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ABSTRACT

The magnetohydrodynamic (MHD) dynamo, {(5xb), and edge plasma flow
profiles have been measured spectroscopically in the edge of the Madison
Symmetric Torus (MST) Reversed-Field Pinch (RFP). The dynamo has been
anticipated by theory and experiment to drive current not accounted for by
applied or induced electric fields in the RFP. Previous spectroscopic
measurements in MST have verified the presence of the dynamo in the core, and
Langmuir probe measurements in the extreme edge have measured a dynamo
produced from E x B velocity fluctuations. The present work employs a novel
insertable optical probe, the Ion Dynamics Spectrometry Probe (IDSP), which
has good spatial resolution and can access the edge (0.75 < r/a < 0.95), to extend
the core spectroscopic velocity measurements into that region so as to measure
the local dynamo during discrete flux-generation events ("dynamo events"). As a
secondary result, equilibrium plasma flows in that region are also measured.

The velocity fluctuation measurements yield three substantial results.
First, the dynamo balances Ohm's law in the region outside the reversal surface,
accounting for the total current drive away from a dynamo event when the

electric field is small, and balancing the electric field during the rise of the



ii
dynamo event while the current responds modestly and more slowly. Second,
the dynamo fluctuations in this region are found to consist mainly of modes with
poloidal number m=0 and toroidal numbers n=1 and 2, corresponding to locally
resonant magnetic modes. Third, the phase of the velocity fluctuations has been
measured across their resonant surface and reflects the parity predicted by
linear tearing mode theory.

The equilibrium toroidal flow profile shows flattening concurrent with the
dynamo event, decelerating in a way previously seen in core flows and mode
rotation. The deceleration is found to propagate outward from the core. The
parallel momentum profile also flattens during the dynamo event. The radial
velocity is measured to be significant and inward throughout a discharge, and to
change by up to 3 km/s on average during a dynamo event; an explanation of this

awaits further work.



iii

Acknowledgements

As one of our number has said, "Science is not done in a vacuum." This is
nowhere more true than on MST! A great many people have contributed to this
dissertation and to my formation as a physicist, and they cannot all be recalled
here. Still, some of the most significant contributions must not go without

mention.

First and foremost, my thanks go to my advisor, Professor Stewart Prager.
He provided me with an excellent combination of freedom and intellectual
support, not to mention money. It has been a privilege to work with and for such

a brilliant communicator and keen mind.

Dr. Gennady Fiksel's mind is simply the most scientifically fertile I have
encountered. I owe him a great debt; in addition to providing me with the
benefit of his close collaboration, he designed the IDSP and then graciously
offered to let me reap its first physics fruits. And he's a nice guy, too.




iv
I thank my defense committee for donating their time and input to help
me wrap up my graduate student career in time to start my next job. They

include Professor Paul Terry and Assistant Professor Cary Forest as readers and

Professors Clint Sprott and Ray Fonck as nonreaders.

Thanks go also to Dr. Dan Den Hartog, who built the spectrometer, Dr.
Abdul Almagri, who built the magnetic probe, Dr. Darren Craig, who built the
Rogowski probe, Ching-Shih Chiang, who built the Langmuir probe, and Dr. Jim
Chapman, who wrote much of the IDL code used in ahalyzing my data and much

more that I pirated and modified for my own designs.

It has been my privilege to be involved intellectually, socially, and
emotionally with a number of otheré who have participated in creating a
stimulating and enjoyable environment. The know who they are: that crazy
Espaniard, who is supposed to have had the coffee shop on its feet for me to come
work in by now, the guy I took to IHOP to learn the difference between a pizza
and a pancake, that biker dude, whom I leave as the Lone Inertial Ranger from
the Sterling Hall days, the guy who commits random acts of desk violence and
shouldn't get too comfortable just because I'm graduating, my partner from By
transformer construction to hauling firewood to metaphysical contemplation, my
Zen master who did the impossible for MST and is doing it now for MDX, the guy
who made us realize we didn't actually play very many computer games, the one
who's finishing soon and will be dangerous if he can ever figure out the
difference between his Chardonnay glass and his Cabernet glass, the woman
who knows "a whole lotta man" when she sees it, the poker night source term
who knows a lot about a lot if you put a pile of wings in front of him, both the
computer guys, the Energizer Bunny, the Magic 8-Ball, the whole bunch of



v

hibpies, the one working on her investment banking career, and all the other
current and former grad students, scientists, and staff who have contributed to

~ making grad school interesting. One last word to you all: Get to work!

Thanks to my local support network, in particular to Pam Bradford, Ruth
and Troy Jacobson, and B.J. Infante, who supported me through the final stretch
in the best way possible: with food.

Thanks to my father Paul and my mother Margaret, who have always
provided love, care, and encouragement to pursue my quirky interests whether
they understood them or not. I regret that Mum did not make it to see me reach
this goal, but I know she has been helping me even in the last few months.
Thanks to all my brothers and sisters, too, for their concern and encouragement;

I can't imagine a family I would rather be a part of.

Finally, I would like to thank the American taxpayers who have enabled
fusion and plasma research in this country to survive, since I and this work have

been funded by a grant from the U.S. D.O.E.

"The smashing victory of the "Blessed be you, mighty Matter, irresistible
theoretical approach [to plasma Progression, Reality ever new-born; you
physics] over the experimental who, by constantly shattering our mental
approach lasted as long as a categories, force us to go ever further in

confrontation with reality could be our pursuit of Truth.

avoided." - : .
ded.” - Hannes Alfvén "Blessed be you, universal Matter, limitless

Time, unbounded Space, triple abyss of
stars and atoms and generations; you who,
by overflowing and dissolving our narrow
standards of measurement, reveal to us
the dimensions of GOD."

- Pierre Teilhard de Chardin, S.J.

"How manifold are your works, O
LORD! - In wisdom You have
wrought them all." - Ps. 104:24



This Work is Dedicated to the Memory of

Margaret Dorothy Fontana
1 March 1928 - 8 March 1999

Robert Joseph Fontana
29 July 1957 - 6 July 1999

Elizabeth Gail Fontana
6 June 1985 - 13 September 1994

Requiem eeternam dona eis, Domine,
Et lux perpetua luceat eis.

vi



Table of Contents

vii

PN 153 7 - T ORI i
AcKknowledgements .........ccueeviiiiiiiiiiniit e iii
Table of CoNtents .....cocoveiiiiiiiiiieec e vii
LiSt Of FIGUIES .oocuuviiiiciieeeiie ettt ix
Introduction .......... PR 1
1.1 The Need for the Dynamo in the Reversed-Field Pinch ............. 1
1.2 Previous Dynamo Measurements in the RFP ........................ 6
1.3 Contribution of the Present Dynamo Measurement.................. 7
1.4 Additional Measurements: Edge Equilibrium Flows................. 9
2 Diagnostic Tools and Techniques ...........c.cccccoooiiiin. 12
2.0 Introduction .......ccceeeiriiiiiieie i 12
2.1 The Ion Dynamics Spectrometer (IDS).........cccccceiiiiiiiiinnnnnnnn. 13
2.2 The Ion Dynamics Spectrometry Probe (IDSP)...........ccccccoenee. 15
2.3 Other Diagnostic Probes .......cccccoeivviiiiiiciiiiiiiiiniiee, 22

2.3.1 The Insertable Magnetic Probe.......c..cccccceveiiiinniniiinns .. 22



2.3.2 The Rogowski Probe .......ccccoovieiiiiiiiiiienn e 24

2.3.3 The Triple Langmuir Probe .........ccccccceviiiiiiiiiiniiniinnene. 25

2.4 Correlation Ensemble Analysis........ccccceevviiiiiiiiniiiiieeeee e, 26

2.5 The Toroidal Array and Pseudo-spectral Analysis .......ccccccee.n. 30

3 Edge Equilibrium Ion Flows............cccccoeeeiiiiiiinn. 34
3.0 Introduction........ccccociiiininnniiins s 34

3.1 Toroidal Velocity Profile ...........ccccoooiiiiiiiiiniii 35

3.2 Poloidal Velocity Profile.............ccocoeeiiieiiiiiiiniiiiiencinn. 40

3.3 The Case for an Equilibrium Radial Velocity.........ccccccccerinnenne 43

3.4 Equilibrium Flows during Electrostatic Current Injection ........ 48

3.5 Flow Changes during PPCD ...........ccccciiiiiiiiiiiiiiec e, 50

3.6 Safety Factor Changes and Flow Profiles...........ccccoeovivienncens 51

4 Edge Velocity Fluctuations and the Dynameo................ 54
4.0 TIEEOAUCHON v eeeeeeseee e eeesee s eeeeeseee s eeeeeeeeeeeee 54

4.1 Mean-Field Ohm's Law ................. rieiierdnrenesisieietetierieneaar e e nene e anes 55

4.2 Induced Parallel Electric Field Measurement...........c..cccccceeenee 58

4.3 Paraﬂel Current Measurement ...........cccccceeeiieiriiiiiii i 59

4.4 Profile of the Fluctuation-Induced Dynamo and Ohm's Law ..... 60

4.5 Pseudo-spectral Analysis of Velocity and Magnetic Field .......... 63

4.6 Phase Profile of Velocity and Magnetic Field ..........ccccccoeeennnee. 71

5 Review and Future Work ... 74
5.1 SUMMATY ...coviieiiiiiieeeecr e te e e e s eaeereaeeee s e emanneeeeas 74

5.2 Future WOorK......cooooiiiiiiiiiiiiiieeee ettt 78

viii



List of Figures

ix

1.1.
1.2.

2.1.
2.2.
2.3.
24.
2.5.
2.6.

3.1.
3.2.
3.3.
3.4.
3.5.
3.6.

Typical RFP Magnetic Field Profiles......cccccveeeeeeeeeriiiiiiiininireneeenines 3

Flux Generation Events in MST ........cccooiiii 5

The Ion Dynamics Spectrometer...........coooviviiiiiiin, 13
The Ion Dynamics Spectrometry Probe .........c.ccccooieiiniinnn ieaianees 16
Spectroscopy with the IDSP ..., 18
The Insertable Magnetic Probe..........cccooriiiiiiiiiiii 23
The Rogowski Probe .........cocooviimiiniii 24
The Triple Langmuir Probe .........cccooiiiiii 25
Edge Toroidal Ion Velocity for a Typical Discharge...........c.......... 36
Toroidal Ion Velocity with Reversed and Normal Bp .................... 37
Profile of Toroidal Velocity during a Sawtooth ...........ccceeveienin 38
Time Dependence of Toroidal Velocity at a Sawtooth ................... 39
Edge Poloidal Ion Velocity for a Typical Discharge ............cc......... 40

Profile of Poloidal Velocity during a Sawtooth (I).......... R 41



3.7.  Profile of Poloidal Velocity during a Sawtooth (ID) ....coevvriiniines 42

3.8. Edge Parallel Momentum Profile during a Sawtooth.................... 43
3.9. [Edge Relative Radial Ion Velocity for a Typical Discharge........... 44
3.10. Radial Velocity Profile during a Sawtooth .........c..ccccvvvvvveireeennennee. 45
3.11. Absolute Spectrometer Calibration .............cccceevvevevieeeeieeenneeenen. 46
3.12. Ensembled Radial Velocity Profile ..........c.ccccooeevviiiiiiiiiiiiiiee, 47
3.13. Toroidal Flow Profile during Gun Biasing.............cccccecvveveervennennen. 48
3.14. Relative Shear with Gun Biasing..........ccccceeeeveieeveneicieceeiee e, 49
3.15. Toroidal Velocity during PPCD ...........cccoceeviivieiiiceecee e 51
3.16. Local Safety Factor Profile during a Dynamo Event...................... 52
3.17. Contour Plot of Safety Factor Profile during a Dynamo Event ..... 53
4.1. Edge Parallel Electric Field Profile .............cccceeevvevvvencieeeceeecneei. 58
4.2. Edge Toroidal Magnetic Field Profile .......c..cccoevevveeeiciiiieeieeene 59
4.3. Edge Parallel Current Profile .............cccoooeviieeeeiieeeeeeeeeeeee e 60
44. Edge Dynamo and Ohm's Law Profiles .............cccccooevivveienecnnnnnnn. 61
45. Bp-Pseudo-‘Spectrumv OF B\ oo 64
4.6. Bp-Pseudo-Spectrlim OF B e 65
4.7. Bp-Pseudo-Spectrum of ¥T........c.ccccevveiiiiiiiiieee e R 65
4.8. Bp-Pseudo-Spectrum of ¥t.........c.covvviviiiiiiiiei e, 66
4.9. Bt-Pseudo-Spectra of vt and Vr........ccceeevvveecieeiiiiciieee e 67
4.10. Average n=1 Mode Amplitude ..........cceevevreveerreecreeiieeeerieee e, 67
4.11. Phase and Amplitude of the n=1 Mode ..........cccevevurrrevrecreesreennnns 69
4.12. Correlations With and Without Randomization ...........ccccecveneeee. 70
4.13. Phase Profiles of Magnetic Signals and Dynamo ........................... 71

4.14. Relative Phase of VI and Ft...ccoeoueeeeeeeeeeeeeee e eeeeeeeeeeeeeeeeeeeeeeeeeeens 72



1: Introduction

1.1 The Need for the Dynamo in the Reversed-Field Pinch

By this point in history, the popular culture is aware of and has largely
assimilated the radical ideas of the "modern" physics of quantum mechanics and
relativity theory which threatened to render classical physics obsolete early in
this century. Yet there is another slower, more recent revoluﬁon underway in
the study of physics which the general public is only just beginning to grasp. It
involves efforts to understand systems in the classical regime but of sufficient
complexity as to render their solution intractable under classical techniques. A
hallmark of these complex systems which the "neo-classical" theory attempts to
capture is large-scale self-organization; that is, large-scale simple structure is
seen to emerge from small-scale complex turbulent activity.] A preeminent
example of this is the self-generation of large-scale magnetic fields in conducting
fluids, an effect known as "the dynamo." One of the most ubiquitous
manifestations of self-organization in nature, the dynamo occurs on scales

ranging from stars and perhaps galaxies to planets to 1aboratory plasmas.?
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The dynamo was first proposed to explain the existehce of the Earth's
magnetic field and sunspots in the 1930's. At that time T.G. Cowling
demonstrated3 that an azimuthally symmetric magnetic field cannot be
maintained in steady state by fluid motion alone. As the argument applies
equally well to toroidal laboratory plaéma, it is summarized here as follows:
Consider a steady toroidal magnetic topology of closed flux surfaces with toroidal
axisymmetry. There exists at least one toroidal magnetic axis, on which B =0
but VxB is nonzero and has a toroidal component. Hence j = VxB/u, also has a
toroidal component on axis by Ampeére's law. In Ohm's law for a magnetofluid,4
E +vxB=mnj, vxB =0 because B =0 there, leaving E with a toroidally
symmetric toroidal component. Integrating this around the magnetic axis then
gives a nonzero time derivative of poloidal flux from Faraday's law,
&E-ds=—%J‘B-dA, contradicting the assumption of steady state without
external drive. The conclusion is that such a steady field requires toroidal

asymmetry (i.e. fluctuations) at least on the magnetic axis.

A similar argument can be applied to the steady-state field of a Reversed-
Field Pinch (RFP), a toroidal magnetic plasma confinement device with the
principal defining characteristic that the toroidal field By decreases
monotonically from the axis to the edge, passing through 0 for some flux surface
interior to the plasma referred to as the "reversal surface" (Figure 1.2).5 In this
configuration the field cannot be sustained without fluctuations regardless of the
presence of an external drive.6;7 By an argument similar to Cowling's theorem,
the nonzero radial derivative of By (together with toroidal symmetry) ensures a
poloidal current jg everywhere, which, assuming poloidal symmetry, cannot be

driven at the reversal surface by vxB, which has no poloidal component there.
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Hence there must be a poloidal electric field Eg. Applying Faraday's law this
time in the poloidal sense around a contour lying dynin the reversal surface finds
that the toroidal flux decays. In the absence of external drive, then, the RFP
magnetic configuration can only be maintained by non-MHD effects or by both
toroidal and poloidal symmetry-breaking magnetic fluctuations b, which drive
the steady state current through the vxB term in Ohm's law by correlating
appropriately with asymmetries & in the fluid flow. This is precisely the
"dynamo" mentioned above: the self-generation (or regeneration) of large scale

magnetic field from small-scale structure. In the litterature this particular

0.2E
© 0.1 —
n »
()] C
-
0.0F
01 F ]
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Figure 1.1. Typical RFP Magnetic Field Profiles. The toroidal field has a
radial gradient everywhere except r/a = 0.0 and passes through zero near
the edge.

manifestation of the dynamo is often referred to as the "a-effect”, in reference to
terminology employed in early geo- and astrophysical dynamo theory.8 In that

framework it is shown? that the mean-field average of the fluctuation-induced
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e.m.f. is linear in the mean magnetic field and its derivatives, and that this term

is able to sustain the field against resistive decay.

Experimental RFP's include external current drive, which could
hypothetically act to sustain the magnetic field. However, Caramana and
Baker10 have modeled RFP discharges in the ZT-40 RFP without dynamo. Their
model, a one-dimensional MHD simulation using the edge boundary conditions
measurable in ZT-40 flat-topped and ramp-up discharges, showed that their
applied drive is completely inadequate to explain the maintenance of their fields

against resistive decay

All of this suggests the presence of dynamo in the steady state RFP. In
addition, the toroidal flux in some RFP's is known to increase in discrete bursts,
referred to herein as "sawtooth crashes" or "sawteeth" (Figure 1.2).11:12 Current
profile modeling has been used to determine the magnetic»ﬁelds and the e.m.f.
associated with these fast flux changes, resolved as a function of time. It is
found that the parallel current profile (toroidal in the core, poloidal in the edge)
flattens dramatically during these flux generation events, in a way which cannot
be accounted for by the induced or applied e.m.f. The conclusion is that the
supplemental e.m.f. — presumed to be the fluctuation-induced dynamo - is
responsible for the flux generation. These sawteeth will synonymously be called

"dynamo events" in this thesis.

In addition to the experimental modeling, extensive nonlinear simulations
have been conducted, with similar results.13,14,15,16 These simulations include
magnetic and fluid fluctuations explicitly and allow direct study of (§xb). The

dynamo does in fact supply an appropriate e.m.f. in these simulations, and
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furthermore the correlated fluctuations involved are identified in the code as
resistive tearing instabilities, known to include most of the magnetic fluctuations

in the RFP.

J. B. Taylor has developed a theory which captures a wide range of
observed plasma dynamics by assuming that the plasma relaxes to a minimum
energy state under the constraint of global conservation of magnetic helicity.17.18
An understanding of the dynamo event from application of Taylor's relaxation
theory to the RFP follows.19,20 The RFP steady state, being driven, is close to
but not entirely in a relaxed Taylor state. The current drive, consisting of a
toroidal voltage, tends to drive more parallel current in the core than at the
edgé. This peaking of the parallel current profile is enhanced by resistive
magnetic diffusion. Since in the preferred state the current profile is nearly
flat, this drives the current away from relaxation, storing free energy as it does

so in the radial parallel current gradient. When the current gradient becomes

0.6 e
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Figure 1.2. Flux Generation Events in the RFP. Shown is the average
toroidal flux for a typical discharge, showing discrete bursts of dynamo
activity.
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large enough in regions where resistive tearing modes are resonant, they are
destabilized, increasing in such a way as to provide current-flattening (iixE).
The plasma thus progresses back toward a relaxed state. Finally, As the current
profile flattens the free energy source driving the instabilities goes away, and the
tearing modes return to their quasi-stable inter-event level, reducing the

dynamo as well.

1.2 Previous Dynamo Measurements in the RFP

Of course, all of the preceding discussion wants direct, experimental
observation of the fluctuation induced dynamo (6xb). Prior to the current work,
there have been two sets of such measurements in the RFP. One has involved
spectroscopic measurements of ion velocity fluctuations in the core (r/a < 0.6) of
the Madison Symmetric Torus RFP (MST)21, correlated with core-resonant
magnetic fluctuations as measured with edge magnetic arrays.22 The result was
positive: the fluctuations produced an e.m.f. which within experimental
uncertainties balanced Ohm's law. The experiment suffered somewhat from
limitations imposed by the chord-averaged measurements provided by the
diagnostics. However, the measurement found that although the m=1 magnetic
modes are known to have broad eigenfunctions, the velocity fluctuations tend to
correlate with a magnetic mode most strongly in the relatively narrow region of
the mode's resonant surface; this suggests eigenfunctions for the velocity

fluctuations which are more localized than those for magnetics.

The other RFP dynamo measurements had been made with insertable
Langmuir probes in the extreme edge (r/a > 0.90) of several RFP's.23,24,25 The

probe measured velocity fluctuations only through inference from E x B and
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VP xB (diamagnetic) velocities. In‘ the edge of the REPUTE-1 RFP the
measured dynamo e.m.f. could not account for Nj—E;. This raises the question of
whether velocity fluctuations other than those measured exist in this machine,
or whether the missing e.m.f. is supplied by some other mechanism. In MST,
however, while the diamagnetic fluctuations were found to be small, the dynamo
calculated from the E x B velocity did balance Ohm's law. In the TPE-1RM20
RFP the situation was reversed from MST, with diamagnetic fluctuations

dominating the dynamo, while still balancing Ohm's law. -

1.3 Contribution of the Present Dynamo Measurement

The present work was done on MST, and is to be understood as
complementary with the previous dynamo measurements there. The velocity
fluctuations Wére measured using a novel insertable spectroscopic probe, the Ion
Dynamics Spectrometry Probe (IDSP).26 The probe has the advantages of
localization and of access to the near edge of MST (0.75 < r/a < 0.95). Thus it
extends the range and improves the localization of the previous spectroscopic
measurements. Compared with the Langmuir probe measurements in MST, the
present work provides the complete flow velocity fluctuation, not j1'1st E x B and
diamagnetic; the result that at the extreme edge the measurements agree
indicates that other contributions to the velocity fluctuations do not contribute to
the dynamo there. In addition to the velocity measurements, local
measurements of magnetic fluctuations, electric field, and current were also

made to allow study of Ohm's law.

The work yields three substantial conclusions. First, in the region outside

the reversal surface the measured dynamo balances Ohm's law. Away from the
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dynamo event the parallel electric field is small; the dynamo is sufficient to drive
the relatively small parallel current. During flux generation, the parallel
electric field is large as expected; the dynamo simultaneously increases in the
opposite direction to balance it, becoming large at the peak of the dynamo event,
‘while the current rises more slowly and only modestly. Second, the dynamo
fluctuations in this region are found to consist mainly of modes with poloidal
number m=0 and toroidal numbers n=1 and 2. These correspond to the magnetic
modes resonant at the reversal surface; i.e., the dynamo velocity fluctuations are
related only to the locally resonant magnetic modes, and not to modes of large
amplitude but which are resonant elsewhere. In addition, at the smallest radii
(inside the reversal surface) there is some indication of the presence of high-n
components in the spectrum, also corresponding to locally resonant tearing
modes but here of poloidal mode number m=1. The implication is that the
dynamo is produced not by the presence of the magnetic fluctuations per se, but
only by the reconnection associated with these modes, which is localized to
regions near their resonant surfaces. Third, since the velocity fluctuations in
this region are all resonant at the same radius, we have taken advantage of the
opportunity to measure their phase parity. They are found to display the parity
predicted by linear MHD theory for tearing mode velocities, namely, 0,
undergoes a phase flip of © rédians across the resonant surface while 7,
maintains constant phase. Under most conditions the presence at any given
position of many modes with disparate resonant surfaces makes this
measurement unfeasible; to our knowledge, ours constitutes the first direct

“observation of the tearing mode phase parity in the velocity.



1.4 Additional Measutements: Edge Equilibrium Flows

In addition to the study of the dynamo, this work includes as a secondary
emphasis an empirical study of the equilibrium plasma flows (defined
alternately as flux-surface averages or flows changing slowly with respect to
fluctuations) in the RFP edge. The evolution of the toroidal velocity profile
during a sawtooth is studied, including its rapid deceleration‘ and re-
~ acceleration. This phenomenon is seen to occur first in the core, followed later by
the edge, with a delay as the effect propagates across the reversal surface. This
is consistent with the theory that the deceleration is caused by torques applied to
magnetic islands which are growing at the sawtooth.27 Meanwhile, the
equilibrium poloidal proﬁle is found to change much less drastically at a
sawtooth, although combining parallel velocity with local density measurements
from a Langmuir probe to give parallel momentum shows significant flattening
of the momentum profile with the sawtooth. This in interesting in the light of
theories which predict similar behavior for parallel momentum transport.28
There is a shear in v, across the reversal surface, becoming stronger during the
0.5 ms following the crash due to acceleration of the core-side ions. A nonzero

inward radial velocity is also measured, which remains to be explained.

The velocity profile has been measured during electrostatic current
injection29,30 to investigate flow shear as a cause of the improved confinement in
that mode of operation; the result is that in the range observed the flow changes
direction but the shear does not change significantly. Attempts to study the
profile during good confinement produced with auxiliary poloidal current drive
(PPCD)31 were less successful due to degradation of the good confinement due to

the presence of the IDSP at deep insertion, but a single-point measurement was
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made showing the change in character of the toroidal flow as well as the

reduction of dynamb in that regime.
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2: Diagnostic Tools and Techniques

2.0  Introduction

In this chapter the principal diagnostics used for investigations of the ion
dynamics in the edge of MST will be discussed. This includes discussions of the
IDS and the IDS probe, the insertable magnetic pickup probe and Rogowski
probe, and triple Langmuir probe. Special emphasis will be given to the
techniques involved in measurements with the specialized passive spectrometry
system. This will be followed by a discussion of analytical techniques including
tdroidal mode analysis, a technique called "pseudo-spectrum analysis" for
inferring mode structure of a signal by comparison with edge magnetics, and
sawtooth-ensembled correlation analysis, all of which will be used in the
investigations of subsequent chapters. Readers who are interested in
experimental results can skip most of this chapter with impunity, although they
may want to skim the last two sections to become familiar with my usage of

various mathematical terms for which conventions in definitions may vary.
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2.1 The Ion Dynamics Spectrometer (IDS)

/—- MST Vacuum Vessel

PMT Array

Mirror

Bulk lon Flow

-

\ Lens
45" Port

Fiber Optic
Bundles

Entrance Slit

F.O. Bundles

Exit Plane

\I

) Grating
Filter Monochrometer

Czerny-Turner Duo-Spectrometer

Figure 2.1. The Ion Dynamics Spectrometer (IDS), shown in its
conventional configuration viewing the plasma through two opposed
toroidal chords.

All of the new results of this work involve measurements made with a
novel insertable optical probe designed to collect light to be used in Doppler
spectroscopy from a localized region of the plasma. The probe itself is an
attachment to a passive spectroscopy system known as the Ion Dynamics

Specfrometer (IDS). The spectrometer is covered in detail elsewherel 2, but a

presentation of some of its features relevant to the current work is in order.

The IDS is a f/10 1.0 m focal length Czerny-Turner style "duo"-
spectrometer, able to process light collected in two fused-silica fiber optic bundles
simultaneously. As designed, the spectrometer views the plasma through two
antiparallel toroidal chords. In this conﬁguration the two simultaneous views

obviate the need for absolute calibration of the spectrometer. When used instead
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with the IDS probe, they allow for simultaneous measurements of two

components of the plasma velocity, as described in the next section.

The light collected by the two IDS views is incident on a 1180 groove/mm
diffraction grating. The light exits the spectrometer in two sets of sixteen
channels evenly épaced in wavelength. In nth order each view has a range of
about 2.0/n nm and a resolution of about 0.125/n nm, values which are
determined by the dispersion of the grating and the configuration of the
channels exiting the spectrometer. This setup allows observation of isolated
radiation emission lines from the plasma, which can then be analyzed for their
Doppler shift and Dopplerk broadening to calculate the species' velocity and
temperature. The spectrometer's design is optimized for measurements of the
Cv 227.09 nm line made in fifth order with temperatures on the order of 102 eV,

but has also been used effectively with other lines and impurities.

Each of the 32 channels of the spectrometer is amplified with a separate
photomultiplier tube (PMT) operating in pulse mode and biased to about 500 V.
The PMT output is amplified by high-gain I/V amplifiers, low-pass filtered, and
finally digitized. The frequency response of the entire system is fairly flat to
250 kHz (down 5 dB from 5 to 250 kHz), and it is digitized at 1 MHz. Such fast
time resolution is one of the primary features of the IDS system and is critical in

the fluctuation analyses that follow.

In its conventional setup (Figure 2.1), the IDS is designed to collect light
emanating from deep inside the plasma along long lines of sight. This
penetrating power carries a twofold cost. First, like measurements from most

passive plasma diagnostics, IDS measurements made in this way are inherently
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nonlocal. The integration of light from all points along the instrument's lines of
sight tends to wash out small scale fluctuations and confuses the interpretation
of IDS observations. Second and related, the emissivity profiles of most plasma
impurity species and the geometry of the various lines of sight of the IDS system
render edge ion dynamics measurements difficult to impoésible. Increasing
awareness of the distinctive character of edge plasma dynamics and of the
importance of their role in global issues such as energy confinement and particle
transport makes it desiréble to find a way to apply the power of the IDS system |
to the outermost regions of the plasma. The desire for localization and access to
the plasma edge was the motivation for the construction of the IDS "probe"

described in the next section.

2.2 The Ion Dynamics Spectrometry Probe (IDSP)

The IDSP overcomes the limitations of conventional IDS spectroscopy by
collecting light only from a localized edge region of the plasma. The probe has a
boron nitride housing which allows fused silica fibers to be inserted into the edge
of the plasma, and it also supports boron nitride view dumps which limit the
light collection area viewed by thé fibers to a 5 cm x 5 cm region, thus achieving
the spatial localization (Figure 2.2). Light collected by the fibers is then
transmitted to the IDS system and the signals from the two views are analyzed,
amplified, and stored in the conventional way. The frame supporting the view
dumps is offset from the plane of view and has a large hole through the center to
minimize any obstruction it might cause to the plasma flow it is intended to
measure. The lines of sight are crossed at a right angle. This allows
simultaneous measurements of two components of the ion velocity, which can be

analyzed into the radial component and a perpendicular component selected by
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Figure 2.2. The Ion Dynamics Spectrometry Probe (IDSP). (a) Top view.

(b) Side view.
rotating the probe about its radial axis. The perpendicular component is
typically selected to be either toroidal or poloidal. The size of the probe restricts
its use to one of the available 41/5 in. ports on MST, located toroidally at 138°T
and 222°T and poloidally at 19°P. Measurements have been successfully made
in to a depth of r/a=0.77, though at the very deepest insertions the light is often
contaminated by broad-band pollution speculated to be black body radiation
emanating from the overheating view dumps. (All radial measurements will be

given with respect to the center of the viewing area of the IDSP; the front edge of
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the probe is about 0.05 deeper in r/a). Thus IDSP measurements are essentially

of the outer-midplane region of MST.

Figure 2.3 is an exaggerated illustration of the Doppler-broadened and
-shifted light seen by the IDSP. If the ions viewed are Maxwellian and the
distribution function is not a function of position within the viewing area (i.e. all
ions viewed have the same temperature T and bulk velocity Vo), their

distribution function is given by
m(y-v,)2
Jw)=fyre 2T
where f, = % is the normalized Velécity space amplitude. Light emitted by
each ion in this distribution is Doppler shifted, and in the nonrelativistic limit
v << ¢, the distribution function transforms into wavelength space using the

change of variables

to give

_ me? (A-1,-A0)2

fM=fe 2T %

- where /2, =xc;f v is the normalized wavelength space amplitude, A, is the
wavelength of the unshifted line, and AX is the Doppler shift of the centroid of
the distribution from A,. This function is nearly proportional to the wavelength
distribution seen by the spectrometer, subject to the assumptions stated above

and to constraints imposed by the spectrometer's finite resolution. A velocity
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Figure 2.3. Spectroscopy with the IDSP. A cartoon of the Doppler-shifted
line seen in each view of the probe.

and temperature of the emitting ion impurity species can therefore be extracted
from moments of the measured distribution, calculating the velocity from the

shift in wavelength of the centroid as given above with

ar=[0.=2p)r 00,

and the temperature from the relationship

262
_ me20y
2o
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where o, is the width of the distribution in wavelength,
2 = | (A= (r, + AN F)dM
63 = | (A=(2o + A1) F)dN.

In practice, the integrals are not calculated directly. Instead the wavelength
distribution is fit with a Gaussian using a nonlinear algorithm, and the shift and

width of the fit are used for AA and o, .

The spectrometer's two views give two simultaneous sets of
measurements, (AA1,0, 1) and (A)g, 5, 2). When using the IDSP, A1 = Ao+AA; and
A2 = Aot+AA transform into a radial velocity component v, and a perpendicular
component véerp. Given the geometry of the probe, light from ions with a
radially-outward velocity will be blue-shifted in both probe views (AL1, AX; < 0),
while light from ions with a perpendicular velocity will be red-shifted in one view
(taken for the purpose of illustration to be view 1) and blue-shifted in the other
(AM1 > 0,AL2 < 0). To be more quantitative, consider an ion with velocity (or a

distribution of ions with bulk velocity)

V=VpemP + YV,
where p and 7 are unit vectors in the perpendicular and radial directions,
respectively. Define unit vectors ¥ = —cosop +sinoF and ¥, =cosop +sinor in the
directions of the lines of sight, where o = 45° is the angle between the

perpendicular direction and line-of-sight 1. Then the velocity vi and vg

measured in each view is given by
V| =V eP| =—Vpg,, COSOL+V, SINQ

V) =V eV =Vp,, COSOLEV, SINCL.
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Solving for vy and vperp and substituting for vy and vg in terms of the Doppler

shift seen in each view gives

. = _(A)\.1+A7\.2) c -
r-— 2 Ao Sino

A —Ay)—E

Ao cosOL

"Pem =

The relative calibration of the spectrometer poses a special problem for v, which
is proportional to the average shift in wavelength of the two views. Calculating
an absolute value for v, fherefore requires knowledge of where the unshifted line
Ao lies with respect to the output of the spectrometer; i.e., the spectrometer must
be absolutely calibrated. This is a difficult measurement, and its details are
discussed in the next chapter. Fortunately, many measurements require only
the velocity fluctuation o,, which is independent of any offset in the
- spectrometer, and not the equilibrium value of v,. Furthermore, this caveat does
not affect vyerp Or Uperp, which depend only on the difference between the shifts in
view 1 and view 2 and can consequently be calculated absolutely regardless of

~ the spectrometer offset.

For all the IDSP measurements made in this thesis, the Hell 4685.7 A line
has been used. This line has several advantages. First, the mass and charge
state of this species make it as close as an impurity species can get to the bulk
hydrogen ions in the discharges studied. This forfends the perennial bugaboo of
impurity spectroscopy concerning whether the measured dynamics actually
reflect the bulk. Furthermore, since helium is not well-recycled by boron nitride
the fear of observing only gas emitted by the probe is avoided. The plasma fuel
is typically doped with helium both before and at the start of the discharge to
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increase the signal; before data were taken tests were done to determine levels of
doping which would not affect the plasma conditions strongly. The momentum

relaxation rate between two ion species is given approximately by3

w' 1/2 w
Vg = 6.8x10-8cm3/s -0y Z2Z'2In A 1+— |T-3/2
m m

W

where primes denote the background, nj is the background ion density, p and p'
are the masses in a.m.u., In A is the Coulomb logarithm, and T is the
temperature of the background ions. For Hell in the edge hydrogen plasmas of
MST, this comes out to the order of 104/s, so doping gas which has been
introduced early in the discharge will have acclimated to the background plasma
by the time the IDSP measurements are made. There is some concern about the
impurity velocity fluctuations reflecting those of the bulk, since IDSP
measurements are typically made at 100 kHz or faster; however, the relevant
dynamics in the present results take place at less than 10 kHz, slowly enough to
allow the velocities to match. The helium emission profile has been found to be
flat throughout the edge region of the plasmas studied here. The line used is
also relatively isolated, although some problems with small unidentified lines
close enough in wavelength to be seen simultaneously by the spectrometer do

occasionally have to be dealt with.

The Hell 4685.7 A line is viewed by the IDS in second order. This
determines the sensitivity of the spectrometer; in second order the sixteen
channels evenly span about 10 A. For this line, a velocity v and temperature T

appear to the spectrometer as
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v

AL =1.56x10-2A
1 /s

= 2.50x10~2 channels—
1km

/s

o =0.153A[T/1eV

(full width).
= 0.245channels+/T / 1eV

At the low edge ion temperatures of MST, the Doppler broadening is
significantly less than a spectrometer channel, unfortunately rendering IDSP
temperature measurements impossible under most conditions. Temperature
measurements with this line are also complicated by its finite fine structure, on
the order of an Angstrom, which in future measurements with a more sensitive
spectrometer will need to be subtracted from the line width before calculating
the temperature. The Doppler shift, though even smaller than the broadening as
compared with the channel width, is nonetheless measurable with a precision on
the order of 1 km/s. This sensitivity has two sources: first, overlapping
transmission functions of the detectors ensure signal in at least three channels
for even very narrow lines, and second, the centroid of the distribution is easier
to fit than the temperature, requiring only enough information about the

distribution to fit the first moment rather than the second.

2.3 | Other Diagnostic Probes
2.3.1 The Insertable Magnetic Probe

In addition to local velocity measurements, local magnetic measurements
are critical to this work. They provide three sets of information. First, they are
used to measure the local safety factor profile, q(r), in the edge of MST, and in
particular to identify the position and motion of the reversal surface, where

modes of poloidal number m=0 are resonant. Second, Bt(r) is used in the
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calculation of poloidal electric field near the wall. Third and most significantly,
b, and b, are correlated with velocity fluctuations to measure the MHD dynamo.
For all of these measurements an insertable probe consisting of a collection of
magnetic pickup coils was used (Figure 2.4).4 The coils are wound around the
boron nitride coil form shown in the figure. The deepest coil form bears three
- pickup coils: a one-turn Bp coil with rectangular dimensions of 3.0 cm radially
and approximately 0.4 cm toroidally (calibrated Aef=0.90 cm2), a two-turn Bt coil -
with rectangular dimensions of 3.0 cm radially and approximately 0.21 cm
poloidally (Aef=2.40 cm?2 ), and an 80-turn By coil with cylindrical dimensions of
approximately 0.16 cm radius and a 0.97 cm radial extent (Aef=7.74 cm?2). The
coils are electrostatically shielded with silver paint and clad in a sheath of boron
nitride to shield them from the plasma. Their signals are typically analog-

-integrated and digitized at 200 kHz.

coil form

boron nitride shroud——\ ~ electrostatic shield

/ \

/ \
/! \
7‘—1 S0cm -—l—*—\>
v .
0.062" [

- '338"'-———>

@ 190"

- .y
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Figure 2.4. The Insertable Magnetic Probe. Shown are (a) the probe
shaft, showing the relative orientation of multiple coil forms, (b) a single
coil form end view, with dimensions, (c) the coil form with poloidal and
toroidal windings, end view, and (d) the coil form, side view, with
dimensions, showing the orientation of the radial coil.
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2.3.2 The Rogowski Probe

The edge parallel current profile measurements in this thesis were made
using an insertable Rogowski coil5:8, The probe carrying the Rogowski coil also
has three single-turn magnetic coils, a circular coil used for Bp and two saddle-
| shaped coils for By and B;. The probe head is encased in a boron nitride ring
which has an inner diameter of 1.82 cm; the current density is obtained by
dividing the total current measured by the area of this hole. The magnetic field
coils, in addition to their use both in alignihg the probe and correcting for
imperfections in the Rogowski coil winding, provide an additional triplet of
magnetic field measurements. These signals have been used for some dynamo

measurements in lieu of the magnetic probe to corroborate the results of

Chapter 4.
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1.82 cm @

\

V

8 \
@ ® (c) Rogowski $%¢ (d) By

S \

\ | \

\ ’

\ \
(e) By H B,

Figure 2.5. The Rogowski Probe. Left: the boron nitride housing, (a) in
top view, showing the 1.82 cm-diameter current collection hole, and (b) in
side view. Right: the coil form, showing (c) a few representative turns of
the Rogowski coil, (d) the circular poloidal (parallel) magnetic field coil,
(e) the toroidal field saddle coil, and (f) the radial field saddle coil.
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2.3.3 The Triple Langmuir Probe

Equilibrium and fluctuating electron density measurements in this thesis
were made using an insertable three-tip Langmuir probe’. A large bias V31 is
maintained between tips 1 and 3 while they float with respect to ground, so as to
collect a current I in tip 3, which is measured with a low-impedance voltage
divider (Figure 2.6). Meanwhile tip 2 is allowed to float at the plasma potential,
and the potential V21 between tips 1 and 2 is measured. It can be shown® that

under the conditions of the edge plasmas in MST, the electron density n is given

3.o¢mm (@

Figure 2.6. The Triple Langmuir Probe. (a) End view. (b) Side view and
cartoon schematic showing bias applied between tips 1 and 3, measured
current collected in tip 3, and potential measured between tips 1 and 2.
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_ e:xp(1/2)I
T AeCy P2

where A is the ion collection area of probe tip 1, Cg is the ion sound speed
(Cs=+/T¢/ m; for these plasma conditions), and I, is the ion saturation current.
It can be shown that if the probe bias V31 >> Te /e, then I, and T, relate to the

measured current I and potential Vg1 through
Aj
T, =In{1+-3*|eV,, and

I, = 2|
T exp(eVqyy/ Tg) -1

Here A3/A is a correction factor on the order of 10-1 to account for differences in
ion collection area between tip 3 and tip 1. Note that the Te dependence of I,
cancels, so that n depends on Te only as Te_llz; uncertainties and systematic

errors in the electron temperature do not affect it strongly.

2.4 Correlation Ensemble Analysis

Statistical analysis techniques have been employed extensively
throughout this work. This section gives relevant mathematical definitions as
they are used in the rest of the thesis and highlights some of the details of these

techniques.

First, for the sake of consistency of terminology a review of fluctuation
analysis is in order. Consider a quantity X to be measured in the plasma as a

function of time. To the extent that good closed flux surfaces exist in the plasma,
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X has a theoretically well-defined average over that flux surface (X), which can

be represented symbolically by

_ $§XdA
<X> - _FJA—’

where the notation §dA represents integration over the flux surface. The
quantity X can then be separated into this average part plus a fluctuation X

defined by X = X — (X), which by definition averages to 0 over the flux surface.

In practice, even if the location of a flux surface were known precisely,
measuring this average would require an extensive two-dimensional array of
similar diagnostics distributed toroidally and poloidally about the machine.
Since this is unfeasible with even our most complete diagnostics systems, some
assumptions must be made to arrive at an approximation to the average. For
example, if the plasma is rotating with respect to the laboratory frame of
reference in the appropriate way and poloidal asymmetry is small, a
measurement made at a single toroidal and poloidal location over time will
eventually sample points from an entire flux surface. In this case the flux
surface average of X is approximated by a simple time average.. This scheme
assumes, however, that the plasma conditions are not changing over the
averaged time window, and in particular that the flux surfaces are not moving
radially during this time. It is therefore inadequate for analysis of dynamical
changes in the plasma, as happen, for example, during the dynamo events
("sawteeth") in MST. Under such circumstances it becomes necessary to collect
an ensemble of time windows during each of which the plasma undergoes a
similar dynamic change, and to perform the average not over time but across the

realizations in this ensemble. If the orientation in the laboratory frame of the
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flux surfaces does not depend strongly on time relative to this dynamic event
then this "event ensemble" again provides an approximation to a flux surface
average. Furthermore, even if the flux surfaces are moving radially during the
event, so long as their motion is similar from one reélization to another such an
ensemble will at any given point in time relative té the évent be sampling
approximately the same surface. These event ensembles therefore accomplish
with a single-point measurement an approximate flux-surface average which

preserves the time dependence of the quantity under observation.

In addition to single quantities, this event ensembling technique can be
applied to products of two or more quantities. Although as noted above
fluctuations of a single quantity average to zero by definition over a flux surface,
combinations of even small fluctuations can contribute mean-field effects. For
example, if in addition to measuring X one also measures Y, the flux-surface-

averaged value of XY is given by
(XY) = (XNY)+ (X NY)+(X)(T)+(XY)

= (X)XY)+ (xy)

je. (XY may survive the flux-surface average although terms linear in
fluctuations do not. Close inspection of terms such as this reveals a great deal
about fluctuation-induced processes in the plasma, including transport and the

dynamo.

The value of the quantity (XY)is determined by four (time dependent)
factors: the amplitudes of X and {7, the (phase-independent) correlation between

Rand¥ (a factor between 0 and 1), and their relative phase (a factor from -1 to
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1). The literature is not consistent about the terminology or definitions of these

factors, but the conventions used in this work follow.

To determine the correlation and phase we will need the Hilbert

transform X', defined as

. : lz) o e
YOE ﬂ X(t )el(z"f” 1), o gp

In other words, X' is X with each Fourier component phase-shifted by /2. Using

this to calculate the factors in the correlation allows us to define
(XY= IXIIYIY cos 8, where
IX| = (X2)1?,

(&Y +<5<w>2)”2 d
" XS (e

Here Y will be referred to as the "correlation" of X and Y and will
sometimes be denoted corr(X,Y), and § (or cos 8 where the meaning is
unambiguous) will be referred to as the "phase" and will equivalently be denoted
phase(X,Y). This usage differs from that of some references, which use the term
"correlation" for the entire factor of Y cos 8. This definition does not distinguish
the low correlated product of fluctuations of different frequencies from that of
fluctuations of the same frequency but different phase. The advantage of the

definition above is that these effects are separated out; signals which differ only
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by a phase shift (for example, cos(wt) and sin(wt) ) will still have high ¥, even
though the correlated product may be low.

The time-dependent correlation and phase have frequehcy-domain analogs
referred to herein as the "coherence" (Y(®), coh(X,Y)) and the "coherence phase"
(6(f), coh_phase(X,Y)) of the signals. By giving frequency-dependent information
at the expense of time-dependence, they are complementary with the correlation
and phase, which integrate across frequency as a function of time. The

coherence and coherence phase are defined as

Y(f) N
i

56 < tan Im ):Q:(*>

R PV

Here " denotes the Fourier transform and * the complex conjugate of a signal.
The correlation and coherence have lower-limits of credibility determined by the
size of the ensemble, below which the signals are as disparate as uncorrelated
noise. For the coherence this "noise floor" is approximately 1/N 12 while for the
correlation it is about twice this.? Phases calculated’Where the correlation or

coherence fall below this level are meaningless.

2.5__ The Toroidal Array and Pseudo-spectral Analysis

\

In the previous section we found that the limitation of single-point
measurements with respect to measuring flux-surface averages can be overcome
using time- or event-ensembling techniques. In this section we address another

limitation of single-point measurements, namely their inability to provide
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spatial frequency information about the fluctuations they measure. This
shortcoming can be partly overcome by comparison of a single-point signal with
another fluctuating quantity of known mode structure. Fortunately, MST's
extensive toroidal array of magnetic coils allows for just such a comparison: the
magnetic array can be decomposed into its spatial components, each of which can
then be correlated with a single-point signal of interest to provide what will be

referred to as a "pseudo-spectrum" for that signal.

For these experiments, the toroidal array of 32 Bt- and 32 Bp-coils were
used for pseudo-spectral analysis. The coils are evenly distributed about the
machine at angles ¢; (i = 1...32), and yield signals B; (taken as either Bt or Bp).
This allows spatial Fourier decomposition into 31 distinct modes, with toroidal
mode numbers n = 1...16 for the cosine component and n = 1...15 for the sine

component. Thus,

_A-1
Biode =A™ Bignal» where

Bmode = (Bequil, Bl,cos, Bl,sin, B2,cos, ..., B15 sin B16,cos) are the sine and cosine
mode amplitudes for modes n=1 to n=15 (for sine) or 16 (for cosine),
Bsignal = (B¢1, Bd,z, e B¢32) are the signals from the 32 coils of the toroidal array

located at angle ¢, and

1 1 . 1
cos(¢1) cos(¢,) cos(¢37)
sin(¢;) sin(¢,) sin(¢3;)

A=| cos(20;)  cos(2¢,) cos(2037)
sin(15¢;)  sin(15¢,) sin(1503;)
cos(16¢;)  cos(16¢,) e cos(16035)
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is the finite Fourier basis for decomposition. The psuedo-spectrum Xj of a signal
X is then given by correlating X with either the sine or cosine component of each
mode. (Ideally the sine and cosine components are perfectly correlated, so the
choice of cosine versus sine or some combination such as their sum in quadrature
is irrelevant. In practice the values do not come out exactly the same, but do
give similar spectra and hence the choice does not affect the conclusions drawn

from the analysis.) Hence, for i=1...16,
Xj= Corr(i,Bi,cos),
phase(X;) = phase(X,Bj cos)

etc. Due to uncertainties in calibrating the Bp array, the Bt-pseudo-spectrum is
more reliable for low n. As will be seen in the next chapter, this is where all the
action is in the edge velocity fluctuations, so when not otherwise specified the Bt

spectra will be used for this analysis.
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3: Edge Equilibrium Ion Flows

3.0 Introduction

The large equilibrium flow profile in the RFP poses an interesting
conundrum. One of the most obvious and earliest-observed large-scale
phenomena, it remains difﬁcult to account for; explanations range from large
but as-yet-unobserved equilibrium electric fields and diamagnetic drifts to
fluctuation-induced Reynolds stresses combined with stochastic parallel
momentum transport or viscous torques. This work does not claim to unravel
the mystery, but the first step in scientific understanding is careful observation.
With the IDSP, RFP edge ion (and hence plasma) velocity profiles have been

directly measured for the first time, and the results are reported in this chapter.

Section 3.1 covers the toroidal flow profile, particularly as it changes over
a dynamo event. The flow is consistent with an E x B drift produced by a
rédially-outward electric field, and reverses direction when the poloidal magnetic
field is reversed. The profile flattens during the crash, with flattening beginning

in the core and propagating outward across the reversal surface. In Section 3.2
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the poloidal profile is found to be less strongly affected by the sawtooth, although
inside the reversal surface the flow gradually accelerates in the wake of the
crash. The parallel momentum profile, however, is seen to flatten during the
dynamo event. Arguments are presented in Section 3.3 which suggest a radially-
inward equilibrium flow. Section 3.4 shows that altlriough biased probes strongly
change the toroidal flow profile in the region 0.83 < r/a < 0.94, they do not
change the shear there. Changes in the toroidal flow during poloidal current
drive are shown in Section 3.5. The chapter ends with a measurement of the
"local safety factor" profile, or field pitch angle, q(r), in the standard discharges
studied; the q=0 surface is found to move outward by a little more than 1 cm

during the dynamo event.

3.1 Toroidal Velocity Profile

Extensive measurements of the equilibrium toroidal ion velocity profile
have been made. Figure 3.1 shows the toroidal ion velocity for a typical shot at
an insertion depth of 10 cm (r/a=0.81). The negative sign indicates by
convention the direction of decreasing toroidal angle, clockwise from aboVe; this
is the same direction as the plasma current and as the core modes. The
equilibrium shows changes on two time scales. Over an entire shot, the ions
accelerate while the plasma is being driven to a maximum speed on the order of
10 to 20 km/s, and decelerate as the plasma current decays as the discharge
ramps down. In addition, rapid changes occur during dynamo events, consisting
of a deceleration on the order of 107 m/s2 preceding the crash followed by a
similar or slightly slower acceleration afterward. The deceleration at the
sawtooth is seen in core IDS measurements and in the toroidal velocity of the

core modes.
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Figure 3.1. Edge Toroidal Ion Velocity for a Typical Discharge. Shown
are the IDSP velocity measurement (r/a = 0.81) and the field reversal
parameter. Top: The entire discharge. Bottom: Zoom of 12 to 17 ms,
showing deceleration at sawteeth.

Some velocity data were taken with the windings of the poloidal field
transformer reversed so as to produce a plasma current I, in the
counterclockwise-from-above rather than the usual clockwise direction. This has
the effect of reversing the direction of the equilibrium poloidal magnetic field By
S0 thatk it is outboard-down rather than outboard-up. The toroidal velocity
measured in this configuration is equal in magnitude but opposite in direction
from v in normal diskcharges (Figure 3.2). This observation supports hypotheses

which invoke ExB or VPxB drifts to explain the equilibrium toroidal flow.
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Figure 3.2. Toroidal Ion Velocity with Reversed and Normal By. One

discharge in each configuration is shown, gently smoothed for clarity.
(Shot 56 (normal) and Shot 19 (reversed) on 14 March 1998).

Figure 3.3(a) shows the sawtooth evolution of v; as a function of radius.
Each position shows the toroidal velocity in a 1.0 ms-wide window about the
peak of the dynamo event, ensembled over many sawteeth. Figure 3.3(b) shows
a subset of this information, with three time slices at each radial position:
t = -0.3 ms (asterisks), t = 0.05ms (diamonds), and t = 0.5 ms (triangles) with
respect to the crash; multiple ensembles are reperesented at some radii. The
profile is linear both away from and at the peak of the sawtooth but exhibits

much less shear at the peak.
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Figure 3.3. Profile of Toroidal Velocity during a Sawtooth. Top: A 1ms
wide sawtooth ensemble window at each insertion. Bottom: Averages
around -0.3 ms (asterisks), 0.05 ms (diamonds) and 0.5 ms (triangles) with
respect to the sawtooth, showing flattening at the crash.

The details of the tifne-dependence of the toroidal velocity over a sawtooth
are revealing. Because the baseline and the peak of the time trace of velocity are
well-defined, the baseline can be subtracted and the data renormalized to the
peak value. This removes amplitude information, leaving pure time dependence
(Figure 3.4). The results show clearly that the deceleration begins deep and
propagates outward through this region. Not only can the direction of
propagation of the "sawtooth effect" be determined, but its speed can be

estimated at about 4 km/s. The r/a=0.77 and r/a=0.92 ensembles (not shown) are
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similar to the r/a=0.81 and r/a=0.88 respectively, suggesting that the effect
propagates most slowly through the region of the reversal layer; this region can
be thought of as a "sawtooth barrier". The different rise times of the deceleration
inside the reversal surface versus outside are reminiscent of the rise times of the
magnetic fluctuations of poloidal mode number m=1 resonant in the core versus
the m=0 modes resonant at the reversal surface; the lag at the reversal depth
may relate to the rate of nonlinear coupling between m=1 and m=0 modes. If
true, this speculatidn would link the locally resonant magnetic fluctuations with
the deceleration of toroidal flow, an idea which is consistent with the hypothési