m=l 1 Using the internal magnetic sensors described in chapter 3, the helical mode

evolution of the coherent m= 1, n=5-8 modes can be determined. In this section, we

-_ will describe their evolution and phase locking mechanism, and compare the results

_I r- II -t]/ t [ obtained on the MST with the experimental results of OHTE, (Tamano et al- [20-22])

_" i ] t 1 and TPE-1RM15 (Hattori, et al. [23]), and simulation studies by Kusano et al. [24],

and by Schnack et al. [25].
0

-10 -6 "" m 2 6 10 We have utilized the 64-coil fixed army of tri-axial magnetic sensors to

Figure V-4-'T6) Poloidal mode spectra of mag-
netic fluctuations, from 3D-MHD computation, determine the time evolution of the toroidal mode structure. Figure V-4-19 shows the

r,o_o,_Mo_x_ Sp_-_m_ :__6XmDCo_R_. amplitude and phase evolution of the dominant n = 6 spectrum calculated by -,patial
1.0

Fourier transform for a given shot:

2 N

-10 m 10 Sn = -_ _ BJ:Sin(n _)k=l

Figure V-4-17) Poloidal mode number spectra
of magnetic fluctuations from an ensemble of
256 3D MHD computation runs, using 2-point
technique.

I1
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and ensemble averaging of- 400 sawtooth events, I have shown in section (V-4.5)

I 1 2 2>A = _ < C,, + S,, that the n-spectrum is strongly peaked prior to the crash with the dominant n's in the

range 5-8. When the sawtooth crash occurs, the spectrum is broadened and extends

out to n-100. The higher n's are primarily due to the higher frequencies, ( see Section

where n < k/2 = 32 is the toroidal mode number and A n is the amplitude of each
V-5.3). These high n numbers severely alias the linear Fourier decomposition

Fourier mode. Averaging is not necessary, to obtain the n-spectrum using spatial
described above. For this reason, the mode evolution shown in Figs. V-4-19 through

Fourier decomposition. This is advantageous to see the detailed temporal mode
V-4-21 are not reasonable representation during the sawtooth crash interval.

evolution. We observe that fluctuations occur in bursts separated by quieter periods.

One striking observation is "cyclic-like" behavior of the temporal evolution of the AmplitudeofToroidalModen=6

dominant modes (see section V-8). The time evolution of the ampltitude of selected
SawtoothCrash--_ _ '

toroidal modes are shown in Figures V-4-20 and V-4-21. From the poloidal array, the 2 [- Sawtooth Relaxation - , _L _- Peak Sawtooth

coherent helical modes are m = 1, and from the toroidal array, they have a modal 1

structure in the range n= 5-8. The n=6-8 modes begin to grow at -20.7 msec while the o[ .... 1 z , _

n>13 components stay relatively constant. As shown in section V-5. the n=13 mode Phase
200 _l,lll.illl,.

modes, but it is only shown here as a representative of the level of the higher n

modes which do not make up the phased locked disturbance. The amplitudes shown ,__. zc,.5 21. Zl_S z2_ _-_-.5 _-3.
rIME [mscc]

in Figs. V-4-19 through V-4-21 are derived from the dB4)idt signals: no integration Figure V-4-19) The amplitude (top) and phase (bottom) of the n = 6
toroidal mode including a sawtooth event. Slowing down of rotating

has been applied either analog or digitally. As presented in the last section, the mode coherent mode after a sawtooth crash is shown.

structure of sawtooth crash is quite complicated. Using 2-pt correlation techniques
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2

s.4 g t._ [

s Sawtooth _ s

;._ _- Crash 11_, II n=l _ o_ n

j°:,k . _,., \ °
1.6

_ D.8m

j D.60.4

2.5

_o._,___,,_ _lr'____,, t

=" 04 ' .,,|_ht[_ F , n=19

_°i '°1 I o.a

_ 98
25 _

_ __ 0.

2 _ 0.2g_ s.6
n=7 o

l _ 20 2Q.G 2t 2t._ 22 22.5

o._ Time[msec]

o t Figure V-4-211 The amplitude of the n = 8, 13, 19, and 31 modes including
Time[msec] a sawtooth event.

Figure ¥-4-20) The amplitude of the n = 1.5, 6, and 7 modes including a
sawtooth event.
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The second approach is to form the cross-correlation of the magnetic Propagation in the toroidal direction has been observed from time-delayed

fluctuations among the toroidal array to give the spatial evolution of the coherent cross-correlation coefficient. Figure V-4-23 shows the rotation and the toroidal extent

modes. If the machine is completely toroidally symmetric, then 0 is an ignorable of constructive phase coupling of these mode. At the lower frequencies where the

coordinate and the cross-correlation between two angles ¢1 and ¢2 only depends on cross-phase spectrum is constant (Fig. V-4-24), the rotation is generally least

the phase difference i ¢1 - ¢2 l- Figures V-4-22 and V-4-23 show the averaged spatial ambiguous. The observed preferred rotation is in the direction of ion-diamagnetic

cross-correlation of 50 identical records over the sustainment phase of identical drift direction with speed of-3× 104 m/sec.

discharges. Coil 1 at ¢=3 ° is the reference point. In thct. the time evolution of the

peak correlation is slightly nonlinear, indicating a slight toroidal asymmetry. This

could be due to the poloidal gap or the presence of port holes. The number of peaks

at z = 0 (Fig. V-4-23) represents the dominant mode. n = 6 and m = 1. The spatial

auto-correlation of the reference coil has a rapidly decaying form indicating a fairly

broad spectrum of toroidal wavelength. The observed toroidal mode structure can be

divided into two distinct phenomena:

1) Low frequency coherent modes with n = 9-15. which are sometimes" f Cod

present, and rotate independentlx from one another. _[JtlIIIV "

2) Coherent modes with n - 5-8. which are phased-locked to each other and I_-O 51 f.le

are present throughout the discharge. Their amplitude increases at the time of the t,

reversal, where the toroidal field at the wall goes to zero. and phase-locking creates
Figure V-4-22) Time-delayed cross-correlation coefficient as a

a local disturbance which rotate._ toroidallv, function of ¢. (filter 1-35 kHz), showing evidence of phased-
" locked modes as seen on z-axis oscillations v.s. tor. angle.
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NORMALIZEDCROSSCORRELATIONFUNCTION
400

@ Toroidal Cross Phase Spectrum

_" _ 140 PHASE / w,,, ®
£::::1 _

-_ 200 120

_ _ 100

,_loo - _ sol

t _ _: 60i

=i
0 - ..-Ref. _ 40

Tim," "AI" required _ rormdal Extent olL Z
forthe phase locked I Phased-locked{ %lodes I L____ 20

mt'_es to go once I

I.... d,h...... j-100 J I r t '-o.so -o.4o -o2o o.o 0.20 o._o o.g'o o
LAGTIME[msec] -20 i I I i 10 50 1O0 150 200 250

Figure V-4-23) Cross correlation of 63 toroidally located coils. The obse_'ed FR_:QUENC_[kH=]
peaks are the result of the constructive addition of the coherent modes.

Figure V-4-24) Cross phase spectrum of the toroidal coils shows the coherent
modes have frequencies below 50 kHz.
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Kusano et al. [24] and Schnack et al. [25] using 3D MHD computations have

numerically observed this phase locking mechanism in a simulation of the self-rever-

sal and self-sustainment processes. Figure V-4-25 shows phase locking. Moreover. __
-O-

Kusano et al. mention that the location where the phase locking appears is coincident

with the location at which the most unstable kink modes have the same phase in the

pre-relaxed state. They associate this phenomena with the MHD relaxation process, Toroidal Angle [degree]
Figure V-4-25) Phases of resonant kink modes as a function of

since they can observe the phase locking with the perfectly conducting boundary, toroidal angle d_from Kusano et al. show constructive interference.

condition when the system is very unstable. A similar mode was first observed

experimentally on OHTE [20-22] with a thin shell and named the 'slinky mode'.

There is a clear difference between the results on OHTE and on MST. In MST the Phase ofToroidalModes5-8v.s.ToroidalAngle

"phase-locked" coherent modes are present throughout the reversal, whereas on t , _l _ l_ r

OHTE they appear and disappear at will. MST results are shown in Fig. V-4-26 for

o: f
comparison.

-t t t t
5O " t'oo - " _6o " 300 4oo

ToroidalAngle[degree]

Figure V-4-26) Phases of resonant modes in MST as a function
of toroidal angle ¢.Phase locking at dp=240 deg. is exhibited.
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The third approach to estimate the toroidal mode structure is to form the two- experiment (Hutchinson et al.) and computation ( Schnack et at., 1985, Holmes et al.,

point correlation technique. The method used to calculate the mode number spectrum 1988; Nebe! et al., 1989), the dominant Fourier modes measured at the edge have

is discussed in some detail in chapter 4. Edge measurements in MST, shown in figure poloidal mode number m--1 and toroidal mode number n-2R/a peaked such that a

V-4-27, indicate low frequency n-spectra quite similar to that observed in smaller resonance close to the center is indicated. The modes are resonant within the reversal

devices. The computationall spectra (Fig. V-4-28) for similar aspect ratio as MST surface, but are global and non-zero over the entire cross section. I have verified that

are nearly identical to experimental spectra at low frequency (Fig. V-4-27), with the the mode spectra obtained from experimental and computational data are very similar.

exception that the experimental spread in n exceeds that of the code. The difference

might be attributed to the Lundquist number S, the ratio of the resistive diffusion Toroidal Mode Spectrum

time to the Alfven transit time. The experimental S is -106 vs 3 × 103 in the code. n-5-8
Experiment

The larger S of experiment yields greater nonlinear mode coupling. Figure V-4-28 S(k-r)_o--._ok_
0.9

has been obtained from one computational run as described in section V-4.2. The _oOO

.>_
results of two point correlation method applied to 256 computational data yield Fig. __

V-4-29. In essence, this approach contains the same information as the single run _:I /,i._ 1results: however, it provides a statistically meaningful trend rather than a greater
0 ,,,I,, , I,,,

resolution. -10o n 1O0

Figure V-4-27) Low frequency toroidal mode
It has long been known that the low frequency (f < 35x kHz) magnetic number spectra of magnetic fluctuations peaks

at n - 5-8

fluctuations observed in the RFP agree with predictions for nonlinear tearing mode

fluctuations, as calculated from various 3D resistive MHD computations. In both

1 , Courtesy of Dr. E. Zita.
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V-4.4) Helical Mode Structure
Toroidal Mode Spectrum

1.2 , , , j , , , j , , , t ' ' ' I ' ' ' Although the results of linear mode analysis presented above describe the

(MUD)
general characteristics of the m & n spectra separately, they do not associate given

1_ m m

-_ m's with certain n's. In fact, we have calculated a, =_E_a,,,, and a,, =_E_am,,r._ "

m--0 n=0

No information has been extracted on the helicity of the modes. In order to obtain

the helical mode structure, a two-dimensional array of measurements is required to

0 , , , I t , , I ,_ _1 • • , I , , ,

-100 -60 -20 20 60 100 form 2-D helical Fourier components of the form exp[i(n0 + m (I))]-
rl

Figure V-4-28) Toroidal mode number spectra If we form the correlation matrix of the poloidal array _0=180 ° with toroidal
of magnetic fluctuations, from 3D MHD com-
)utation. S=3xl03, R/a=2.5. array 00= 241 ° at zero time delay,

Torondal Mode Number Spectrum from 256 MI-ID Code Runs

50t' ' ' ' ' ' ' ' ' ' ' : ' ' 1~6-8' ' ' " ; " _ ' ' " ' '

ur_ co_ Q(0,q) ) - ( n I (0 ,(Po=180°) B1"(0o=241 °,(P) ), (V.4.4.1)

__ we obtain a two-dimensional measure of the statistical properties. In the case of--

f ignorable 0 and _ dependence, "Q" is sufficient to determine essentially completely

the second-order statistics (i.e. power spectra, cross-correlations ,etc. ). Fourier

f ' !0 ............. ,_. _... _ . , . , . , . ,.\ transform of "Q" is the two dimensional power spectra:
- 100 Tormdal Mode Number 100

Figure V-4-29) Toroidal mode number spectra

of magnetic fluctuations, from ensemble aver- 1 ff
age of 256 MHD code runs. S = 104, R/a = 3. A - jj exp[-i(raO +n_)] Q(O,q_) dO dg, (V.4.4.2)nm (211;) 2
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which is referred to as the associated spectrum [19] since it is a measure of the The symmetry Am,n=A -m,-n allows us to adopt the convention rn_>0and-oo < n <

correlation between 'm' and 'n' components. +oo which is consistent with the sign convention of the experimental two-point

Figure V-4-20 shows the cross correlation between m=l, n=5-7 helical modes, correlation results discussed earlier. Then, the magnetic field lines inside the reversal

The maximum cross correlation of m=l helical modes are phase shifted from one surface have helicity corresponding to negative n, but at times I have assigned

another. This states that the (m=l, n=5) helical mode grows ahead of (m=l, n=6) positive n as resonant inside the reversal. I will specifically state the proper sign of

which grows ahead of (m=l, n=7) modes, n when the convention changes. I only show rrt_. 3 since the power is negligibly

small for higher m.

Normalized Helical Cross Correlation function The dominant feature of the helical spectrum, Figure V-4-31 is the m=l,

, <(m=l,n=5),(m=l,n=7)> I n [ _- 6 helical mode, although higher modes extend to I n I - 15. The MHD

0 ' , _j_;%_ _j j JV'--- computational result of m=l, for all 'n' is given on Figure (V-4-25). Quantitatively,
v_

< (m=l,n=5).(m=l,n=6)> the helical mode spectra calculated from MHD simulation data and the experimentalo 'A/kf'J'_/'_J_: '_v%'__' ./If, results agree. The discrepancies could be due to:

<(m=l,n=5),(m=l,n=5)> 1) the Lundquist number for the theoretical data is S=IO 4 whereas in thei

o _ -_.thA.Ae,_.]',,sf'l_/"_'r'!.,J_,_,_v_\l_,j'vh¢,g expefimentSis-10 6"
[ _.VII_j""" _JO/
! 2) the MHD simulation solves the compressible, resistive MHD equations in
!
i , k , a periodic cylinder with aspect ratio 3 whereas the experimental data was

-0 6 -0.4 -02 0.0 02 04 0.6
Lag]]me [msec] obtained in a toroidal device.

Figure V-4-30) The experimental result of the cross correlation of

B 1_ helical modes m=l, n=5-7 . Note: The experimental result is normalized to the highest m=l mode plus the

statistical errors, (I AI,6 I <-<1A21,6 + e21,6 11/2 )"
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The m=2 spectrum is broader than m=l spectrum and the maximum m=2

helical mode is less than 0.2 times of maximum m=l helical mode. Experimental _o

results are given on Figure V-4-33 and the MHD code result is presented on Figure

V-4-34. It would be a mistake to conclude that all m=2 helical modes are represent- __

ing independent modes. In fact, virtually all m=2 spectra has been risen from m=l

nonlinearly coupled helical modes ( see section on nonlinear mode coupling ).

The m=0 helical modes are symmetric in "n" as expected but the amplitudes

are suspect. The m=0 helical mode spectrum is mainly generated by nonlinear
00

interaction of helical m=l modes. The frequency coupling of the two m=l modes " Toro,dalModeNumber
Figure V-4-31) Experimental M=I helically Asso-

( f3=fl-f2 ) results in an m=0 helical mode which could have frequency below 1 ciated spectrum for Bid_ .

kHz, but as pointed out earlier, we are unable to measure f < 1 kHz magnetic
E-03 ..........

fluctuations due to hardware restrictions. The experimental m=0 helical modes are _
IvI M=i HelicalModes

given in Figure V-4-35 and the MHD code results are given in Figure V-4-36.

The Helical association spectrum of M=3 is shown on Figure V-4-37. The _o
o

amplitude of these helical modes are very small. No statistical significance is given

to this figure.

Note: that magnetic fluctuations cannot have a B10 component of m=0, n_:0

E-os
at the plasma edge due to v × B1 =0. Thus, I only present the Bid_ helically -20 o 20

Toroidal ModeNumber

associated spectrum results in this thesis.
Figure V-4-32) M=I helically Associated spectrum

for BI_, obtained from MHD code.
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V.5) Measurement of Nonlinear Mode Coupling

Three-wave nonlinear coupling of spatial Fourier modes is measured in MST

02 _......................... _ by applying bi-coherency spectrum analysis to magnetic fluctuations. The 64 tri-axial

; toroidal and tri-axial poloidal magnetic sensor arrays were used to measure wave-
M=3HelicalModes i

t number coupling over 32 toroidal and 8 poloidal modes.

-- 1 I have directly measured the three wave coupling of tearing fluctuations at the

; plasma edge. Comparison to bi-coherence predicted by MHD computation indicates

i reasonably good agreement. However, during the crash phase of the sawtooth

f t oscillation the nonlinear is enhanced, concomitant with

4

coupling strongly a

/0 _L-I + I I I I I i I I I : : t [ .... I i , , .... : i i r

.20 ro,o,d_Mo_0N,m_ 20 broadened (presumably nonlinearly generated ) k-spectrum. Three-wave nonlinear

Figure V-4-37) The M=3 associated spectrum for

experimental results Of Blt _. frequency coupling of magnetic fluctuations in the frequency domain is also

measured for frequencies 1 kHz < f < 250 kHz. There is a substantial low fi-equency

coupling.

In section (V.5.1), I will describe the measurement of magnetic fluctuations

for the purpose of nonlinear spatial mode coupling and implementation of digital

filtering to minimize the incoherent signals. The linear mode spectrum of the

measured data and the MHD code data are also given in this section. In section

(V.5.2), nonlinear frequency coupling is presented. Section (V.5.3) describes the

nonlinear poloidal mode coupling at five different times during a sawtooth evolution,
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and comparison with the bispectrum predicted by MHD computation. Section (V.5.4)

describes the toroidal mode coupling at six different times during a savaooth evolu-

tion. The quadratic coupling of the measured data prior to the sawtooth crash is com- 4 [_ Raw dBp/dt Data ..... S_th Crash

pared with bispectra predicted by MHD computation in this secti';n.

V-5.1) Data and Frequency Selection , , ,1 g.5 20 20.5 21

Titre [msec]

Magnetic fluctuations measured in the MST revered field pinch with various Figure V-5-l) Raw signal from poloidal magnetic pickup coil. The
coherent oscillations can be seen clearly.

waves exhibit different characteristics depending on the field errors, impurity level

and the applied magnetic field. For the purpose of nonlinear mode coupling of this

thesis research, the reversal parameter and the pinch parameter were chosen such that Clearly, numerical filtering is required to eliminate incoherent frequencies above 65

the commonly observed sawteeth oscillations were small. To simplify the presenta- kHz (see Section V-5.2 for frequency selection logic). In figure V-5-2, raw toroidal

tion, I have divided the observations into six categories: (1) multi-coherent modes magnetic fluctuations of 512 I_sec duration and its digitally filtered version is shown.

with small nonlinear coupling; (2) coherent nonlinear coupling of two modes The initial value MHD code employed for the comparison to experiment

(m=l,n). (m=l,n+l) to form (m=0,n=l); (3) turbulent region, broadened spectrum: solves the fifll compressible MHD equations for a periodic cylinder with aspect ratio

(4) transition to relaxation via energy cascading to intermediate mode numbers (n-5- of 3, as in the experiment. The code includes 8 modes poloidally (azimuthally, -2

10) and small scale modes, (5) formation of n=5-10, (6) minimum nonlinear mode <_ m < 2. after aliasing effects are taken into account) and 128 modes toroidally

coupling. This classification is somewhat arbitrary. (axially. -42 _<n _ 42). The zero-pressure code has been described extensively, and

in Figure V-5-1, the poloidal component of magnetic fluctuations is shown, is commonly used to treat current driven tearing fluctuations in the RFP [26]. Brief

The observed coherent oscillations are clearly disturbed by high frequencies when a description of the code is given in chapter 2. The main difference between the code

sawtooth crash occurs.
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assumptions and the experimental conditions, given an MHD model, is the value of code results (both linear and nonlinear) are analyzed by the same spectral techniques.

the Lundquist number (104 for the code and order 106 for the experiment). Also the MST displays sawtooth oscillations, which have been observed in other RFP exper-

code is for cylindrical system and does not include mode coupling arising from iments [27]. Magnetically, these sawteeth oscillations suddenly deepen reversal, by

toroidicity, decreasing the boundary toroidal magnetic field and increasing the total tomidal flux.

I have found that during a sawtooth crash the nonlinear coupling changes dramati-

DigitalFilteredToroidalFluctuatingMagnetic Field cally. In this section, the results of linear mode analysis performed on both sawt_th.4

-_ _f_/__itf__ '__ and computational data is presented. The experimental data shown in this section are

obtained at selected times during sawteeth oscillations. These data bins are marked

by numbers on Figure V.5.3.
-.4

Raw Toroidal Fluctuating Magnetic Field
i.0

-14

0 Nmnber of da_aPoints 512

Figure V-5-2) Raw, (bottom) and digitally filtered (top) toroidal
magnetic fluctuation signal. The coherent oscillations are only observ-
able on the filtered signal.

The code was run 256 times with random initial conditions to generate an en-

semble of computational data, as described in chapter 2. Experiment and the MHD
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Figure V-5-4 presents the statistical analysis results applied to the MHD computation

data. The toroidal mode amplitudes are plotted in logarithmic scale. It is clear that

250

k _ the noise, corresponding to modes above n=42, are ten order of magnitude
smaller

-t5 than the amplitude of the tearing modes. This computational errors due to finite

50 J s_,,_oo_R_t_,,o, number of Fourier modes are negligible. On the other hand, the noise, correspondingSaw_ooth :

Cras ]

4 1_, i i [ l 1 to leakage of poloidal modes m > 3 are significant. When the bispectral analysis was

used to compute the quadratic coupling of the numerical poloidal modes, where the

number of Fourier components are small, the leakage of the m=l mode generates a

] ] t [ m=3 mode. The amplitude of this "error" mode ,*'as -20%. This problem was

__o0- _-_'"-"_- _ alleviated by using the "sliding window" method of chapter (4). Figure V-5-5 and

Figure V-5-6 show the results for the poloidal and toroidal amplitude spectra of the-7

- data incorporated in nonlinear mode analysis at two times. The top graphs can be
0 I I I I

20 21 22 23 24 25

Time[.... ] directly compared to the MHD computation results of Figure V-5-3. Similarities to

Figure V-5-3) Toroidal magnetic field measured at the wall for 5 msec the linear analysis are astonishing, The presence of sawtooth, specifically point # 3
duration (middle); plasma current, and average toroidal field are shown.
Bin numbers are marked on the sawtooth, of Figure V-5-3 are plotted at the bottom graphs of Figures V-5-5 and V-5-6. Clearly,

spectra have broadened during the crash phase. Thus, coupling is plausible. The

Note: in Figure I/-5-3 the horizontal length of the time markers indicate the mechanism underlying the broadening of the spectrums is the subject of the next two

duration of the time record of each sample of the ensemble, sections.
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Toroidal ModeSpectrum(_ Code
10-3 ................................................................ Poloidal Mode Spectrum

I _ lo"4 ..............
\ Before Sawtooth Crash

"_ \\ Experiment

-_ _

IO-17
0 Toroidal Mode# n 65

10-8 .............

Poloidal Mode Number 8
Poloidal ModeSpectrum (MHD Code )

10-4 .............................

10"3 --, , ,, , .........

E
At Sawtooth Crash

> ff'_ Experiment

.__

10--/ ....... _,1,, .................
4

Po|oida| Mode Number

10"6 ........ , ....
8

Poloidal Mode Number

Figure V-5-4) Toroidal and poloidal mode spectra obtained from computa- r72._ Poloidal mode obtained from Mode
tional data. We observe an accurate toroidal spectrum and 10% error on rw, ure _-._-_,_ sp,_,.tra

measurements.

spectra is obtained from an ensemble of sawteeth oscillations. Bin #'s are

the poloidal amplitude spectrum, associated with Fig. V-5-3.
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V-5-2) Frequency Coupling
Toroidal Mode Spectrum

l0-4 ............................... Graphical representation of three-wave coupling requires 3-dimensional or
Before Sawtooth Crash

Experiment couture plots. I present my results in 3-D graphs but contour plots are also used to
(pt. _ l)

emphasize the range of coupled frequency or wavenumber. To assist the readers, a

=_ schematic of a contour plot is show_n below in Figure V-5-7.
,,¢

!o.8 (0,-250) (0,0)_. A f2 (0,125)
0 32 L__i J i i r iIi _

10-3 ................................

At Sawtooth Crash

1

A Expertment

I

/ x,,x_ tpt.g3, fl Region 1 B

=_ / get_mn 3 / Region 2

< fl > f3 >If2 I
0 32 (250,-250) D (250,0) / C (250,125)

Toroidal Mode No

Figure V-5-7) schematic of three-wave coupling diagrams. Three regions

Figure V-5-6) Toroidal mode spectra obtained from measurements. Mode are assigned for coupled frequencies (wave-numbers).
spectra is obtained from an ensemble of sawteeth oscillations. Bin #'s are
associated with time markers on Fig. V-5-3.
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Consideringthe symmetriesdefinedin chapterIV and resonanceconditionsfl + f2 (Them=0Dynamo Mode l

= f3' where f3 cannot exceed the Nyquist frequency (fNyq), the regions of coupling

are divided into three regions, as shown in Figure V-5-7: region (1) represents two unstable kink (m=1) modes

coupling to small scales (high frequencies), region (2)shows the coupling to (m:n) = (l:n0) & (1:n0+1)

intermediate frequencies modes, region (3) represents couplings to low frequencies.

I should emphasize the fact that the coupled modes along (A-A) line o f Figure V-5- 7 [ n 0 nlin e a r co u plin g J

are fl" f2 modes coupled to fl- f2 = f3 modes. These modes are m=0 dynamo

] m--O mode (0:l)l

modes. The block diagram of Fig. V-5-8 describes this process as given bv Hattori

[28]. Detailed discussion is given in Section V-5-5. Note an identical set of regions [dynamo action (0:I) x (0:1)*]

of Fig. V-5-7 can be shown in k-space to represent wave-number couplings.
-._ , _..i,,J_u i._ v,, j

Figure V-5-8) Block diagram of m=0 dynamo mode
coupling.

Figure V-5-g shows the cross-power frequency spectra of coherent toroidal

magnetic fluctuations measured from two adjacent coils of the toroidal array for bin

number (5) of Figure V-5-3. Note, high frequency resolution and 400 ensembles have
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suppressed the incoherent frequencies from the specttnam. The 3 dB point of the The experimental conditions and the mean equilibrium field are the same for all

hardware filter is at 250 kHz; this restriction has eliminated the pickup of the higher shots. As pointed out in section (V-3), 90% of power is below 35 kHz and

frequencies, in fact the cross power of frequencies above 300 kHz are at noise levels background fluctuation measurements taken shows a continues spectrum with no

(10 bit digitizers have three orders of magnitude of dynamic range), independent coherent peaks. From the cross-power spectrum at the plasma edge, we

can see the early emergence of a narrow but continuous band of dominant instability

modes centered near fo = 20 kHz (Fig. V-5-9). This center frequency, which will be
CrossPowerSpectrumof ToroidalMagneticFluctuations.

10-2 : used to identify the instability band is presuming the frequency of the most unstable

t_, 1 tearing modes. We speculate that the peak at 2fo is associated with two m= 1

s coupled to m=2 mode. Hence, at 2fo, m = 2 nonlinearly stabilizes m=l by

_, atssipating energy to small scale fluctuations (i.e., the cross power amplitude of 2fo

._ is small). Whereas at 3fo, the second harmonic of the m=l mode (odd mode number)

_, has emerged and has higher amplitude than m=2. The amplitude of these "coupled"

haodes are -20 times smaller in power than the fundamental modes. The frequency

I

l __ coupling results for five Bin numbers, (regions) of Figure V-5-3 in the form of 3-D10.10 ........................................ plots are presented in Figures (V-5-10)-(V-5-14). The horizontal axes represents fl
0 1 .2 3 .4 .5

and f2" The vertical axis represents bi-coherence corresponding to a value f3 given
Frequency[MHz]

Figure V-5-9) Cross-power frequency spectra of toroidal by f3 = fl + 1"2 subject to the symmetries given in chapter IV. Note the bi-

magnetic fluctuations shows few "narrow" band coherent modes, coherence pl,.t of bin (1) which is prior to the sawtooth crash is given in Figure V-5-

10. Figure V-5-14 has the smallest peaks on the bi-coherence diagram and its
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spectrum is narrower than the frequency coupling of the sawtooth peak (bin #3)

which is given in Figure V-5-13. The toroidal amplitude spectrum of the correspond-

ing bin numbers 1, 3 and 6 are presented in Figures (V-5-15) through (V-5-17). b:
Experiment @ pt _ 2

Frequency coupling has been accompanied by wavenumber spectrum broadening.

1-250 k14:.O) O)

fl
5,()_

{0.250}

Figure V-5-1 I) Frequency coupling. Bi-coherence, b2( fl' f'_' f3 )' obtained from the
(o O)f2 _

toroidal fieht component at Bin # 2. The vertical axis denotes the b2 at t"3' denotes

the b2, corresponding to fl + f2 = f3" Frequencies associated with n=l mode

Figure V-5-10) Frequeno, coupling. Bi-coherence. b2( fl" f2' I'3 )' obtained fi'om the coupling (presumably m=O ) is obsen,ed. The wavenumber couplings are shown in

loroidal field component at Bin # 1. The vertical axis denotes the b2 at f3" F(g. V5-24.

corresponding to f l + ._ = f 3 " The large peaks indicate coupled Ji'eq,,encies

associated with the onset of sawtooth crash.
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A Ex'penment @ pt _t4 b2'

-2

.0) (125,0)
fl

fl

f_ _ '_

Figure V-5-12) Frequency coupling. Bi-coherence, b2( fl' f2' f3 )' Jbtained from the
Figure V-5-13) Frequency coupling. Bi-coherence, b2( fl, f2' f3 )' obtained from the

toroidal field component at Bin # 3. The vertical axis denotes the b2. corresponding
toroidal field component at Bin # 4. The vertical axis denotes the b2, corresponding

to f l +f 2 =-[3 Broadband frequency coupling is observed
to f! +f2 = f 3 " Low frequency coupling is observed.
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Toroidal mode number before sawtooth ( pt # 1)
1.6 , , , , l , , , , , , ,

Experiment @ pt./_ 6

fl

(0.250 I , ,

] 04 40Toroldal Mode # n

Figure V-5-15) Toroidal mode spectrum associated with bin # 1 v.s.
frequency. Peaking of n-5-8 is observed.

Figure V-5-14) Frequency coupling. Bi-coherence, b2( fl' f2' f3 )' obtained from the

toroidal field component at Bin # 6. The vertical axis denotes the b2, corresponding

to f l +f2 = f 3" Frequency coupling is small.
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V-5-3) Nonlinear Wavenumber Coupling the non-reversed and the reversed part of the discharge, which are statistically

independent, is chosen as an experimental estimation of statistical noise level,
In this section, bispectral-analysis measurements in conjunction with power

(- 5%). This base line nois_' has been subtracted from the calculated bi-coherence.
spectra and probability density functions are used to study the quantitative features

Poloidal Bi-coherency at three different times in the sawtooth crash are
of the nonlinear interactions which govern the energy redistribution and randomiza-

presented in Figures (V-5-18)-(V-5-20). Shown in Figure (V-5-18) is a characteristic
tion process during sawteeth cycles. The experimental results, when compared with

poloidal magnetic fluctuation bi-coherence spectrum, b(m 1 , m2 , m3), in the early
the same analysis performed on the data obtained from 3-D resistive MHD code,

stage of sawtooth crash given by the (bin #1) of Figure V-5-3. The bi-coherency at
indicate that the basic nonlinear dynamics measured in the MST plasmas can be

the peak of the sawtooth crash (bin # 3) is given in Figure V-5-19. The bi-coherency
modeled by nonlinear resistive MHD computation.

during the relaxation phase (rise time) of the sawtooth ( bin # 5 ) is shown in Figure
Bispectral analysis and mode spectra presented in this thesis are the result of

V-5-20. The bicoherency results are presented in 3-D plots; the two horizontal axes

st_fistical analyses performed on 110 shots to study poloidal mode coupling, 404

represent m I , m 2 and the vertical axis corresponds to bi-coherence at values of
shots for toroidal mode coupling and 256 independent 3-D MHD code runs for

m3 given by m 1 + m2 = m 3 . We note that the bi-coherence shown in Figure V-5-
computational mode coupling.

20 has two dominant peaks, of comparable magnitude (Max. b2 is 0.45), correspond-

ing tom 1 =m 2= 1, m3=2,and m I =-l,m 2=2,m 3= 1. The sign of the mode

(a) Poloidal Mode Coupling number indicate the sense of the rotation. There is also a small peak at slightly higher

The wavenumber and frequency spectra of tb, edge magnetic fluctuations m values. The poloidal bi-coherence predicted by the MHD code is shown in Figure

have been presented earlier in this chapter. Note that the experimental conditions arc V-5-21 for direct comparison with the experiment. We note that the dominant peaks

the same lbr all shots in the ensemble (variations in plasma current is fixed within are identical with the experiment (shown in Fig. V-5-20), although peaks at higher

+ 3 kA. reversal parameter and pinch parameter are constant). The bin numbers are mode numbers than m2 = 2 cannot be resolved. As pointed out earlier, [ml <_2had

associated with a fixed percentage of a sawtooth period. The cross bi-coherence of
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been imposed in the code, but the finite number of Fourier component in conjunction of the fluctuation power is substantially broadened, as shown in the previous section,

with the windowing of the data has generated the fictitious peaks at these higher (similar broadening has been observed in TPE-1RM15 [30]). These results are

mode numbers. In both the experiment and the MHD model there is strong mode consistent with the view that the broadened n spectrum arises from the nonlinear

coupling between two lm[ = 1 modes and an [ml = 2 mode. The direction of energy generation of high and low n modes, as opposed to generation from linear

flow in k-space is not discernible from this analysis, although it has been predicted instabilities (for example arising from profile modification during the crash).

theoretically that unstable m = 1 modes would drive a stable m = 2 mode, which The bi-coherence at the peak sawtooth crash, (time 3 in Figure (V-5-3)) is

transfers energy to the small scale where it is dissipated [29]. shown in Figure (V-5-19). The dramatic broadening of the poloidal modes has

The poloidal bi-coherence obtained from an array at one toroidal location subsided. The dominant interactions are now coupling of two [m] =1 modes to an ]ml

includes contributions from all toroidal modes. This effect is more pronounced during = 2 . (m = -1 . m = 2) to m = 1 and (m = -2, m = 2) to m = 0 modes of

the sawtooth crash when a large number of toroidal and poloidal modes exists. We comparable magnitudes with the maximum b2 of 0.47. No information on energy

find that during a sawtooth crash the nonlinear coupling changes dramatically. The cascading is available from this computation, since the bi-coherence presented is a

data shown in Figure V-5-18 were obtained at the onset of the crash phase (time 1 snapshot measure of the sawtooth evolution.

in Figure V-5-3). The bi-coherence at the sav_1ooth crash is obtained from an It is safe to speculate from the bi-coherency snapshots that the nonlinear mode

,_t ensemble average of sax_¢eeth crashes of 110 different shots. There is a dramatic coupling is a result of a dual mode ("energy") cascading process, as computed by

broadening in the number of modes involved in the nonlinear coupling. The dominant Holmes et al. [29]. The first process is coupling of m = 1 helical modes toward low

poloidal mode interaction is now coupling of two ]nal= 2 modes to an inal= 4 mode ,-nd high n's generating global m = 0 perturbations, which are driven by m = 1

with the maximum b2 of 0.42. The toroidal modes (see next section) n,,:'w display instabilities to large amplitudes (see next section on toroidal mode coupling), and

strong nonlinear coupling over the entire range of resolvable n values from 1 to 32. back coupling to m = 1 modes to higher n's. The second process is the generation

Concurrent with the enhanced nonlinear interactions, we observe that the n-spectrum of large m and n modes.
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During the crash phase of the saw¢ooth oscillation, (which is not modelled by

the MHD computation employed here), the nonlinear couplings are strongly

enhanced, simultaneous with broadening of the mode spectra. Experiment I b2
(bin # 1) (-2,4) [

1

(0,8_
m2

Fig V-5-18) Bi-coherence, bZ(ml , m2, m3 ) at the onset of sawtooth crash,
obtained from the poloidal magnetic component from experiment. Max. b2 is
0.52.
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- (bin # 3) _'_{-1,2) _ Experiment b2

A
(-s,o)

Fig_ __ _ _I (0,8) _-_._ _._m "ode couphngs have been observed. Maximum b" is 0.47. m1

Figure V-5-20) Experimental bi-coherence, b-_'(ml, m2, m_ ) obtained during
sawtooth relaxation. Maximum peak is 0.45. b2 is similar to MHD code results.
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(b) Toroidal Mode Coupling

The coupling of toroidal modes obtained from the toroidal fixed coil array are

I b2 displayed in Figures (V-5-22) through (V-5-31). The experimental bin number (5) is
MHD Code (-1,2) /

(-4,0) /]_\ ] ,_\0,1) selected for comparison to MHD code results. Toroidal mode coupling involves a

/__/// \ y// \\ large number of modes. However, the experimental coupling is broader in n than
theoretically predicted. This distinction is perhaps simply a feature of the different

/___// \L_.j/: \\\ (0,2)ml experiment, nonlinear energy transfer is enhanced and resistive energy dissipation is

, values of Lundquist number, S. One might expect that at the higher S values of the

diminished. One feature which experiment and code share is that the dominant mode

(0,4) _ / coupling occurs at intermediate n values. That is, n values of order unity are only
m2 weakly coupled to other modes and the coupling at n greater than 20 is also weak.

Figure V-5-21) Bi-coherence, b'(m l, m2, m 3 ) obtained from MHD code data. As shown in the previous section, interaction between adjacent instability
Max. b2 = 0.61. MHD Results are similar to the experimental results,

(Fig V-5-20). modes (fk" fi) also generate a band of low-frequency fluctuations at fm = fk- fl" Due

to the fairly narrow band-width of the dominant helical instability modes (m =l,

Note that the peaks at [m[>2 are due to errors caused b) finite Fourier compo- n = 5-8), the difference frequencies (fk- fl) produced via the interaction of any two

nents; the amplitudes of the main peaks are not affected by the errors of higher modes in the band will be low (e.g., frequency coupling in Fig. V-5-10 does show

m's. f_ 1-10 kHz coupled modes due to difference wave-numbers). Thus, the modes with

n = 5-8, which we know are coupled from observed constructive interference, do not

couple through an n = 1 mode (except during a sawlooth crash, as discussed below).
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For example, the n = 5 and n = 6 couple through n = 11 with higher probability than signals. I have also limited the phase variations of the selected data by restricting the

through the n = 1. The n = 11 can then couple to other modes, and so on. However. cross phase to +2 degrees from shot to shot.

the coupling does not proceed strongly to n values as high as 32 ( toroidal coherence The 3-D plots are accompanied by contour plots to enhance the visualization

length of n > 32 is shorter than the coil-spacing ). of the basic interactions involved during the sawtooth oscillation. Shown in each

Figures V-5-22 through V-5-31 represent the nonlinear toroidal mode coupling contour plot are lines of constant nk + nI = nm corresponding to the basic interaction

throughout a sawtooth crash and formation cycle. The numbers given on these graphs mechanism. Values of bi-coherency which fall along these lines can be interpreted

are associated with the bin number of the analyzed data as shown in Figure V-5-3. as representing interactions between various pairs of waves with a sum toroidal mode

The small amplitude (weak contours) in the bi-coherence plots indicate that equal to nm (see Fig. V-5-7). However, the sign of the mode _mber indicates the

interactions between nk and n I generate a weak mode at nk ± nI = nm. It is useful sense of the rotation. The difference-mode interactions of the form nk - n I = nm are

to note that any pair of fluctuations (nk , n1) with the same difference/sum in mapped into the negative (n k. n I ) octant. Thus, the time evolution of b2(nk . nl)

wavenumber can contribute to a particular fluctuation. In addition, due to the random represented by different snapshots given at various bin numbers can indicate direction

initiation of instabilities in laboratory plasmas, the instantaneous spectrum of of the mode cascading. Spectral broadening based on two-point correlation measure-

interacting waves may not always contain the same pair, and the relative amplitudes ments and power spectra has already confirmed the existence of nonlinear mode

of any given pair will change from instant to instant and from shot to shot. Therelbre. coupling (see section V-5-2).

the amplitude, wavenumber, frequency and phase of the dominant low frequency The bi-coherency plots in Figure V-5-22 and V-5-23 provide a spectral map

(m = 1, n = 5-8) fluctuations produced by multiple interactions at any instant will of the nonlinear interactions invoked at the onset of sawtooth crash (,bin # 1). At this

vary in a random manner. The result is a broad band of coupled modes with smaller time there is a dramatic broadening in the number of helical modes involved in the

bi-coherence amplitude. To insure reproducibility from shot to shot, I have applied nonlinear coupling. The toroidal modes display stro_lg .nonlinear coupling over the

digital filters to 256 point data records to minimize the superimposed incoherent entire range of resolvable n values, from 1 to 32. Concurrent with the enhanced
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nonlinear interactions, we observe that the n-spectrum of the fluctuation power is grow and the nonlinearly generated toroidal modes are concentrated in the

substantially broadened (see the toroidal mode spectra measurement in Section intermediate n's (schematic diagram (V-5-7)).

V-4.3). The dominant poloidal interaction (Fig. V-5-18) is now coupling of two Coupling of toroidal modes (Fig. V-5-28) of bin # 5 are compared with the

Iml -- 2 modes to an m = 141mode. MHD code results (Fig. V-5-29). Toroidal mode coupling involves a large number

The bi-coherency plot in Figure (V-5-24) provides a contour map of nonlinear of modes. However, the experimental coupling is broader in n than theoretically

interactions involved at the mid-crash region (bin # 2). We observe a significant predicted. One feature which the experiment and code share is that the dominant

shift in toroidal mode interactions mediated by n = 1 coupling. Interactions between mode coupling occurs at intermediate n values.

adjacent instability modes (n k, nl) also generate a band of low toroidal mode The 3-D figure (Fig. V-5-30)and its contour plot (Fig. V-5-31)present the

fluctuations via difference interactions such that nk - n ! -- nm. The strong coupling bi-coherency plot of the toroidal mode coupling at the zero slope section of the

of the m=l helical modes by the m = 0, n = 1 (poloidal mode number m=0 is a sawtooth relaxation region (bin # 6). The narrow contour width in the intermediate

speculation from the frequency coupling given in Fig. V-5-11) are driven to large mode coupling region indicates that only the d_minant instability modes in the

amplitudes associated with bin # 3. spectrum are interacting to produce high toroidal modes (n > 11). These modes

The bi-coherency plot at the peak of the sax_looth (bin # 3) is shown in presumably are the result of additive m = 1 helical modes, initiated by the nonlinear

Figure V-5-25. The back coupling of m = 0, n = 1 modes generated at bin # 2 time generation of stable m -- 2 modes (the amplitude of the m = 2 mode does not grow

with large n modes redistributes the mode spectra among the m -- 1-2 helical modes, as shown by its time evolution (Fig. V-4-10)).

The toroidal modes display strong nonlinear coupling over the entire range of In summary, I have measured directly the three-wave nonlinear coupling of

resolvable n values with highest peaks at intermediate n modes, magnetic fluctuations which are identified as tearing fluctuations. There is good

The 3-D Fig. (V-5-26) and its contour plot (Fig. V-5-27) show the toroidal agreement between the measurements of the k-space couplings and predictions of

mode coupling as sawtooth recovery proceeds. We note that the na = 1 helical modes nonlinear MHD computation. The measured poloidal modes in the experiment
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involves two Iml = 1 modes coupling to an Iml = 2 mode. Toroidal mode number by the coherency of (bin # 4 ). This cyclic process continues by bin # 5 results.

coupling is much broader, involving tens of modes. These measurements add This is consistent with nonlinear coupling being the source of generation of

credibility to the nonlinear MHD theory used to describe magnetic reconnection in spectral broadening during a crash (although bi-spectral analysis does not indicate

tokamaks and RFPs. causality).

During the crash phase of the sawtooth oscillation, which is not modelled by

the MHD computation employed here, the nonlinear couplings are strongly enhanced.
b2

simultaneous with broaderfing of the mode spectra. The rapid process of m = 1 Experirnent_b,n__)

spectral broadening toward large n is observed (bi-coherency at bin # 6) followed by i-s2.0_

the cyclic process of simultaneous broadening of the poloidal and toroidal m°de _A ii
Ii

spectra (bin # 1). However, the broadening of the spectrum is delayed bv an

unpredictable time until the next sawtooth crash (timing between sawtooth _ n,

o_illations are not constant). The m = 1 spectrum is strongly affected bv nonlinear

interaction with the (m = 0,n = 1) mode during the crash (as seen in Fig. V-5-24). (o,_) _'-__

During this time we speculate the current profiles are steep and this causes the

neighboring (m = 1, n = n 1 } and (m = 1, n = n I + 1) modes to beat together to Figure V-5-22) Bi-coherence, b(n l,n2,n3), of toroidal modes obtained from

drive (m = 0, n = 1) and (m = -,9n = 2n I +1 ) modes. The (m -- 0. n = 1) mode back Maximumthetoroid_2 magnetiCis0.42. field component at the onset of a sawtooth.

couples with the (m = 1. n = n 1 + 1) to drive (m = 1, n = n I + 2) resulting in the

m = 1 spectrum broadening at peak sawtooth (bin # 3). Consequently. these high

toroidal modes couple to form intermediate coherent modes (n -- 6 - 11) as shown
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Figure V-5-23) Contour plot of Fig. (V-5-22) shows broadening of the toroidal
mode spectrum. Experiment _h. _

(bin _t 2)

3

_32 r--I I I I I I tl I I I tl I I I I I I 111

Figure V-5-24) Strong n=l coupled modes are observed during
the crash phase. Maximum b2 is 0.4.
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(a) Experiment L I b2 EXpenrim_nt b2

_

(0,32) _ (0,32) _:_"n2

Figure V-5-25)Bi-coherencyatthe peakof the sawtooth(bin # 3) showsabroad Figure V-5-26) Bi-coherencyas relaxation proceeds(bin # 4). The coupled
• 7 . modes exhibit intermediate n-coupling.coupled spectrum. Maximum b- is 0.43.
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Experiment b2
(bin # 5)

-32 0 16

_lllll_lllllllll_U_lJlJllllJllll llllllJlllllll o (-32,0) j '

Experiment __,

(bin # 4)

" .o)

Figure V-5-28) Toroidal bi-coherency at bin # 5. Concentrated coupling of low
mode numbers are observed. Maximum b2 is 0.45.

Figure V-5-27) Contour plot of Fig. (V-5-26) clearly shows the mode coupling

range. Maximum b 2 is 0.37.
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MHDCode ill b2
E_(bP_._l_?nt b2

(-32,0)

,0)
n!

-32 0 16
i l| i| iii iil i| |'l'l li i i i i i |ll if I |i i i i | t i i i i | _ | I i 0

Figure V-5-30) Bi-coherency at zero slot_ of sawtooth formation. We observe
/.. :

order unity mode coupling. Maximum b is 0.45.

..//'///'/'/"

/

Figure V-5-29) Bi-coherency of MHD code data. We observe "similar"
characteristics as bin # 5 of the experiment. Maximum b2 is 0.61.
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V-6) Experimental Measurement of Transfer Functions

-32 o 16 and Energy Cascading

; (bin # 6) __ In this section the initial results of energy cascading associated with three-

tZ _- wave toroidal mode coupling are presented. I have applied the method described in

____ Chapter IV to study the nonlinear evolution of the toroidal magnetic fluctuation

i spectra at the edge plasma of the MST reversed field pinch. Magnetic fluctuation data

! _,/j i at 64 equally spaced toroidal locations have been used to calculate the n-spectra. The

i,t/_ll growth rate and coupling coefficient ofthe toroidal mode spectra have beeni computed.I I i I I I I t I I _" 32

The amplitude variation due to nonlinear coupling may be expressed in terms

Figure V-5-31) Contour plot of Fig. (V-5-30) shows n-coupling of order unity.
of the measured power spectra and the bispectrum at three different times. The

purpose of this section is to model the time evolution of the toroidal mode spectra

as a simple system described by a set of sources ("input," initial n-spectra), the

response ("output," subsequent n-spectra) and transfer functions ("black box"). We

can model the "black box" by an appropriate network, consisting of linear and

quadratic nonlinear terms, as described in Section IV-5. To test the validity of the

computed linear and quadratic transfer functions, I have applied the computed

transfer functions to the second n-spectra to predict the third toroidal mode spectra.

Subsequently. the modeled spectra is compared to the measured n-spectra.
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Spatial Fourier transforms of 1200 ensembles (400 shots 3 consecutive data and quadratic transfer function is

records are used to compute the transt_r functions. The " input " magnetic fluctua-

tions b (_, to), the " output-one " b (d_, tl) , and " output-two " b (_, t2) are used <Yp Xv* Xv2*> - Lv < Xp Xp_X_2> -< ep Xp* Xp2*>
P IP2 =

to form the experimental n-spectra (Figures V-6-1 and V-6-2). The 160 microsecond < _X X _2>I Pz P2I

time difference between to and tI is chosen such that the nonlinearities stay small.

The cross-coherency (i.e. spatial phase) between modes at to and t I , which represent as described in Chapter (IV) where Yp is spatial Fourier transform of the "output",

the coherent fractional power of the "output" with respect to the "input" is shown in b (_, tl) and Xp is the spatial Fourier transform of the "input", b (dp, to).

Fig. V-6-3. The linear transfer function shown in Fig. V-6-4 can account for the high The second term in the above two equations can be interpreted as corrections

coherency between the "input" and "output" at moderate toroidal modes, n-5-10 due to the nonlinear characteristic of the input magnetic fluctuation n-spectrum.

(i.e. they are not driven by other modes in this case). Ritz et al. have applied this Figure V-6-4 presents the computed linear transfer function. The quadratic transfer

method to estimate the temporal evolution of frequency spectra, whereas I am function is given in Figure V-6-5.

applying his method in the spatial Fourier domain. The transfer functions describing To test the validity of the computed transfer fu'_'tion computation, I have

the temporal evolution of toroidal mode spectra due to a linear mechanism (growth carried out a computer modeling of the toroidal mode spectrum at time slice (3). This

rate, dispersion) and due to three wave coupling are given below, time is chosen to be equal to the time between the input and output-one, (160

The linear transfer function is microseconds). I have then applied the computed linear and quadratic transfer

functions to the non-Gaussian "output-one" to model the "output-two". The results

are shown in Figure V-6-6. Actual n-spectra measured at time slice (3) are shown in

<5x/>- o./,,",<x/xx / -<,,x/>
L = PI_P2 Fig. V-6-7.

X X"
Although the predicted low mode numbers were in good agreement with the
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experimental results, the prediction of the high mode numbers have been difficult
InitialToroidalMode Spectra @ t--to

(- 40% error). This error can be substantially reduced if the number of realizations 1°-4_...............................

is increased to greater than 3000, and (or) the number of coils increased from 64 to

128 or 256 (improved modal resolution). Note, the n-spectra has been determined ._

from the 1-D array. Short wavelength (high mode numbers) are multi-helices and _" /

i

could contribute to the mismatch of the model and experiment.

In summary, I have demonstrated the usefulness of the estimation of the

linear and nonlinear transfer functions to predict the time evolution of the edge 167 .............................
0 Toroidal Mode Number 32

toroidal mode spectra. Figure V-6-1) Initial toroidal mode spectrum at to
(arbitrary time during the flat top) is shown.

Toroidal Mode Spectra @ t = 160 p,sec.
l(j 4 ...............................

t_
u

r¢

0 Toroidal Mode Number 32

Figure V-6-2) Toroidal mode spectrum at t1 = to +
160 psec is shown.
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Coherency Experiment Jl Amp
].0 ...... , • , , , • , , , ..... , .

J
AI

]

0 , , • , , n i i

0 Toroidal Mode Number 32

Figure V-6-3) Spatial cross-coherency of "input" and "output-l" reveab

that high coherence modes (n - 5-8) persist during 160 psec interval.

l O0 Linear Transfer Function (0,32) no___ _

Figure V-6-5) Computed quadratic transfer function from "input" and "output-

._x
_ 1
-d 4

1
1

I0-_" I
0 Toroidal Mode Number 32

Figure V-6-4) Computed Linear transfer function shows that the time

evolution of n - 5-8 modes can be modeled by a linear system.
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V-7) Correlation of Magnetic and

Model Toroidal Mode Spectra @.T = 320 gsec Electrostatic FluctuationslO-4.

In this section, the detailed results of the cross correlation measurement of the
_.o _ Model n-spectra for t = 320 p.sect_
¢3

magnetic fluctuations with ion saturation current fluctuations are given. I will show

"_ the differences in the mode number structure of the electrostatic versus the radial

r
: magnetic fluctuations at low frequencies.
F

-11 E
10 ................................ To the extent that magnetic field lines are frozen into the plasma, a fluctuating

0 ToroidalModeNumber 32

Figure V-6-6) Modeled toroidfl mode spectra by applying the linear and radial density convection is accompanied by radial magnetic fluctuations. As

quadratic transfer functions to "output-l." described in Chapter III, I have constructed a multi-purpose movable forked probe

ActualToroidaiModeSpectra@2DifferentTimes which can simultaneously measure ion saturation current fluctuations (Jsatl) and

10-4 I ............................... radial magnetic fluctuations (br) at almost the same location (- 0.5 cm separation).

Ion saturation current fluctuations are taken to be a reasonable measure of density

- m @ t=160 lasec.
fluctuations. Magnetic and electrostatic data were taken at 7 cm from the conducting

e¢

: j_.,,., wall where the error fields from the port hole are small. The measured cross-

n-Spectrum@ t=320 psec -.......... ---- .... - -'-.
.. correlation between two spatially separated radial coils, <b r , br >, as well as two

168, . ...............................
0 ToroidalMode Number 32 fluctuating ion saturation current <Jsatl ' Jsatl > are high, but the correlation between

Figure V-6-7) Actual toroidal mode spectrum of "output-1" and "output-2.
Rapid change in time evolution of high mode numbers are observed, electrostatic and magnetic fluctuations, <Jsatl ' b> are only slight, (Figure V-7-1).

The coherence (y2) between b r and Jsatl peaks near the tearing mode frequencies.

Thus, a significant fraction of the measured electrostatic fluctuations may arise from
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sources other than radial convection with the magnetic field. The correlations in the the width of the spectrum is significantly smaller (see Fig. V-4-3 and V-4-4).

radial magnetic turbulence are distinct from those of the electrostatic turbulence. The poloidal mode spectra for ion saturation fluctuations at low frequencies

Thus, the character of electrostatic turbulence remains almost completely undeter- is much narrower (not shown here). The spectrum again broadens with frequency (50

mined by the magnetic fluctuation measurements presented in this thesis and other kHz < f < 250 kHz), to a width Am - 10 (Fig. V-5-5). While poloidal electrostatic

experiments are necessary to determine the underlying physics, fluctuations show some general similarities to poloidal magnetic fluctuations, the

The two-point correlation method discussed in Chapter IV has been used to spectrum is still broader.

estimate the power weighted toroidal mode number spectrum of electrostatic In summary, I have measured the toroidal and poloidal mode spectra for

fluctuations. The forked probe was aligned in the direction of equilibrium toroidal electrostatic signals from a multi-purpose forked probe. The spectra are broad and

field to simultaneously measure the spatial turbulent time signals. In comparison to centered at m = 1, n = 0, although some shift exists at higher frequencies for the

the toroidal magnetic mode structure, the electrostatic n-spectrum is broadband and toroidal spectra. This is in contrast to magnetic fluctuation spectra. The correlation

turbulent. Typical power spectra, shown in Figure V-7-2 peak at low frequencies and between electrostatic and radial magnetic fluctuations is found to be small. Phase

thereafter fall monotonically with frequency. At low frequencies (f _< 50 kHz). coherence between electrostatic and magnetic fluctuations does not exist. For example

electrostatic toroidal mode number spectra with a width An = 80 is shown in Figure the cross bi-spectrum <b( coI ) b( f02 ) Jsatl ( _3 )> is zero, (same is true for

V-7-3. This is in contrast te radial magnetic field fluctuations n-spectra, which are

dominated by a tearing mode peak at n-2R/a -6 and An < I0. <Jsatl( e_i ) Jsatl( t°2 ) b( ¢03 )> = 0). We can safely speculate that measured

At higher frequencies (50 kHz _<f < 250 kHz), the electrostatic n-spectra nonlinear mode coupling of the previous sections are purely wave-wave.

b-oadens even further to An = 160 (Fig. V-5-4). The n spectrum for the ion

saturation current shifts to the electron drift direction, peaking at n- 40. While

toroidal magnetic field fluctuations also show a similar shift in this frequency band.
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Ion Saturation Current Frequency Spectrum
10-5 i , t , I , i , , , _ , t , -

I ' I ' I ' I _ I ' I l

1

(lg -7 2 r,Br)

0 , -_
1 z_= 1'.8cm _o

0

 a(Js,ds) =
L,_A

0 , , '-'L.__., _
1 _ = 0.5 cm

_2(13r,Js) 10-9 , I , I , I _ I _ I , I , l J I , I , I f I , I ,

0 Frequency [ kHz] 260

0 _-,.-/_k-_A_-/_rk- Figure V-7-2) Typical ion saturation current frequency spectrum. Monotonic

0 100 200 decay with frequency is observed.

Frequency (kHz)

Figure V-7-1 ) Cross coherence, yz measured between two fluctuating signals,

magnetic (top), electrostatic (middle), and Jsatl and b r, (bottom).
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Toroidal Ion Saturation Current Mode Spectrum

140 ' _ ' _ ' J , _ , _ , i * _ , I , _ ' / Toroidal Ion Saturation Current Mode Spectrum

22 , J , i , 1 , i , , , i , , , , , T-_

5

i 50 kHz < f< 250 kHz

0 I ; i ._l 0 _ I i I I I I I I I t I i I T I I I I

-100 Toroidal Mode Number 100 - 100 Toroidai Mode Number 100

Figure V-7-3) Toroidal n-spectrum of ion saturation current is broader than the Figure V-7-4) High frequency toroidal n-spectrum of ion saturation current is
magnetic n-spectrum (f < 50 kI-Iz), broader than the magnetic n-spectrum. A shift in peak spectrum is observed
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5-8) Effect of Material Limiter and Impurities on Edge

Poloidal Ion Saturation Current Mode Spectrum Magnetic Fluctuations and Mode Number Spectra
65_,, , ,U ,, ,_1,, _, i ,,,, i,, ,_t,s,, _,

- t
This section presents the results of added impurities (argon doping) and.q

i material limiter (graphite paddle) insertion into MST plasmas on edge magnetic
fluctuations and mode spectra.

g

From the detailed edge magnetic fluctuation measurements presented in the

previous sections we have observed oscillations, identified as MHD tearing modesO)

eo (m=l, n=5-8), ordinarily phase-locked to one another and rotating with respect to the

laboratory frame (Figure V-8-1). We have also observed sawteeth oscillations. These

sawteeth oscillations increase plasma-wall interactions, resulting in confinement

degradation accompanied by slowing down of the rotating phase-locked helical

modes. Figure V-g-2 and V-8-3 show the dominant rotating modes. These modes
0
-20 Poloidal Mode Number 20 slow down after each sawtooth crash Ibr a period depending on the level to which

Figure V-7-5) High frequency poloidal m-spectrum of ion saturation current is impurities have been added to the plasma. Occasionally, the rotating disturbance
broader than magnetic m-spectrum (50 kHz <f < 250 kHz). No shift in spectrum
is observed becomes stationary (Figure V-8-4) or "locked" in the laboratory frame, magnetic field

errors grow, and the discharges shorten. The purpose of this experiment is to model

the plasma-wall interactions via added impurities and to model the field errors by the

insertion of a conducting limiter into the plasma to produce a non-axisymmetric

current profile.
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We I have increased the argon concentration in the hydrogen plasma to 3.75%. impurity is increased 3 fold, and the single-tum loop voltage has increased by 100%.

We observe that the rotating coherent modes slow dow_a by a factor -2 (Figure V-8- The reversal parameter and pinch parameter are kept constant. Figure (V-8-7) shows

5). These rotating modes lock to the wall when the argon impurities are increased to the raw poloidal magnetic fluctuations. We observe a significant reduction in the

8% (Figure V-8-6). The percentage of impurities depends strongly on the plasma and magnetic fluctuation power. Figures (V-_S-8)-(V-8-10) show the frequency spectrum

on the conducting wall conditions. We have successfully demonstrated that added when the limiter is inserted by 4, 8, and 12 cm into the plasma. The power level is

impurities slow down the phase-locked modes similar to the sawtooth crash phase reduced by an order of magnitude at each step. At 4 cm the frequencies of the phase-

(both should be avoided). We have observed that the sa_aooth crash modifies the locked modes increase. Simultaneously, the toroidal mode spectrum (Figure V-8-11)

current density profile and shifts the plasma inward (see section V-4), generating a shows significant development of external modes, resonant outside the reversal

sudden radial field error at the poloidal gap [31]. At times coincident with the surface (negative n means external in this section). At 8 cm limiter insertion, the

sawtooth crash, the rotating, phase-locked structure becomes stationar7 at the poloidal frequency spectrum is an order of magnitude smaller than for the 4 cm case, but its

gap. respective toroidal mode spectrum has larger external modes than internal modes with

Next, we examine the effect of a graphite paddle inserted 12 cm (in 4 cm a broader toroidal k-spectrum (Figure V-8-12). The normalized cross correlation

steps) into the plasma, through a 4.5" port at 4=138 ° and 0=20 ° as a controlled function among the 64 toroidal fixed array clearly show mode locking to the

form of generating external field errors since it produces a nonaxial current profile, conddcting wall in the vicinity of the limiter posit]on (Figure V-8-13). When the

For almost the same plasma currents at all limiter insertion positions, we have limiter is pushed 12 cm into the plasma, all internal modes lock to the wall (Figure

a found 25% reduction in central electron temperature. 70% reduction in the energy V-8-14). The power spectrum becomes monotonic.

confinement time. Also. the ohmic power dissipation is increased by 00%. the oxygen In summary,, we have successfully manipulated the rotational speed of the

phase-locked mode. The toroidal mode spectrum shifts from internally resonant
I This experiment is the result of cooperation among Saeed Assadi (edge

magnetic fluctuation measurements), Daniel Den-Hartog (impurity diagnostics and modes to external "kink" type. Discharges degrade and mode locking occurs at the
electron temperature measurements) and M. Stoneking (electron energy analyzer
measurement).
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largest field error, which is at the limiter location.

t.a Amplitude of Toroidal Mode Number (n=5)

_ 0.8

_ 06

__ 0.4
Normalized Cross Correlation of Coherent Phased Locked Modes. o o_q

N;*_,Ro,_,Jo_l IS,o_Rota,iool I
\ ] Speed up Rotationl .. / l Speed up Rotation I ]

2o0_ _ '. \ ' t-nase/... _ ' i

o -2o01 "' _ ]
_ o Io tl 12 t3 14 15 ]

._ Time [msec] 1
_ _ Figure V-8-2) Amplitude and phase of the n = 5 coherent mode is shown.

The n=5 mode slows down for some period after each sawtooth crash.

ii_ f Amplitude of Toroidal Mode Number (n=6) .

0 -',-Re£ i o_t _,1 Sawtooth [

0:0_ fll-/ Jo,L 1./_,_¢rk___
Lag Time [msec]

Figure V-8-1) Normalized cross correlation of "normal" discharges exhibit
phased-locked tearing modes rotating in the direction of the ion diamagnetic Phase

20O

cu e  ii:0ooitltltt
_ 10 11 12 13 14 15

Time [msec]

Figure V-8-3) Amplitude and phase of n = 6 is shown. Added impurities
after each sawtooth crash slows the coherent modes for some period of
time.
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Normalized Cross Correlation Function Normalized Cross Correlation Function ( 3.75% Argon Doping )

360 [ _ 360 _._f_....._...._.._..

.-

5

0 _ - _ "*-Re£

0 -',-Ref [

_--Coherent Modes Lock | ""

I I J I To the Conductingl WalL_I[ _ . t I _ I I 0.6
0 06 [ La_ Time [msec]

Lag Time[msec] ] Figure V-8-5) Toroidal cross-correlation of edge magnetic fluctuations.
Figure V-8-4) Cross-correlation of edge toroidal magnetic fluctuations show Coherent modes exhibit "slowing down" when impurities (3.75% argon
"locking" of phase-locked tearing modes to the conducting wall due to either doping) are added to hydrogen plasmas.
large field errors or high impurities.
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F Normalized Cross Correlation Function ( 8.83% Argon Doping ) 8 BPDOT RA_ DATA

3601 _ o :f Sawt°°th7 4 cm ir_rtion__ _' o ,,L.lh'.........,_.,_......a,....._...jk...It_kL........._....
P

9 10 11 12 13 14 15

•"o -

--_ __------- _ 6 F Sa_°°th7 8 cminsertion

-_ _ _ _ o
_ -

-

- _ I I I I I I

0 - _ -'-Ref 9 10 11. 12 13 14 15
8

g :F Sawt°°th7

I J l , l _ o ____ _. __........ _L o
-0.6 0 0 6 _ ""

Lag Time lmsecl _ -

Figure V-8-6) Toroidal cross-correlation of edge magnetic fluctuations. Phase- - _ i _ _ _ i
locked coherent modes are locked to the conducting wall after 8% impurity 9 Io 11 la la 14 15
concentration. T_MtE:[reset]

Figure V-8-7) Raw magnetic fluctuation signals show reduction or "locking"
of oscillations, as a conducting limiter is inserted into the plasma.
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Frequency Spectrum
10-6 .......................... _ Frequency Spectrum

Paddle@ 4 Cm _ 1(38 ..........................

" "-_>o _] Paddle @ 12 Cm

I
0 260

Frequency[kHz]

Figure V-8-8) Frequency spectrum of magnetic fluctua-
tions when material limiter is at 4 cm insertion.The 161 .........................

coherent modes shift to higher frequencies. 0 Frequency [kHz] 260

FrequencySpectrum Figure V-8-10) Frequency spectrum after 12 cm limiter
10-7 ......................... insertion. The modes are locked and a monotonic fre-

Paddle@ 8 Cm quency spectrum is observed.

0 260
Frequency [kHz]

Figure V-8-9) Frequency spectrum when limiter is at 8
cm insertion. The amplitude is decreased and the fre-

quency is reduced.
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Toroidal Mode spectrum Toroidal Mode spectrum
110 220 , _ , _ , , , _ , , , _ , _ , , , J ,

n_5

Limiter @ 4 Cm Limiter @ 8 Cm

cD _D
._> >

o o _ I ; 1 l I I I I I i

- 100 Toroidal Mode Number 100 -100 0 100

Figure V-8- I 1) The effect of a material limiter on toroid'al mode spectra. We Toroidal Mode Number
observe the formation of external modes as the limiter is inserted into the Figure V-8-12) The toroidal mode spectrum when the limiter is inserted into

plasma, the plasma by 8 cm. We observe mode locking to the conducting wall.
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Normalized Cross Correlation Function ( Locking to Wall at Limiter Location). Toroidal Mode spectrum

- 34
36O

- Limitet _ 12 Cm
i

"_ _ _ Limiter "___
o Location

0 .,,-R_

I I l I I 1
0 0.6

-0.6 LagTime[msec]

Figure V-8-13) Normalized cross-correlation of 64 toroidal coils. Mode 0
locking in the vicinity of the limiter has occurred.The limiter is at 8 cm. -100 0 100

Figure V-8-14) The toroidal mode spectrum from a 2-point correlation
analysis is shown. All modes are external and amplitudes are small.
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During the crash phase of a sav_1ooth oscillation (which is not modelled by

the MHD computation employed here) the nonlinear couplings are strongly enhanced,

simultaneous with broadening of the mode spectra. This is consistent with nonlinear

coupling being the source of generation of spectral broadening during a crash
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(although bi-spectral analysis does not indicate causality). The data reported here are rotational speed of the phased-locked modes by adding impurities and modelled the

the first example of measurements of k-space coupling of fluctuation spectra, sawtooth-generated impulsive field error_ by a retractable conducting limiter. Further

Measurement of nonlinear interactions, by the technique used here and extensions research in this area is in order.

thereof, are essential for an adequate understanding of the nonlinear plasma physics The parallel (poloidal) correlation length has been measured by placing an

intrinsic to confined plasmas, army of sensors on the inside edge of MST. The values found are similar to those

We have modeled the temporal evolution of toroidal mode spectrum as a found in other RFPs. For f- 35 kHz, Lp (- L[I) is of the order of one half the

summation of second and third order momems. Calculated linear (growth rate, Lk) circumference for coherent m=l helical modes. For higher frequencies the values are

and quadratic (wave-wave coupling, Qk) transfer functions are used to estimate the smaller. The transverse (toroidal) correlation length is found to be much shorter.

"future" n-spectrum. Comparison of measured and modelled n-spectra are similar in Hence, we have utilized the closely-spaced dense-array sensors, (to improve the

the low toroidal mode numbers and are promising for the prediction of small scale certainty of the measurement would require consistent coherence between the coils

wavenumber evolutions, as frequency and spacing increases). This has been achieved by simultaneously

Correlations of electrostatic fluctuations with radial magnetic fluctuations measuring the signals of multi-toroidal sensors. The measured toroidal correlation

within a radial separation of 1/2 cm are non-zero, but small (),2 _ 0.2). Thus. a length is L T - 20 cm for f- 35 kHz and reduces to - 6 cm at 120 kHz, hence,

significant fraction of the measured electrostatic fluctuations may arise from sources broadening of the n-spectrum as frequency increases is estimated (we have verified

other than radial convection with the magnetic field. Hence. specification of magnetic this broadening by other methods).

turbulence properties in no way determines those of electrostatic tluctuations. We have measured toroidal and poloidal mode number spectra using extensive

We have studied the phase-locking of tearing modes and sawtooth oscillations arrays of coils by applying three different methods. We have found that low

via nonlinear k-coupling throughout this thesis. Altering their characteristics could frequency magnetic fluctuations are consistent with the global tearing instabilities

help in finding ways to eliminate them. We have successfully manipulated the predicted by MHD codes (m = land n- 2 R/a-6). These coherent modes are phased
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locked to one another forming a localized disturbance rotating in ion diamagnetic MHD model of plasma turbulence and many methods have been implemented to

current direction. High frequency magnetic fluctuations are broadband and locally alleviate any restrictions of a given method.

resonant. The calculated helical "association" spectrum are similar to global helical

tearing instabilities predicted by the MHD code.

We have successfully measured edge magnetic fluctuations using hundreds of

magnetic sensing coils around the device. Despite the uniqueness and size of the MST

device, there is no evidence to indicate that the general attributes of magnetic

turbulence measured in MST are in an), way significantly different from those found

in the other devices to date (e.g., low frequency fluctuations tend to decrease with

plasma currenL with an exception of no observable correlation between toroidal

magnetic fluctuations and Lundquist number in MST from a limited data). This

implies that the results presented in this thesis may be considered fully relevant to the

study of any other RFP. The goal of this work has been to measure the edge magnetic

fluctuations on an RFP plasma device, such as the Madison Symmetric Torus (MSTL

by including the quadratic nonlinearities in the magnetic fluctuations. Given the

complex physics of the RFP, certain approximations were made in representing the

modal structure. Some of these assumptions were rather restrictive, and any prediction

based on them must be kept in proper perspective. In general, however, the

experimental results presented here illustrate excellent agreement with the resistive

e- .
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