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ABSTRACT

This thesis is a presentation of the measurements of short-wavelength,
high-frequency radial magnatic fluctuations performed on the Tokapole 1T
tokamak at the University of Wisconsin—Madison. Thecries of electron
temperature gradient (7,) driven turbulence prédict the existence of increased
magnetic fluctustion power at small spatial scales near the collisionless
skin depth ¢/wpe and over a wide range of frequencies near and below the
electron diamagnetic drift frequency @,,. Small magnetic prebes of sizes
dowzn: to Imm{< £ < c/tipe) have been construcied and used to resolve shor
poloidal and radial wavelength magnetic fluctnations. These probes have
been used with larger probes to make comparisons of fluctuation spectra
measured in various ranges of wavelength and over the range of frequencies
from 10 kHz to 6 MHz in Tokapole II plasmas. A caleulation of the short-

wavelength, high-frequency response of an electrestatically shielded meodel

i



B, probe has been performed io guide the interpretation of the power
comparison measurements. At the higher frequencies (-500 kiiz to ~2MHz)
the smaller probes measure an order of magnitude more power than the
large probes. This impHes that {uctuation activity is stronger 2t the short,

tf - 20d p -ize wavelengihs than at the longer wavelengths at these high

freguencies and may be dus to 7, furbulence. At the lower

Ey e g —y .
250k =), wnere the {uctu

ation levels ars largest, ne enhznced fuctus

uencies, and in low-g {g~1} discharges.

es niot exist outside the separairiz, at
freguencies, or in the higher-g discharges. Comparisons of magnetic
fluciuaiion spectza at various positions within the plasma, and for discharges
with edge safety factor of 1, Z and 3 are presented. The Linear and nonlinear

theories and numerica! simulations of % turbulence are reviewsd and

compared, where possible with the experimenial parameters and resulis.
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CHAPTER 1

Introduction

1,1 Background and Motiivaiion

Many experimental studies have attempted to charactsrize the properties
of long-wavelength low-frequency turbulence snd transport in plasmas and
relate the measurements $o theory. Most of these experiments have relied

on probes or gleciromagnetic scatiering diagnostics and have tended ic
P B g2 g

Frand

emphasize measursments a1 large spatial scales. Less experimental effort
has been devoted o studying magnetic fluctuation activily at small spatial
scales. This thesis is a presentation of the measurements of radial magnstic
fluctuations at short wavelengths near and below the collisionless skin depth,

5 1/2. .
€ /0 po, Where @pe = (rz e € f-/,_: o 7 e} ig the electron plasma frequency. The

motivation for this work is two-fold. First, the use of very small magnetic
probes permits the exploration of magnetic turbulence in ranges of short
wavelength that cannot be accessed by other fluctuation diagnostic currently
in use. Electromagnetic scattering techniques, primarily COg-laser
scattering, far-infrared scattering and heavy-ion-beam probes, provide line-
or volume-averaged measurements and typically cannot resolve ¢ /o - or
p -size spatial scales. Second, nonlinear simulations of electron-temperature-
gradient-driven (7.} turbulence[l] predict the existence of increased
magnetic fluctuation power at spatial scales near the collisionless skin depth

which may produce significant transport.
Magnetic probes have been a standard diagnostic in laboratory plasmas
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Chapter 3 contains a discussion of several models of microturbulence

and focuses on those that relaie io the small-scale magpetic fluctuation

measurements. The emphasis of Chapier 3 is a review of the features,

assumptions, and predictions of the linear and nonlinear models of 72

ey tha theories of anomalous transport

in plasmas. It is intended to provide a basis on which to characterize and
wndersiand the resulis of the power comparison experiments.

The experimental results and their relation te the theoretical models
+ length in Chapter 4. Finally, Chapter 5 contains a brief
summary of the results of this thesis and a few suggesticns for those pursuing
related work.

Qccasionally, reference will be made in this thesis to University of
Wisconsin—Madizen PLP documents and Ph.D. Theses. The PLP’s are
unpublished internal reporis or preprints of the Plasma Physics Group.
Copies of these reports and Ph.D. theses may be obtained by writing to the
group at the Department of Physics, University of Wisconsin-Madison, 1150
University Avenue, Madison, W1 537086.

(2]

References

V. Horton, B. . Hong and W. M. Tang, Phys. Fluids §10),
2971 (1988).

N. Bekki, W. Horton, B.-3. Hong and T. Taiims, Institute for
Fusion Siudies Report #364, University of Tex as—AuSun,
February, 1882,

W. Horton, B.-G. Hong and T. Tafima, Comments Plasma Phys.
Contr. Fusion E 13(4), 207 (31090},

W. Horton, S. Hamaguchi, C.-B. Kim, presented at US.-Japan
Workshop on Fluctuations in BFF and ULG Plasmas,
University of Wisconsin—-Madisen, Madison, WI, 1890,

R. H. Loveberg, Annals of Physics 3, 311 (1959).



CHAPTER 2
The Tokapele I Tokamak and its Diagnostic Sysiems

2.1 The Tokapele I Tokamak

seriments described in thi
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The vacuum vessel iz an aluminum torus with s 50 cm major radin

fil

and a square cross section (Figure 2.2). The conducting walls are 3em thick

and have a torcidal and poloidal gap to allow the toreidal magnetic fisld and

i, The poloidal magnetic divertor

leciric Deld $o eniler the vacuum vesse

w specify positions within the machine. By convention, the horizonisl and
abeled by an x aund ¥y azis, respectively, with the
crigin of the coordinaie system located at the gecmetric canter of the vacuum

vessel. Positive values of x le toward the suter wall, and positive v He abov

G i
P .
SGem . Insulated
£ s A gap
;; ) Alsninum
Copper Aoy =7 Yacuum Vessel
Ring f&
' [
innar Cuter
Wall 5.24cm ! Scm Wali
; Scm _I_@—_‘
] S.74cm | 45cm i

H : !

e tt0m

80 cm
i

Figure 2.2. Cross section of the Tokapole II Tokamak



8
the midplane. A polar coordinate system originating at the geomedric cender

of the vacoum vessel ie aiso used. All values of plasma radii guoted in this

thesis are measured from the geemetric axis of the machine rather than
from the magnetic axis of the discharge.

pemping via iitaniom gettering of the inner wall of the vactuum vessel
Tacuum pressures and quelity were menitored on a Bayard-Alpert ionization

were in the mid 10~ Torr range.
Diagnostic access for the magnetic probes described in this thesis was
provided by numerous 1.5 inch poris located on the side, top and botiom of
he machine. Most of these ports were ftted with air lock valves designed to
pass and seal on 3 /4 inch dizmeter probe body or assembly.
The toroidal magnetic field is generated by 96 turns of 4/0 welding cable
wound poloidally around the vacuum vessel. The windings are driven directly
by a 78 mF, 5 kV capacitor bank configured as a 2-stage pulse forming
network., The hank is switched by a class E ignitron and is passively
crowharred at peak fleld by a second class E ignitron. The pulse forming
network and the passive ¢rowhar maintain a relstively Sat toroidal field for
i0 1o 15 ms, Typical values of toreidal feld in the experiments described in
this thesis ranged from 3.0 kG {0 5.3 k. Routine conditioning of the vacuum
vessel walls and probes is zecomplished by rapidly pulsing low-current,

low-field discharges. Rapid-pulse cleaning was typically done at the

9
beginning of sach run dey or after one or more new probes have been inserted

into the machine.

,.»
&
P,

The peloidal magnetic Seld is generated by the inductively driven tord
plasma current and ring currenis. The plasma and rings constitnis the
secondary of an dvon core transformer with a 817V 8 Sux swing (lotal reversed

s winding consists of 8¢ furns of 2 AWE wire woumnd on

5'.1.
o
3]
hJ "
"F‘
.
:-—I %
[
3
[}

mE ratio configuration. The primary windings are driven

‘l

by a 7.5 m¥, 5kV capacitor bank which iz switched by a class E igndfron. A

gt

pank of 880 m¥, 450 V slectrolytic capacitors wired through a diode stack
serves as a power crowbar which clamps the voltage at the poloidsal gap a
the peak value of the current. The circudt also contains an optional damping
resigtor.

In the absence of plasma the magnetic feld generated by the current
induced in the four internal rings is an octupole field configuration wit!
single null {(s-point) near the center of the machine as shown in Figure 2.3.
The addition of toroidal plasmea current flowing in the same direction as the
current in the rings modifies the flux plot as shown in Figure 2.4. Four
x-points are formed, one befween each of the rings and the plasma current
channel. The fux surface called the separatrixz separates the privaie Sux
surfaces that encloge any one current carrier from the common fux surfaces
that enclose ail the current carriers. In magnetically limited discharges

{without material limifers) the majority of the plasma current is contained

in the eurrent channsli6i7] located in the central flux region inside the

separatrix. However, some current and plasma exist outside the separatrix.



10
Material limiters consisting of stainless steel plates can optionally be inserted

to the separatriz to Hmit the current flowing cuiside the separsiriz. The

MLV e X K

Figure 2.4. Poloidal flux plot with plasma current. Flux plot
shows typical shape and location of the separatrix {dotted line)
and the common and private flux regions,

11
characteristics of plasmas produced in materially limited discharges are
generally different from those produced in magnetically Hmited discharges
171 {i.e., those with the material limiters reiracted). For all the data presented

in this thesis the discharges were magnetically limited.

2.2 Plasma Characleristics
The resulis presented in this thesis are organized by the edge safety
factor, gu, of the discharges in which the dats was taken. Because the edge

of Tekapole 11 plasmas is Iocated approximately al the separatrix, 2 g==

%

the value guoted for g, is an effective edge safely factor. The effective

Ga for Tokapele 11 plasmas is the safely faclor of & cylindrical plasma with
the same plasma current [ p and toroidal feld B and the same cross sectional

£ : -1 3 Yy 1 o : z
arsa as that encloessd by the separaivix in

iasmal8l The inputs to the meodel are the

readily measurable quantitiss ion saturation current Ju forcidal magnetic

Beld B ¢, poloidal gap voltage Vg, and total ring current ['n as a function of
time during the dacharge. A Langmuir probe positionad between the upper-
cuter ring and the wall iz used fo measure Jey The effective edge safety
factor is determined by B, 7p and I'r. Based on various assumptions about
the Tokapcle I1 plasmas, its drive systems and the vacuum vessel, the modsal
provides estimates of the fime histories of plasma radius a, edge safety
factor gz, loop voltage Vieop,/ p, ohmic heating power Pop, electron temperature

Te, average electron density #., and electron energy confinement time 74,
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of & typical charging cycle. & fast piezoclectric valve is used fo puff hydrogen

peak fzld 1o achieve 2 relatively flat B ; during the discharge. Approsimately

. Ring
Toroidal o
Gas Fisld Current
Pressure
Plasma
X-band f/’_ﬁ—\gurrem
Fai Y
i A g :
S-ban \
f VAN ]
-16.66 90 05 00 ~1.8 time(ms)

! |
Slow Fast
Digitizers Digitizers

Figure 2.5. Schematic of timing of events near the end of a charging cycle.

10 kW of preionizing X-band migrowaves (8.0 GHz; fundamental frequency
for ECH in 32 kG fields) are pulsed 05 ms before B ; is fired. The start-up
phase of the discharge is assisted by 10 W of continuous-wave Sbhand
microwaves (2.45 GHz for ECH in 1.1 kG fields) and a hot emissive probe
located lem from the inner wall of the machine. The slow digitizers (100

T

k¥ z and 1 MHz), which were used primarily for storing general diagnostic
= O

Pt

nformation, were triggered 05 ms before the poleidal field to allow for 2

fiypically Tun at 20 MHz) were used for storing both th

frequency £ signals. With only 32 kilobyvtes of memory, the fast digitizers

have a relatively short total record length and were friggered afier the start-up
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with nominal gg of 1, 2 and 8. The efective edge g was varied by changing
the plasma current and the torsidal magnetic feld. Figure 2.8 shows the
plets of I 5 and ¢ 5 for typical shots. The shaded region on each pair of plots
indicates the times where ‘acceptable’ data records could be chosen for
analysis. In this region the E signais had to be relatively free from erratic

chavior associated with the starfi-up phase of the discharge and soff x-ray
activity. In gemeral, the range of ‘acceptable’ data records corresponded
closely to the portion of the discharge where ¢ was fairly flat and
approximately equsl to the nominal edge g values of 1, 2 and 3, However, the
values of the plasma currents in the range of ‘acceptable’ data records

decreased somewhat as q was increased. [ ; was fairly constant with respect

EwG

¢ variation in shot number and nominal edge g value. The value of B
g 1

ol

uring the discharge increased from -3kCatgp=11t0~-525 kG at g, =3. At

5

a given ¢q and during the ‘acceptable’ data record region, 5 { was faixly flat
in time and constant as a function of shot number. Nearly all the variation
in the values of B | averaged over different shots was due to warming of the

8 winding and transmission lines with time. The warming gradually

increased the resistance in the B ¢ circudt and reduced slightly the values of
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Figure 2.8, Typical plots of plasma current and effective edge g
for{a) ga=1,} gza=2 and (¢} ga=3 discharges. The shaded
regions indicate the portiens of the discharges analyzad.

5 .. The totzl variation of 8 ; from all sources was less than 1% in nearly all
cases. Teble 2.1 summarizes several of the equilibrinm characteristics of

the Tokapole I1 discharges described above. The approximate values of the

line-averaged density and temperature information were taken from

reference (71,

Table 2.1 SBummary of approxiamate equilibrium characteristics
of Tokapole IT discharges for experiments described in this thesis,
The line-averaged density is a floor-to-ceiling average, whereas
the core-gverage is a separatriz-to-separairiz average.

Nom. | Ip B A (10 Pem -3 Te(eV) Ti
ga k&Y && line-av core-av |{edge core {eV}
1 0 32 ~5 ~32 ~30 80-3100 ~50
2 25 52 ~5 ~10 ~50 86100 ~40
3 Pt 5.3 4 -3 ~30  ~100 ~30

2.8 (eneral Diazgnostics

In addition to the diagnostic information obiained from the cireuit model
described above, Tokapole 1T has three diagnostic systems that are used
primarily for assessing discharge behavior and conditicning.
Soft X-Hay Array

Soft x-ray emissions between 83 eV and 330 eV are measured with an
array of polypropylene-filtered, surface barrvier dicdes, The side soft z-ray
{8¥R} array measures emissionsg along seven equally spaced parallel chords
through the center, top and bottom of the plasma from the gide of the machine.
The SXE signals are a fairly sensitive indicator of discharge reproducibility
and aid in the process of selecting low-frequency and high-frequency B signal
data records to be analyzed.

Impurity Rodiation Array



line measures the confribution of hydrocarben impurities. A sirong NIII
line sypically indicates an air leak or excessive deferieration ¢

% .. TIT 3 — L3 - .
shield assembly. The OIII line monitors the prasence o

water, many orgamic contaminants and sir. Finslly, the Cul radiation line

provides a measure of bhow strongly the plasma is interacling wi

{54

rviiium-copper poloidal divertor mings.

=

Microwave Interferomeier

7

Tokapol

¥ ks

I has a 70 GHz digital fringe shift interferometer[S] for

fneasuring the Lne-average density. The Lne average is effectively performed
across the entire length of the inside of the machine through the center.
This region includes the scrape-off region outside the separatriz where the
density is as much as an order of magnituds lower than in the current
channel[7]. Thus, the lne-averagad core density ({op separatriz to bottem

f 2 larger than the nominal line-averaged
density floer-to-ceiling.

For the majority of the experiments describsd in this thesis, however,
the interferometer was turned off. When high-frequency B signals are being
stored, the high-gain, high-frequency prebe-amplifier system is 2 sensilive
deiector of interference at 1 MHz {and harmonics) generated by the digital

section of the interferometer.

~1

[

Z2.4 Magnetic Probes and Amplifier Systems
4.1 Magnetic Prebe Design and Construction

In the past we have used /4 inch (8.35 mm) OD {ounier diameter)

cviindrical probe lackets {(ID ~ 0.200 in) made of a thin-wall stainlessz-stes!
tube surrsunded by a thin, close-filing, non-conducting cylindrics! particie

shield made of horon nitride. The sieel tube serves as an elecireststic shisld

131

More recently our efforts to develop smaller “mini-probes” (CD-20mm

Py

to 25 mm} snd “micro-probes” (O ~1 mm) have produced two types o

glectrostatic and particle shield designs.

]

The first, & cylindrical boron-
nitride-clad thin-wall stainless-stee] tube ﬁesigﬁn, is a scaled-down version
1/4 inch probe jacket design. The second design is s
cylindrical graphits tube that is clesed af one end and serves as both particie
shield and electrostatic shield. Because the stainless-steel tube is not required
or structural support or elecirostatic shielding in this design, precicus

extra thousandths of an inch are made available for reducing further the
rall O of the probe {(for micro-probes) or for allowing larger, more sensitive
coils ingide the probe. In gddition, the graphite shields, because of their
larger resistivity, do not zitenuate the high-frequency magnetic fluctuations
as strongly as the stainless steel shields. The mini-probes are described in

greater detail in references [10] and [14].

The micro-probes were developed for the experiments described in this
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thesis. A micre-probe is similar o the graphite-shieided version of the mini-
probes except that the micre-probe has been optimized for minimum overall
diameter. The main differences befween mini- and micro-probes are the
size of the wire used, the type of coil form the wire is wound on, and the
shape and thicknesss of the graphite shielding. Table 2.2 summarizes the

vhysical characteristics of the probes used in this thesis.

47 165.35 om )} Zmm Imm
Prohe Probe Probe
radius (mm)} 15 337 8.125
- length (mm) 0.5 20608 24
<
o8] ~
low-freqA e (mm =5 53 3 &G 15
wire size (AW, gm 53,33 48, 38 & 50, 33 50,33
material stainiess graphite graphite
resiativity (pld-cm) % 32 2032
£ outer radius (mm] 2487 i0 05
55,
inner radius {mm; 254 058 033
wall thickness (mm)} 011 047 318

* Lwo versions: short and long coil length

Table 2.2. Summary of properties of the various sizes of prebes

used In the magnetic fluctuation measurements.

The coil was wound with AWG #50 HML-coated magnet wire, the
smallest commercially available stock magnet wire. The wire is coated with
a double layer of ML high-temperature insulation. The maximum

‘theoretical’ diameter of the wire is 0.0014 inches (356 pm) and gives a

Bit)

turns density of about 28/mm. {Ultra-fine wire is commonly specified direcily
by its resistivity per unit length and indirectly by a calculated theoretical
dameter and AWE number, g0 the actual diameter and turns density of the
wire mey vary slightly.)

The radial coil of the micre-probe was weund on a 0.012 inch (0.305
mm) quartz tube. The fine guariz tube was made by heating and then
streiching 2 standard piece of 1/2 inch quartz tube. As the soff quartz stretches
its diameter shrinks preserving the hole in the center and the ratic of diameter

to wall thickness. The coil was wound in two ~83-turn layers, and had

i)

low-frequency effective area of just under 10 mm 2, The length of the Snished

g
i

Qa

coil was 24 mm. The coil was painted with s thin laver of Sanereisen #28
é

high-temperature cement o held the turns together and to provide electrical
insulation from the close-Hiting conducting shield. The leads were twistad

form and insulated support structure 1o

o

and fed down the inside of the cail
vacuum feed-through. The effzciive avez of 10 mm? was an operationally
defined lower limit required ip resolve the high-frequency magnetic
fluctuations with the high-frequeney smplifier/filter system when the coils
ware located in the edge of Tokapole Il plasmas, Whean the coil was near the
separatrix in the higher g, discharges, which generally have smaller
magnetic Suctustion levels, the 10 mm ? efective area was barely sufficent
to bring the high-frequency probe signals out of the amplifier noise.

The graphite shield used for the micro-probe was machined from
graphite red and is comparable in many respects to the graphite mini-probe

shields except at the end of the shield where the miero-coil is located. For
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strength and support most of the 11 cm length of the micro-probe shield has
a relatively large diameter (274 mm) and wail thickness (0.58 mm). The end
of the shield contaiming the micro-coll was tapered to 2 diameter of 10 mm

with ~0.1 ™ wails. The shield was plugged at the end with a short graphite

cap.

2.4.2 Response of B ; Probes to Short-Wavelength, High-Freguency
Magneotie Fluctuations

Mindaturized probes seem well suited o accessing the smell-wavelength

n'l")

wavelengthe, The wavelength-dependent modulation effects determine the

i

minimmure resclvable wavelengths for a particular probe and are important

1

when the wavelengthe of interest are comparable to the probe and coil
dimensions.
The aftenuation and phase shift are important at higher fregquencies

where the electromagnetic skin depth in the shielding material is comparable
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0 or smaller than the thickness of the shisld wall. The effects of the attenuation
and phase shift alone {ie. in the Iong-wavelength limit) on 2 particula
probe can be taken into zsccount by a straightforward bench calibration of
amplitude and phase. However, the modulation effects due to short
wavelengths cannot ag easily be messured because appropriate short-scale-

length magnetic field variations are not sasily produced on the bench. Even

et s

£ a wavelength cafibration were praciical, one would need to apply it to the
data in E-space. However, measurements of the necessary k spectra are also

Fffecult and have not been performed.

Beczuse the wavelength-dependent effects ara not taken into account by

o

calibration, | have derived expressions for the response of 2 model probe[1i]

parficulaer probe. A prescribed Buctuating Beld is zssumed outside the mode

ocated. The emf induced in the coi

wavelengthe, high frequenciss and reslistic probe geometries.

Figure 2.7 shews an end view of the model B ; probe. An N-turn radial
pick-up coil of radius r. and length L. is centered on the z-axis (which
corresponds o the minor radia! direction in the torus). The coil is surrounded

v a long (>> L¢), concentrie, conducting tube of inner radivs ¢, outer radius
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Figure 2.7. End view of the model B, probe. The p:robe %z, 5, a_nd z
directions corresgond to the plasme toroidal, poloidal and radial
directions, respectively.

& and conductivify o. (In practice, the long-shield approximation is justified
by placing the coil several coil diameters or coil lengths away from the end
cap of the shield.) The coil has 2 uniform density of turns n =L /N, and the
wire dizmeter is much smaller than the shortest radial wavelengths of
interest. The plasma ouiside the tube is assumed to produce a short-
wavelength, fluctuating, axial magnetic field at the outer probe surface. In
zenerzl, the fluctuating field will have spatizl variations in all plasma
Gireciions. The axial cowponent ai e ouler surface r = & of the probe may

take the basic form

B ,(r=b8,21 =B ysin orcos(k b cost) costk y b sinfycosk ; 7, 2.1

where k4, ky and k; are the torcidal, peloidal and radial wave numbers. The
standing wave form is 2 natural choice for the basic form of the field variations
because it is separable. More complex external surface fields, including
traveling waves, can be formed from combinations of such terms for various
kz ky, &z 2nd @, Because the boundary-value problems and the boundary
conditions are linear, the solutions can be generazlized accordingly. The
other components of B, though nonzere i k ; =0 due to the condition V- B = §,
do not effect the coil signal.
The magnetic field will scak through the conducting electrostatic shield
and into the dielectric region in accordance the generalized wave-diffusion
equation for B,

V8= yoaa +p€a——§— (2.2

a2
Because the emfinduced in the radial pick-up coil depends only on the axial
component of the feld in the dielectric region, we seek only the solution for
8 {8z In cylindrical coordinates the generalized wave equation for B

gives three PDE's: {wo coupled equations in B ; and B g, and the B , equation,

fn 2 2
2 n.+_1_—%+ Lo~ —“#UE—PG o ]Bz=0s (2.3)
¢\0”~ <V e UH L - P wi ar "",'

subject to the appropriate boundary conditions.
There are two boundary-value problems to solve: a diffusion BVP in the
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conducting shield region (e<r3$ b, 0% () and a wave BVP in the dielectric
region {r Sa, o=0). Each BYP can be solved by the method of separation of
variables with a substitution of the form B.(n6 0=
Riry 6§ cosk ,z ef (@1 +8) The general solution in the conducting region is
matched o the field ai the cuter surfzce r=b given by Eq. (2.1). And the
general solution in the dielectric region is matched fo the solution in the
conducting region at the inner surface r=a. In the limit of long toroidal
wavelengths (ky =0}, the final form of the axial feld in the dielectric region
is
Mnpla/8k. 5

B,(r8zH)=8 —
"E‘OMMM&,&,&)

x sin[mr+§,,(af6,kzé) —En(b/&kzéj]
J,,(kzr-iv 1—{w/k,c)? )

x (2.4)

}ﬂ[kza-mf lm{m/kzc)z)

% {cnlkyb)cosnB+spkyb)sin nb]
X coskyz

where T, (z) is the Bessel function of the first kind of integer order,
Mn(r/8k;8 andd ,(r/ 6 k. 6) are defined as the amplitude and phase of
I n(z’ %{fm} , and &= Y[i& is the is the resistive scale length in
the conducting shield material at frequency . This scale length is not an
e-folding length because the dependence is not strictly exponential. At IMHz,
8~16 mm for graphite, and § ~ 0.3 mm for stainless steel. By comparison,

typical mini- and micro-probe scales vary from 0.3 mm o 27 mm {(Table
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2.2). Thus, the guantity r/ & is typically of order unity, and the shield soak-in
effects due to shield dimensions as well as conductivity will play an important
role in determining the probe response. The ceefficienis e,y byand 5, (k4 )

are proportienal to J ; (& y ). In particular, the n=0 coefficients,
colkyb)=Tolkyh) and sofkyb) =0, 2.5)

are the most lmportant coefficients in the czleulation of the emf. The
expression for B ;, Eq. (2.4), is valid for all transverse and axial wavelengths
and includes the effects of high frequencies and realistic probe characteristics.
A spatial variation in the toroidal direction as well as spatial phase shifts in
each direction are neglected in Egs. (2.4) and {2.5) but can be easily included{11].
However, as is discussed later, these additional effects do not significantly
alter the basic features of the wavelength response of the probe.

The first and second factors in the sclution for the field in the dielectric
region, Eq. {2.4), give the attenuation and phase shift associated with the
diffusion of B ; through the resistive shield. The third factor contains the r
dependence and also confributes tc the overall sttenuation and phase shift.
Because w/k,c= A;;lasma JAVECUM 1, however, the Bessel function ratio
simplifies (via J{@)/F (0 =1,(0/1 () to a real quantity. Thus the
contribution from the third factor to the oversll phase shift is negligible, The
# dependence of the axial field (fourth factor) is set by the boundary condition
at the plasma-shield boundary, r=5b, and is independent of radius. The

coefficient ¢y depends only on the transverse wavelengths and the ocuter
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diameter of the probe and is predominantly respeasible for determining the
minimum resolvable transverse wavelengths. The » dependence {Iast factor)
i3 preserved because no boundary condition was jmposed on the axial behavior

f the sclutions — the shielding tube i3 assumed to be infinitely long. In
addition, because it is the only z-dependent guantity in the solution, the
cosk ;7 factor determinegs the minimum resslvable axial wav velength.

The emf indueced in the radial coil by B, is caleulated divectly from

~ =l Tax - £ e s <r -
araday’s law, &k ky k.00 =-3; By and gives the wavelengil

freguency dependence of the p response, The axial fisld B, is integrated
over the area of the coil and along its length to obizin the magnetic flux
<& p,. Only the n=0 term survives t e integration over &, and 2 subseguent
integration over r zives 2 factor of A, the single-turn zrez of the coil, The

ratie of the pesk emf £%% induced in the shielded coil to the vesk emf

hislded coil in a uniform harmonically
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The phase shift between the emf induced in the shielded and unshislded

coils is

AP =9 u(a/ 8k, 9 ,(b/58.k,5). @7

The high-frequency, short wavelength response of the probe is z
complicated functicn of all 7 plasma and probe parameters, Ay An,re Lo,
¢, b, end & (8 parameters if finite A ; is included). However, the interpretation
of each part of the overall response is fairly straightforward. The features of

PR

the response are due primarily to (1) the aitenuation and phase skifi of the
magnetic field caused by the diffusion through the conducting shisid and
{2} the spaiial averaging of the axial field over the volume of the coil. The
spatial averaging gives rise to the wavelengih-dependent features of the
response. Kach factor in the probe regponse, Eq. (2.6), 15 discussed in greater
detail below.

Factor [1}in the probe response is the attenuation due to the electrostatic

k]

shield but inciudes the effects of high frequencies, short wavelengths and
cylindrical geometry. The attenuvation factor aiways Hes between Q0 and 1
and the phase shift always lies between - /2 and 0. The attenuation and
phase shift approach 1 and 0, respectively, in the limit of thin shield walls,
b—g — 0. {This gqualitative behavior was built into the sclution as a condition
to eliminate an unphysical part of the general solution in the conducting
regionf11l} For a given probe (fixed a, &) the attenuation and phase shift
depend not only on frequency but also on the axial wavelength % .. Thus, a
complete calibration for attenuation and phase shift at high frequency and
short wavelength requires sweeping both f and A ,. Bench calibrations of

the frequency effects in locally uniform fields (1, — =) are routinely

performed. However, calibrations for 1;~ & at high frequency are very
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difficult. The exisience of a fnite axial wavelength modifies the shield
attenuation factor ) in Bq. (2.8). A given probe &t & given frequency (fixed 5,
@, and &) will attenuate more strongly an axial feld with a finite A, than a

feld with ne or very long axial variatiom:

Mo(af8 k.8  Moa/80)

= 5= . 2.8
Mob/6k, 8 Me/4D

Bguality holds only for &, 8= 0. This behavior can be readily inferred from
the definition of M, and the conteur plots of {3o(z)] in the complex plane
found in Ref, [12]. The variation of the aitenuation factor Hiwith f and 4 ,is
plotied in Figure 2.8(0)

veraging the axial Seld over the area and length of the coil gives the

remaining four faciors in the probe response, Eq. (2.6). The 6 dependence of

the external Seld at the outer surface is contained in compound trigenometric
funetions which cen ke expanded as Fourier-Bessel series in cniky b) cos 28

and sqiky5)sinné. In general, the series coefficients ¢, and 5, depend
only on the shield cuter radius b and the transverse wavelength Ay (and A5,
ifincluded}. The integral over § picks out only the n=0 term, and the coeflicient
Colkyby=1o{kyb) therefore determines the transverse wavslength behavior

f the probe response. If the finite toroidal wavelength A ; had been retained,
the transverse portion of the response, factor [2, would have been modified to
170k z8)|] 70k y b)}. Thus, the sensitivity of the probe to both transverse
wavelengths is determined entirely by the shield oufer radius and is

independent of the coil radius r ¢. An experimental test of this prediction is

09
B <[ Totkx y 5] (&
7o Mole/5k:8) &)

olbi bk, &
@@“’“;ﬁiirc} zeécza} ©

Figure 2.8. Portisns of the total response to {2) transverse

wavelengﬁ 18 Az and (b-d) axial wavelengt ‘1 “A. for the
Zran 00 graphite mini-probe (ong-coll version, Table 2.2}

7 =0 36mm , a=(.55mm b imm and L=2mm.
described at the end of this ssction.

The ueusel anction factor ] imposes upon the overall probe response &
wavelength-dependent ‘modulation’ which prodoces zeros and maxima in
the probe response as a function of the transverse wavelengths 1y and 15
These factors are important only for shori, probe-diameter-size wavelengths
and approach unity for larger wavelengihs. The transverse wavelenglh
response, piotted in Figure 2.8(2) for 5 2 m m mini-probe, falls to 1/2 of its
maximum value at A y/b=4.For A ; /b <4 the response oscillates between

zero and suecessively smaller local maxima. Using the 1/Z-amplituds
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criterion as the definition of the approximate limit of resclution, the smallest

resolvable transverse wavelength is

ATE [h=40,
or (2.9
AT = 2% shield diameter.

The dependencs on the axial wavelength A, eniers in four of the five
factors in the probe response. The efect of finite k; § on the shield attenuation
factor, [l and the vhase shift was mentioned above. The axial wavelength
response of the probe iz set primarily by three probe parameters: the coil
length L ., the coil radius r ; and the shield inner radivs . The sinc (k.2 o
function, factor [5), resulted from integrating the preserved z dependence
over the length of the coil and describes how the length of the coil affects the
sensitivity of the probe to axizl wavelengths. This dependence, plotted in

S

Figure 2.8(d), is independent of shield characieristics and is the same
dependence one would obiain from an unshicided coll. The other dependencies
on plasmeaaxial wavelsngth A ; ocour in connection with the probe transverse
scale lengths a4, r o, and 8. The k; r ¢ factor, B}, and k. ¢ factor, &, come from
the integration over » in the flux compulation and are tied to the radisl
behavior of the feld sclutions. The coil radius r enters only in the third
factor and is scaled to the axial wavelength A ,. This observation coupled
b Al ok Ao

Sl il b

e b

parameter kb implies that the coil radius r . affects not the transverse
resolution but the axial resolution of the probe. Similarly, the k, a factor, ),

which came from matching solutions at the inner surface r = g, depends on
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the axial wavelength 4 ; and the inner radius a,

The recurrent and perhaps unexpected mixing of the plasma axial
scale length A, with the probe transverse scales can be traced to the form of
the prescribed external feld, Eg. (2.1). In the absence of an axial variation
(k,=0), an external field B=%B,(r,8, ) satisfies V-B=0. The field is
periodically compressed in the x and y directions, but the field lines remain
parallel to each other and to the z axis. In thig case there is no mixing. If, on
the other hanrd, an axizl variation is permitted in addition to variations in
one or both transverse directions (kz,ky,k; #0) the field B=2B,(n6,2,0
does not satisfy V-B =0, To maintain a divergence-Tree field, a nonzere radial
gomponent B, (r 2, must be added te the external field. This radial
component alters the spatial properties of B, . The fleld lines suffer paricdice
bending in addition to the compression. (Where |3 ; |is large, B, =0 and
B i 2. Where B ; is zerc, |8, | is maximum and B 1 %.) The scale of variation
ofboth B, and B, in the axicl direction ig A, (by hypothesis). The scale of
variation of B, {(and B ;) in the radial direction is also A ; (by analogy with
antenna theory) Roughly speaking, this is the mechanism by which the
axial wavelength A couples to the transverse probe scales.

The response of the probe o axial wavelengths is determined by four
factors with complicated dependencies on all five probe scales. For this reason
one cannot write down a useful general expression for the approximate
minimum resolvable axial wavelength. However, if the VZ-amplitude
criterion is used to define AT for each of the A ,-dependent parts of the total

response, we have



where Mo {x) =

e shift Bg. (2.7) simplif

similar way. Asin t 182 is boundaed by &

3

1. The response is symmetric in £ y and A y and is characterized entirely by

the shield outer radius & as plotted in Figure 2.5(2) and summarized by Eq.
(2.9,

The standard application of 2 B probe is in the Hmit of low Frequencies

wavelengths A, v>» 5, A; 3> @, r¢, L &), In this BEmiz

Tests of the Predicied Poloidal and Axic Wavelengilh FResponse

coil radivs and shield radius was studied using three
probes: a standard 5.35 mum shield with a ~3 mm dismeter coil (Iabeled BR

for big coil in 2 big shield), & 2 mm shield with a ~1 mm dizmeter coil

i

N

o diameier coil {labeied 85 for gmall coil in & big shield). The lengih of
the coil in the 85 probe and the inner radi of the 8B and BB probes wers
siimiiar, and each was the dominant scale length for determining the overall
axial (plasma-radizl] wavelength response of iheir respective probes. Thus,
these three probes respend differently to peloidal wavelengths but respond
in g similar way o radial wavelengths. (Low-frequency measurements and
most tokamsak turbulence models indicate that toroidal wavelengths are
much lenger than poloidal wavelengths, A,>> 1 y- Wnder this assumpiion

the response to the torcidal wavelengths Hes in the leng-wavelength regime
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and is identical for each probe used here. The experimental approach is
described in greater detzil in Seciion 4.1.) Figure 2.9 shows the averaged
power specira measured by each probe at z=6 cm in gg= 1 discharges. The
gap between the low-frequency and high-frequency specira was caused by
an early version of the amplifier/digitizer systems. The high-frequency
spectrum measured by the S5 probe shows a strong enhancement of power

compared to that of the BB probe (a factor of ~16). However, the power measured

by the SB probe is nearly identical {(within a factor of ~2 total uncertainty) o

1 ¥ T ] T e e v T
v ;

. BB Probe ]
07°F L Tmmemees 58 Probe
- 53 — — — — SBProbe ]

2 ee E
1074E "“»\:5 3
a L ]

E s ‘;'t “1

C AY ]

1w 8F ; 1
10—10; 1
3 ad, | 3

0.01 0.1 1 10

Frequency (MHz)

- 7 : r spoctre megsured by the BROGR and 88 nrohes (g =1,
x=8 cm). The error bars represent siatistical scafter in the dats. The S8
probe measured significantly more power at higher freguencies than the
SB and BB probes, which measured similar spectra. The ability to resolve
short probe-transverse wavelengths depends on shield radius rather than
coil radius.
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the power measured by the BB probe. This implies that it is the shield
radius, not the coil radius, which determines the sensitivity of the probes to
poloidal wavelengths, This result is consistent with the results derived sbove.

A power comparison test of the response of the probes to short axial
wavelengths (described in detail at the end of Section 4.2) shows that probes
with short coils resclve more power than probes with longer coils. This

result is alse consistent with the resulis of the saleulation performed above.

2.4.8 Amplifier and Filter Systems

The frequencies of interest span nearly 3 decades from drift frequencies
corresponding io large-scale modes (~10 kHz for m=1 in Tokapele I1) to drift
freguencies at o/wpe scales (-5 MHz). The {otal dynamic range of the raw
{unamplified) B signals over this frequency range can span § te € orders of
magnitude, ranging from ~1'V at the lowest frequencies in low-g,; discharges
to ~1 WY and below at the highest freguencies in the high-q, discharges.
Thus, the dynamic range required to amplify and store these signals is
beyond the capability of any single amplifier and digitizer combination. To
creumvent this problem the frequency range of interest was divided into
two experimental bands each with its own set of amplifiers and Hlters.

The data presented in this thesis and the electronics used to acguire
the data are classified as either low fregquency (10 XMz — 750 kHz) or high
frequeney (0.5 MHz - 7MHz). The high-frequency amplifiers and filters are
medifications of the system designed and built by D. Kortbawif13] and T.

Lovell. Low-frequency amplifiers (stock AMS502s} were added by M.
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LaPointel14] to acguire magnetic fluctuation data over a2 wide range of low

and high freguencies simultaneously. This versatile system was modified

Forther to obiain the low- and high-freguency &, datz pressnted in this

1

thesis. The signels from each B probe were input simultansous

low-fraguency and high-freguency amplifier/filier/digitizer systems. &
typical setup of the elecironics is shown schematically in Figure 2.10. The

system was alse used by L TanliF] to measure slectrostatic fuctuations &

low and high freguendies in Tokapale IL

In the low-frequency rangs Tekironiz AMB0Z varisble-gain differential
amplifiers were used to amplify and partially filter the B probe signals. The
AMBC2 has g simple BC filter with a variable corner {2 4B point) at the
input and output. The high-pass flter at the input was seb to attenuats the
low-frequency (<10 kHz) magnetic fluctuation signal associated with large-
scale MHD activity. [Anyone wishing to use the AMSBQ2 in a similar way
should consider modifying the high-pass filter (internally or by adding gn
external flter module at the input to the amplifier) {0 obtain a steeper rolloff
than that provided internally by the simple, low-performance, single-pole
RC £lter. This would effectively increase the dynamic range of the low-
frequency system.] Two low-pass filters, the internal AMS02 RC filter and
an external filter module, were uged as anti-sliasing filters, The corner of
the AMB)2 low-pass was set at 1 MHz, the highest seiiing possible, Because
the roll off of the AMBS02 single-pole RC filter is slow {20 dB/decade, the
slowest possible for passive networks), there is significant signal amplitude

at frequencies up to several MHz. The second low-pass filter, placed at the

Low-FrequencyArnplifiers and Filters

Probe 101000
prm—————
i .—-._. Y //z,_,_._ N e \5[\ “"‘-“; -
Y, 10kHz iMHz 1IMBz \E’/—

High-Freguency Amplifiers and Filters

! 0.5-5M= 05-BMEz |
5648
.l 03idB L ‘s ___.j>_ { _AE IS0

e PN | ~ F

Digitizers =
Typ. 20MHz Sampling Rate

S |

Figure 2.10. Typical system configuration of axnplifiers, fiters
and digitizers used to acquire low and h_srh frequency magnetic
fluctuation data simultaneously. .

output to the AM502, was designed to be used when the digitizer sampling
rate was as low as 5MHz, thus requiring that signal amplitudes be attenuated
into the range of the digitizer bit noise at the Nyquist frequency of 25 MHz.
An n=5 elliptic function filter designl[18] was chosen for this filter because of
its combination of fast roll off, large step-band attenuation and relatively
simple design and construction. The response of this filter has 2 corner at
1MHz and a stop-band attenuation of ~ 45 dB above 2 Miz. The average roll
off is ~45 dB/octave, ~150 dB/decade, or ~7 times faster than the single-pole
RC filter, The design of all filter modnles was tested and evaluated before

construction by simulating its response in I-G SPICE{17], an interactive



circuit simulation software package.

The high-frequency amplifier and filter system has 2 fized gain of ~86
dR {~2000) with a variable 0-81 4B zifenuatoer af the nputl ip adjust the
overall gain and dynamic range of the system. The high frequency system
also comizins two removable band-pass filter modules. For the results
presented in this thesis the Blier modules used were n=3 Cauer-Elliplic
band pass flters {131 They were chosen because of their sharp corners,
relatively simple design and esase of consiruction and tuning. The ground
for the low-frequency and high-frequency elecironics was taken from the

o

CAMAL racks through the long (-8 m) cables connecting the cuiput of the

plifier system fo the digitizers. T aveld ground loop problems, the high-

F;J g
@

s were passed through low-inductance isolationm
transformers. RG5E coaxial cable was used to carry both the low-frequency

signals and the ground reference for 213 the electronics to the digitizers, The
g1 g

the high-gain, high-frequency electronics was essential to minimizmng noise
problems in the high-frequency range. The electrostatic shislds of the 3
probes were grounded direcily to the vacuum vessel. Both the low-frequency
and high-frequency B probe data were recorded on DEP model 20014 digitizers
with 32 kilobytes of memory. These digitizers can sample at rates up to 100
MHz but were typically run at 5, 14, 20 or 50 Milz. The dynamic range of a
20014 is 1286 mV with 8 bit (2 mV/bit) resolution. The high-frequency

k3
amplifiers had a noise level of ~10 mV. These amplifiers were designed to
be used with ¥ mV/bit LeCroy 8210 digitizers for which the 10 m 'V noise
levels represented ~1bit. With the DSP2001A, however, the noise level
represented neartly § bits. The combinaiion of relatively small digitizer
gynamic range and large amplifier noise level mede difficult the task of
adjusting gains and attenuations to maximize the signal-to-noise ratio while
keeping 2 significant porilon of the fluctuating signal out of saturation.

Unless noted otherwise, s}l data presenied in Chaptler 4 were recorded at a

2.4.4 Calbration of the Magnetic Probes
At high freguencies and short wavelengths, the probe response is very
complicated. Because the calibration for the effectis of short wavelengths

covid not be performed, the resuits of Section 2.4.2 are usad to help interpret

-

the fluctuation measurements made with the small prebes at high
frequenciss. This is describad in mors detail in Section 4.1, The calibration
for the frequency-dependent effects is straightforward to perform and apply.
Tt is described in remainder of this section.

Because the power comparison mezsurements described in this thesis
raquired accurate measursments of fluetuation power levels across fwo
different amplifier systems and two io three decades of frequency, a careful
and detailed amplitude calibration of each B probe was performed. Each
probe, low-frequency or high-Trequency amplifier and filter sysfem, and all

cables were calibrated ‘end-to-end’ as z single system. Each calibration was
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performed in a physical and elecirical configuration that mest closely

w

matched the hardware setup actually used to take dats. {Helmholtz coil an

generator replaced the vacuum vessel, oscilloacope replaced digitizer, and
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calibraiion data. A sure sign of 2 calibration problem iz a mismatch at

reguency and high-frequency spectre of
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{nomingl) high-frequency “Constant Current Calibvater” (CCC) constructed

by D, Korthawi. The CCC was built for the driven Allvén wave research on

Tokapole 1T and was designed to opsrate in constant.current mode over
several narrow bands of frequenciss. Because the CCC could not mainiain
sufficiently consiani nt over the broad rangs of frequencies of interest

consiant. At low frequendes {(<B00 kHz) the Tekirenix or Wavetek function

- o

generstors are adeguate for driving the Helmholtz colls. Above sbout 05
Mz the Hewlett-Fackard 8064 tube-based oscillator is far superior o its

s0lid state successors. The HPS0CA provides large cutput voltages for large
drive currents and large probe signals, rock-solid frequency stability (batter

that 1 part in 10° to 10% over one hour when warmed up) and very low
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harmonic content. The low harmonic content is critical for accurately tuning
the elliptic-function Slters used in the high-frequency system.

Anvone who wishes to uss a Halmholtz coil set for making accurate
myplitude and phase calibration measurements should not use the
Helmholtz ecil at freguencies shove or within a decsde of its selffresonant
frequency unless carefnl and indepsndent measnrements are made of its
gauss-per-amyp (G/A) charvacteristic .z the feld generaied per Ampers o
ow- znd high-frequency coils the lowest resonant
frequencies lie near : MHz and 10 MHe, respectively. The location of the
resonance can and typically does vary with grounding schemes and should

always be verified before calibrating. This zonsideration is particularly

or the high-fregueney Helmholtz set which is intended to be
used at freguencies that are within one decade of the self resonance. In
addition, for making acourate amplitude and phase calibration
mezsurements, sspecially st high freguencies, ona should measure the drive

1 £ “ . e

current divectly rather than calcaiating it from messurements of the voltage

3
&
]
L)
o
&
jAy)
o
£

srrent-limiting resistor. Use z high-guality current transformer

n the selfiniegration regimef18])

el n

{which is essentislly a Rogowski operaied

to mmeasure the drive current to the coil. A excellent choice is the Pearson
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iy ideal passive device that gives 2
veltage proporticenal to /) rether than df / di,that is accurate to within 1% in
zmplitude and phase from D Hz to 20 Mtz However, a precise measurement
of the drive current flowing fo the coil does not emsure an accuratie

measurement of the G/A characteristic. At frequencies as low as one-tenth
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of the first self resonance, the pertion of the drive current that produces
axial magnetic field in the Helmboliz coil begins to decrease. The net resuli
ig a reduction in the axial magnetic field generated by & known drive current
and a smaller-than-expected G/A characterisiic at the higher frequencies.
Figure 211 shows the freguency-dependent correction factor to the nominal
G/A characteristic of the high-freguency Helmholtz coil over its intended
cperating range of operation. The nomingl 0.081 G/A rating was measured
at 2.0 MHz by D. Kortbawi. The actual value varies by as much as 30% above
and below Z MHz. The values on the curves in Figure 211 are normalized %o
the nominal 20 MHz value. The values below about 500 kHz have a larger
relative errer due to low signal-to-noise ratio. There may be a systematic
error of ~4% because the values st 20 MHz messured by D. Kortbawi and
myself disagree by ~4%. The charscteristic was measured with a large
(~3/47) coil of cavefully measured area and with no elacirostatic shielding to
distort the field being measured. To aveid the inevitable frequency-dependent
gain of & high-freguency amplifier, the signal from the large coil was fed
directly into an osciilescope. The correction factor was applied o the high-
frequency calibration eurves and power spectra presented in Chapter 4.

At frequencies below ~100 kHz (one-tenth of the first self resonance of
the low-frequency Helmholiz coil, and far below the frequencies st which
attenuvation and phase shift due iv the probe electrostatic shielding are
important), the standard “effective area” calibration is adequate. In this
method a single, frequency independent number, the effective area A g5 of

the probe, is used to characterize the probe. The effects of electrostatic

0.091G/A

7 {a)

0.1 1 10
Frequency (MHz)

,& 0.081 G/A

1 I 1 X L

&
™

G i 2 3 4 5 6 7 8 9 10
Frequency (MHz)

Figure 2.11 The gauss per amp characteristic of the high-

frequency "Constant Current Calibrator” norm alized to the

nominal value 0,091 G/A,
shielding, cables, and the variation of amplifier gain with frequency are
ignored without consequence. The Ay is obtained from Faraday's law

£= WVBA o1 as the slope of the plot of the probe emf £ against @B, where 8 is
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assumed to be constant. Typically 4 o agrees well with the ares of the coil
form times the number of turns on the form.

At frequencies above ~100 kHz, the situation is quite different. Numerous

e ]

requency-dependent guantities snter into the calibration. Skin effecis
associated with the conducting electrostatic shield, varisbility of amplifier
gain, distortions due to long cosx cables, isclation iransformers, and
attenuaters are a few of the more important frequency-dependent effects
o

that contribube to the cshibration. All these effocts are taken into account in

n end-to-end calibration of the entire svstem in a configuration similar to

m

that used to acquire the data. The values of prebe-sysiem cutput voltags

-
t]

amplitude {and phase if desired} for & given Helmholiz drive current ars
recorded over many freguencies in the range of interest. The wolfage and
current maasuremenis are used with the G/A characteristic information fo
generate & calibration table of the prebe-system sensitivities {(in Gauss per
Velt) for sach frequency. The ensemble-averaged power spectra are correcied

in frequency space by multiplication with the square of & spline fit of the

G/V calibration vector.
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CHAPTER 3

Beview of Theories Of Small-Scale Magnetic Flucluations

3.1 Introduction

In this chapter I will give a brief overview of the various models of
microturbulence as they reiate to the small-scale magnetic fluctuation
measurements presented in Chapter 4. Particular emphasis will be placed
on the theories of eleciron temperature gradient driven turbulence, or 77.-mode
theories. This chapter is not intended to be a review of microturbulence
theories nor is it intended to be a survey of the theories of anomalous transport
in plasmas. Rather, the goal is te provide a theoretical basis on which to
characterize and understand the experimental results.

Small-scale-length magnetic fluciuations have been propesed as a
possible explanation of anomalous electron thermal transport in tokamak
plasmas. Ohkawa{1] heuristically derived an electron energy diffusion
coefficient {¥ ¢ ~ {¢ /& pe} 2 v/ gR ) in which the collisionless skin depth ¢ /o pe.,
which is typically smaller than the ion gyroradius, appears as the step size
in a random-walk diffusion process. The Ohkawa formula has subsequently
heen derived from more detailed theories(2][3] and appears to be consistent

with the confinement results obtained in several chmically heated tokamaks.

'Linear theories[12]{13] of electron-temperature-gradient-driven, or e, modes

have predicted fluctuations at short spatial scales but have not identified
c/wpe as a characteristic spatial scale. These modes have characterisiic

scale lengths of the order of the much smaller electron gyroradius and are

47
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primarily electrostatic. The nonlinear 7¢ simulations performed by Horton,
et al [15)[19][20] predict the existence of magnetic fluctuations at spatial
scales near ¢ /@ pe. However, the theory is the only nonlinear study performed

on the 1, modes and is difficult to assess because it is primarily computational

o

:nd has Emited resclution at the ¢ /&y scales, Nonetheless, there is sufficient
motivation for an experimental study of short-wavelength magnetic

turbulence.

2.2 Summary of Magnetic Microturbulence Theories
The measurements of the radial magnetic fluctuation spectra in

Tokapole 1T (presented in Chapter 4) show the presence of increased magnetic

rh

uctuation power {1) a2t short poloidal and radial wavelengths near the
collisionless skin depth /@ pe, 2nd (2) a2t high frequencies near and below
the electron diamagnetic drift frequency, & ;c=ky‘!32,/[, 0@ cor where ky is
the poloidal wavenumber, v is the slaciron thermal speed, L is the density
gradient scale length, and @ ¢ is the electron cyclotron frequency. In Tokapole
11 the drift frequency evaluated for such short scale lengths
(Ay~clwpe S py~2mm)is %/ 27 ~ 3 MHz. This is large compared to the
drift frequencies associated with low peloidsl mode numbers but is somewhat
smaller than the ion cyclotron frequency. The enhanced small-scale magnetic
fluctnations are likelv due to one or more microinstabilities present in the
plasma or a turbulent cascade from another frequency and wavenumber
range. The goal of this thesis is {o present what has heen learned about

thege enhanced fluctuations and its possible eauses and io compare the

results of systematic experiments with relevant theories,

The Importarce of Magnetic Microturbulence

The body of Hiterature devoted to the experimenial and theoretical studies
of plasma microturbulence in general is guite large. Liewer(4], for example,
has compiled a comprehensive review of the subject prior to 1985. More
specifically, the theories of drift wave turbulence and transport were reviewed
by Tang[5] and Horton[6].

For the purpose of comparing o the experimental resuils presented in
this thesis, however, the majority of the numerous microturbulence theories
proposed to date zre inadegquzate becauss they {reat only the electrostatic
{§ = 0} component of the turbulence or they treat the turbulence in the low
frequency limit @ << @ In Tekapole II the frequencies of interest He well
within a decade of w ;. Electrostatic drifll wave turbulence is often thought
to play 2 key role in anomalous transport. However, numerous theoretical
studies indicate that magnetic fluctuation are alsoc important, especially at
finite B. Callen|7] showed that the small radial magnetic compenent of
drift modes can produce stochastic magnetic island structures and increase
radial electron thermal transport in tokamaks. In a discussion of low-

frequency electromagnetic fuctuations and related anomalous transport,

Tarkanl2} ammiind thot tha alonteamnonatin sarmnanant oFf Jwlft wadae aee
T T The et RS i R0 A T i g L LS e EEREVEE N A A PR S e i

dominate the ExB transport for increased values of 8 (8>>mc/my). The
view that magnetic fluctuations dominate transport as f rises above m o/ m;

is supported by several other works. Waltz[8] studied numerically a self
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consistent nonlinear fluid model of low freguency electromagnetic
fluctuations. He found that the magnetic fluctuation and density fluciuation
levels are related by (Br/Bi%mﬁfiﬁfZ)q{E’/n}msi and that, for some

ameters, even a modest Jof~1% ~ 20 m o/ my; caused the thermal diffusivity

o
w
M

due to0 B 4o exceed the particle diffueivity due io £ E. This simple relation is
shown e agree with & mizing- length sstimate of the magnetic fluctuation
level and with probe measuremenis performed in the MACROTOR
tokamaki4l

Rewoldt, Tang and Hastiel8] have developed a numerical model for
simulating low-fraguency kinetic sleciromagnetic modes in fokamaks. The
model is based on a set of coupled integro-differential equations, and the
numerical soluiien of these euuations provides eigenfreguenciss,

. They compars particle

znd energy transpord cosfficients for the full toroidal drift meode and in the

Umit as 2 function of . For B~ m o/ m the fransport coslficients
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coefficients.

Magnetic Turbulence at ¢f/epe Scales
I & large number of tokamaks the electron confinement time increases
linearly with plasma density (Aleator-type scaling). Ohkswalll first proposed

that the linear density dependence of the empirics! scaling laws could be

51

accounted for by short ¢/ewpe-scale magnetic fluctuations. Such fluctuations
are presumed io cause a random walk of electrons across equilibrium
magnetic surfaces with characteristic step size Ax~c/wpe~n =12 and
confinement times 1g < Ax 2 A
Recently, theories of lon[10] and electroni{111 12113} temperature gradisnt
driven turbulence (7. and 7; furbulence) have been propesed to explain
nomalous ion and slectron thermal transport in plasmas. The electron-

nd ion-temperature-gradient paramsters, 77 and 1y, are defined by

dlnT,I lér _ =L,
Ta= dlnna/dr

e
€2
[
St

Thase theories predict magnetic and electrostatic Juctustion activity al small

T |
gpatial

scales of the order of the pj, /@ pe or below and at frequencies up o

%)

the drift frequency & e Comparsd to most sther microturbulence models
o e i od

{which ars primarily low-frequency or electrostatic} the %o and 73 theoni

pradict characteristic spatial scales and frequencies of the furhbulence that

v PSR

tter agreement with the experimental resulis presented in Chapter

o
"
@
o
=}
o
o

. The n;-mode turbulence, however, is characierized by average poleidal

L=

wavenumbers in the range(10)14]{ky p S 1, where ps= ¢ /2 pand 1 =T /7.
{We identify the z,y and z coordinates with the radial, peloidal and toroidal
divections in a tokamak.) In Tokapole I1{7~ 2) the average wavelengths are
at least zn: order of magnitude larger than both p; and the spatial scales of

the observed enhancement of magnetic fluctuations. In contrast, the spatial

scales of the magnetic turbulence associated with 1. modes is predicted to
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be in the range[15] 5'} y €l pe} ~ l\kz ¢l ?L} ~0.5 o 1. This impliss characteristic
wavelengihs that are much closer o the spatial geales in which the enhanced

magnetic fuctuations are observed.
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resuits, In secton 3.8 1 will review ihe Unear % models, an
nonlinesr 77y model will be discussed. The experimental resulis will be

compered sgainst the e theories in Chapler 4 and the lUmitetions of beth

8.2 Linear n.Mode Models
2.3.1 Sheared-Blah Model

Les, Dong, Guzdar and Liuf12] have studied the YHnear instability of

slab field geomelry, The authors treal the elecirostatic

and nonlocsl Viasov theory to obtain simple dispersion
relations and an astimate for the mode width. The radial locslization of the
mode is predicted o be quite narrow: Ax =g VI + 77,

2

Lesg, ef al. treat the full eleciromiagnetic character of the mode by deriving

znd numerically zolving a pair of coupled integral eguations for the perturbed
scalar and parallel vector potentials ¢ and Ap I¢ is the fluctuating paraliel

vector potential that produces the radisl magnetic fuctuations important in
cross-field transport. [In theories that examine the electremagnetic

component of mieroturbulence, Z" and B Izky;f;; figure more preominently
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than A; and Bv. This is true because the ordering ky<< kg izaphes (1) that

‘*c,’j’c , << @ /,c <A for low f {v, is the Alfvén speed} and thus, (2} that

e

C!.n
)-+

t-gshear coupling (5’3 ne !’;-C._ v with BE=B) andk=k; i) occurs more readily
and iz thersfore more imporiant than drifi-compressional coupling
(@he Ji~ vy with B = By and k=% ;)] The electromagnetic model, an extension
of earlier work{18] o fndie 3 (mo/ my << S << 1), includes gyrokinetic effects

and ig velid 1o relatively high fregquencies, < ¢ ;. From the linearized

Viasov equation, the authors wrile the periurbed distribution function for
the electrons and ions and use these functions in Polsson and Ampere’s
equations to obtain their model equations for ¢ and Aj. In the electrostatic
Limit corresponding to Be << mo/ my, g:f; and Z” are decoupled.

The coupled equations are solved numerically for § and Z;g for the lowest
few modes {.e., those with the fawest racdial nodes). The guthors plot th
normalized growth rate ¥ against ne for the three lowest modes Figure 3.1
below), The lowsst mode is most unsiable and has a threshold at 7.~ 1. In

+.

sctrosiztic probe messurernents[17] of n ¢ and T, profies in the
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edge region indicate that e~ 1-2.
The eigenfunctions are ploited in both x- and k-space for a given k.

Figure 3.2{a} shows that in the lowest mode (for & yp o = 0.5) ¢} is peaked om

consistent with the nonloeal analytical result. The 4y (Figure 3.2(b)) peaks
slightly cutside the resonant surface and has a larger localization width of
about 5 p .. At larger 1, the modes are less unsiable and the eigenfunctions

become more tightly localized.
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The real and imaginary parte of the mode frequency, @ and ¥, for the
lowest, most unsiable mode are shown in Figure 3.3 as a function of ky for
two values of .. The normalization of the frequencies is perhaps more

meaningful in the form FLP e/ =L ﬂ/Ve- The tizne sczle is the time of

ae

Fai 3 1

flight across the density scale length L, at the slectron thermal speed ve.
This time scale ig very fast and iraplies high real frequeniss and very vapid

iinear growth (¥~ @) This stands i

-
[
o
S
w3
:'a

¥ t to ordinary, longer-wavelangth

= LA

or Tekapole IT
parameters{i8i (7o~ 100V and Lo » 3 - 5 cm) this time scale i roughiy 0.06 ps
~10 % radss or § ~ 16 MHz. The maximum growth rate of
the mode (Figure 3.3(5)), however, is one to two orders of magnitude smaller
than this frequency scale factor, putting typical growth rates in the 1ps

range. There are three observations i make from Figure 23 that are relevant

. 1,

t0 this thesis. Firsi, the most wnsis

higher real frequencies at larger values of 7e. The same is generally true

for the other higher order modes not shown here. SBecond, the mode is
maximally unstable at spatial scales between g and p; (kype~0C7, or

hY

Ay~ ‘z(}pcr—O.Spibase&onpi;‘pen-20%:\."1"03:;&;0’;.@11@%?; r=4).Ina

(2
¥4
e

ey

the mode is unstable over a broad range of Ay with significant growth at

wavelengths from ~ 3 g up to ~ 20 2 ¢ ~ p ;. Third, the mode is unstable over

1.1

& wide range of froguendies below ~ 0.2 »', and exhibits significant growth
frequencies as low as one to two decades below. For Tokapele 11 parameters
in both low-gg (BT~3kG, Ln~5cm) and high-¢s (B1~5kG, Lp~3cm}

discharges, this translates to a range of frequencies of ~1 MHz down to ~10

kiz.

The finite-f8 ., sheared-slab resulis plofted in Figures 3.2 and 3.3 were
obtained for Be=1% {most comparable to Tokapole 11 low-¢, discharges
with fe=0.5%) and shear parameter L=L,/L =01 (also comparable to

5

Tokapole 11 inside the separatrix if L, /L ;~ 2/ =(.18). Lee, ef ol find that

the growth rates ave slightly larger in the electrostatic lirit (f. << me/m;
for the Snite f§ . cases, indicating that 8nite 8, and, hence, the coupling

of ¢ and 4y tends fo stabilize the modes.
the magnetic shear past 2 certain threshold value also tends to stabilize the

modes (Figure 3.4).

2.3.2 Toercidal Model
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ave studied the lineax{13] and nonlinear[15]
(1920 instability of 7, modes in toveidal geometry. Their Hnear caleslations
wiil be discussed in this section and thelr nonlinear model will be reviewsd
in section 3.4

Horton, Hong and Tang performed Iscel hydrodynamic and locs! Viasov
kinstic calculations, both in the slecirestatic regime, to obtain dispersion
relations as well as information on the growth rates and resl frequencies of
the 1. medes. The hydredynamic caleniation is based on the electron fuid
equzations {continuity, force halance and energy conservation) and adiabatic
ion dynamics {m <<k 3 v in the presence of an electron temperature gradient.

The authors assume short wavelengths {(p. S A< p;) and high frequencies
{@, ¥>> &k ve} and include toroidal effects dus to VB and curvature drifts.



For Tokapole 11 parameters, vy ~0.3 Ve/y - The freguency scale factor

o1 . B
P

used by Horton, ¢f af. is essentially the same as in I

U"

by the factor of © 1/ 2. This estimate of ¥ r is about equal to the growth rates
caiculiated by Les, ef gl. (Figure 330

Plots of the normalized real frequency and growth rate against 7e for
VBTIous & 1 P are showa in Figure 5.5 and summarize the results of the
linear Viasov kinstic calcuiation performed by Horton, ¢ al. The growth
rates and real frequencies are guantitatively similar to those calculated by

st and are comparable io the

o

m}

Lee, ef el Again, the growth rates ars very
mode frequencies. For e 2 1 there is less than one oscillation in each e-folding
of the mode growth. Figures 3.5 and &) also indicate the variation of the

=1 £

growth vate with £, At longer wavelengths the real fregquencies decrease

]

3 -

and the mode becomes more stable. The linear toroidal hnetic model reduces

to tha chesrad.slah form of Lee, of 70101 in the BHmi

o

Q

by
¢

weak torcidicity. Figure 3.6 shows the variation of the growth rate with the
e . . / v
toroidicity parameter £ ,=2L 2/ p. The mode becomes more unsiable as 2 A

increases to a threshold value of ~0.2 and becomes more stable for jarger

Horton, ef ¢l. argue that the short-wavelength elecirostatic 1, modes
nonlinearly excite the longer-wavelength ¢ /m pe-scale electromagnetic modes
and pursue the turbulence inip the nenlinear regime. Their nonlinesr madel

will be discussed in section 3.4.

2.8.8 Gyreokinetic Model

The linear models discussed in Sections 3.3.1 and 3.3.2 require a finite
Ve (e # 0) and predict electrostatic modes with maximum linear growth
at g spatial scales. Generally, these models yield qualitatively similar growih
ratas and real frequencies. Recently, however, Hirose[211 has siudied
slectromagnetic drift modes that are Hnesarly unstable at the larger ¢ e
spatial scales with smaller growth rates and real frequencies.

In their fluid model Horton, ef 2l. assume adizhatic ion :

-
@
7]

o]
o
3
[f24
®

Ay <<py and predict c/@pe-scale magnetic turbulence. The relaticn
pi=clwpe {8/ 2 (n;/me) implies that, in most tokamak plasmas (f ~ few
percent or less), p; is ondy slightly larger than ¢/t pe. Thus, the sssumption
of adizbatic ion response is not well satisfied, and Hircse argues that both
the electrons and the ions need to be analvzed kinetically. Hiross assumes
sufficiently low B, Be <<im o/ m ) {L /c /60 pe ],, 5o that the frequencies of interest

@ =@, lie in the low-fraquency regime, @ =m’§w << iy, and that the electrons

and ions can be described by gyrokinetic (drift kinetic) equations. [This
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frequency assumption is not well satisfied in Tokapole I1 where w7, S o
For gg~ 1 discharges, for example, @y ~ 3 MHz at p; scales and @ ~ 4.5
- o . , ! i
MHz. For g, ~ 1 discharges Se~ {m ef m;) (L 7 / ¢ /6 ol and for g, ~ 3 discharges
8. % {rr ofrm i) {L LY )s Under these assumptions, Hirose derives and

3

snalyzes z local, oollisiondess dispersion relation for slectromagnetic modes.

ja )

He considers the simplistic case of a plasme with 7. =0 and no trappe

=y

pariicies o argus that instability reguires only inverse Landsu damping o
untrapped electrons snd Vi as the source of free energy. MNelther an slectron
temperature gradient nor trapped elecirons is required. A more realistic
case including & finite V7, and trapped siectrons shows thai the growth

vates ars enhanced. In sither case, the growil

=
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nd freguencies are
roughly an order of magnitude lower than predicted by the Lnear theories
of Lee, ef al. and Horton, ef al. The range of real frequencies corresponding

to positive growth doss not match wall the frequency range of the observed

magnetic enhancement.

3.4 Nonlinear 71, Model

Horton and coworkers have performed the only nonlinear investigation
o date of the 1. mode turbulence{13115){19}20]. Their work is 2 development
of & suggestion by Guzder, ef al{1l} that the nonlinear evolution of the
short-4 drift instabilifies driven by VT, at the shorter p . spatial scales may
be responsible for turbulence at the longer ¢ /@ pe scales.

In the nenlinear regime two spatial scales play a role in the evolution

of the turbulence from linear growth to nonlinear saturation. The maximum
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linear growth occurs ai the shorter g, spatisl scsles, the polarization is
primarily electrostatic, and the subsequent transport is small compared to
that due to other processes {7; turbulence, for exampie). Nonlinear made
coupling to larger spatisl scales is sxpected by anslogy with results of
nonlinear simuiztions of n; mode turbulence which have similar modal
eguations. Resulis of computer simulations performed by Horton, e ol [15118]
show that mode coupling drives the turbulence to longer spatial scales near

the collisionless skin depth ¢ /@ 5 and perhaps larger.
£PL. s o g

An Argument for the Exisience of Twe Spatial Scales

3

forton, Hong and Tang give g slmple (linear) arguwment for the existensze

-

of two separate spatial scales in the nonlinesr regime. They consider magnetic
fluctuations with & non-Boltzmeann electron response for which the parallel
e P

conductivity is r;f[’ ( o€ o )1 - vafs,)} Using Chm'’s law. jy=of £y

2 w2 oy . w2 [ o kq?{;
V_L—wm j-—B A= LR R y (3.3)
c? o || ¢? @ |9
where mp:.— a}m ; CJ- = mne {1+ 7). This is used to calculate E 1 which
takes the form
~ ~ pZ
Ey=~Vyp —L—, (3.4)
2 2
k_L""'.ks

where k Hak = (@pe/ ) 2(1- m'pe Jo). Substituting the approximate w and &
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corresponding to maximum linear grewth (Section 3.3.2) inte the form of

k(o) with o~ 1 and 15 >> 1 gives

i I3
k3% ﬁ"\”z(iaeﬁﬁ}i’z. @5
R S DI Z "Ln
In Tokapole II, £ Clwoe~ 4, 0F Ag~ 1.5 0/ 5, which is Toughly midwey

, 2 Y :

k.-i >> k¢ B (3.4 sr«es e Wy Ap=0, implying primarily electrostatic

R SRS S, . ;Lz/ 2 -2‘{.. At the lar Alan

DOIATIZATION and waa COEP;}"}\O' L/ fg_-‘-"}'{q}" i. AL The :8YEer SC3iSE,
i) . ~ -~ 2/ .

Sc;?_ < k¢ Eq (34 gives Ey~-Vyo K1, L 2, implying Ag: =0 and the sxistence

of strong coupling, ¥ 1 /z 2= 1, which reduces E y znd changes the polarization
from electrostatic to electremagnetic.
Ampére’s law, Eg. (8.3), in thie simple case also indicates how the

£ f e seale length enters the model. Note that in the further simpiified case

of =0 and long gradient sale lengths or high frequencies { m*/ @ —%G},

T I
Aznpere’s law reduces {0 L‘Vi— wffefc AP_Q znd the amplitude of 4; falls

exponentially in the perpendicular direction with an e-folding sczle

3 -

iength

of ¢ /wpe In a similar way, Ohkawalll uses a generalized Chm’s law 1o

derive a differential eguation in E) similar to Eg. (3.3)
azii;/ax% §<2* "*’2 / 2}(1u o) E )J j. At high frequencies or long

gradient sale lengths this equation alzo gives an exponential decay of E

the radial direction with maximum scale length ~ ¢ /@ pe.

The Nonlinear 1. Model Equations
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Horton, Beng and Tang{i3] ireat a set of nonlinear hydrodynamic
equations deseribing #je turbulence at short spatial scales. Their fluid model
is based on the cleciron continuity equation, paralisl force halancs and energy
congervation. They assume that the dominant nonlinesr terms sre the 8.V
magnetic gradient dus to field line perturbaticns caused by the turbulence
and the ExB convective derivative ( % +v-V with v=vgg) acting on
finctuating guantities, The model assiumes an adiabatic ion response, which
is valid for 4§ << p; because the ions average over many wavelengths in a

single gyro-period. (This assumption turns out to be a critical limitation of

the saturated turbulence are szpected

,
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the model becausa t

AT 1

to be ~cfepe. In low-5 machines like Tokapole 11, c/wpe S p; and the
assumption of an adizhatic ion response is not well satisfied. Horton and
coworkers have plans to include & non-gdiabatic ion response in the
future[203i22].) Toroidal effecis sve included by adding VB and curvature
drifts. To absorb energy transferred to 4 — § the model equations include

"

classical {i.e. Braginskiii23]} diffusion coefficients for electron cross-fisid
diffusion, resistivity and parallel and perpendicular thermal conductivity.

The equations ars normalized and reduced to a set of three coupled nonlinear
partial differential equations in ’g;; ; A g and f‘; (or :ge). The reduction process
is aided by assuming @/, >> 1 (high-density limit). For Tokapole 11
parameters this assumption is marginally satisfied: @pefy; ~2-4. The
reduced equations are weakly 3-dimensional, retaining spatial derivatives

in all three directions but with dyp<<d:. The authors note that in the

electrostatic limit (Fe << me/m ) the toroidal 1e equations are similar in
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structure to the teroidal 7; equations after an appropriate exchange of electron
and ion dynamics has been made. The meodel equations are solved numerically

and are discussed further in Iater works{15][18].

Preview of Siability for Tokapole I7 Parameters

We can preview ths stabiiity of the reduced nonlinsar equations by

ing the lnsarized system. If we replace each unknown function in the

model equations by a plane-wave component of the formu = uyexp H{ k- x- @7 ]

with u = (g, 4 ;;, Teland ¥ ={x, 3, 2), the system takes the form of 8 generaiized

eigenvaine problem

Auy=—-ioBuy (3.8)
Here, A iz a general complex 3x3 matrix that depends on &y, &y, the &iffusi
coefficients and other plasma pararmeters. The 322 matrix B is real, dlagonal,

non-singuiar, and depends only on ki and 8 The inverse of B is trivial fo

calcuiate and can be used to simplify Bq. (3.6). Multiplying on the left by 87!
transforms the generalized eigenvalue prob

problem

C g =— i U, (37)

where ©=B"YA. In general, ordinary eigenvalue problems are

computaticnally easier to solve than generalized eigenvalue problems.
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A computer code called TINEIGS[24] was usad to solve the generalized
eigenvaive problem Eq. (3.8) for the maximum growth rate as a function of
ky ky, and k,. Here, maximum growth does not refer to 2 maximum with
regpect to variations in k x, £y, and k; rather, it refers to the largest imaginary
part of the three sigenfrequencies obiained by solving Egs. (8.8} or (3.7). A
similar but more general proceéure was used in refersnce [Z5] to solve the

linearized systera for the eigenfunctions 4,4y, and T,, and to compute line

i
estimstes of electron thermal diffusivity and confinement times.
I obtained 2 copy of the LINEIGS code primarily so I could caleulate
real frequency information as well as the growth rates for realistic, Tokapole
11 parameters. However, the input plasma parameters supplied with the
copy of the code I received were mutually inconsistent and unrealistic,
corresponding te & cold or collisional plasma, The cede which solves the
nondinear mode!l equations was run with the same set of input paramsters.
The cheice of unrealistic input parameters may have been necsssary to get
the computer solutions to reach a saturated stafe in a reasonable amount of
time. Reference 15 contains the formulas for three of the five normalizad
diffusion coefficients, but it seems they were not used to generate mutually
consistent input parameters. Neither Horton nor Lindberg, the author of
the LINEIGS code, had the formulas for the other two coefficients. With
assistance from Horton on technical details, I derived the remaining fwo
diffusion coefficients in the normalized units used in the model equations

and used Tokapole X1 parameters {o obtain realistic and consistent estimates

for the coefficients. The code was also modified to solve the simpler problem



Generally, the range of frequencies corresponding to positive growth rates

is broad, spanning ~1 o ~2Z decades. For the £ ;0 = @ and .25 cases, the
range of frequencies corresponding to positive growth extends from 200 kHz
to 22 MHz. The cross drawn con each curve marks the freguencies
corresponding e the peaks of the maximum growth rate curves. The
frequencies of peak growth He between 4 MHz and § MHz, with the higher
fracmiancias ocenrring &t larser k..

The resuits of the LINFIGS code runs are in general agreement with
the real frequency and growth rate predictions of the linsar theoriss due i

Lee, ef al. {Section 3.3.1) and Horton, ef ¢l (Section 3.3.2): rapid linear growth

raies ai p . spatiel scales and high frequencies. Resulls of the nonlinesr

surbulence is dominated by componenis with I, =C0and I, = by Funs of the
A S ~5 T — T Fan
ICYIONE O Ay = Ny L10T

- with the sxception of

with sach eigenfunction,
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and foliows the redistribution of the total energy £ = £+ E;:“ + Ef, among

1 bl ammamamante (Tr tho oorlioe wnel and i cama nf the nlnts renrndiieed

P D R N o e s

below the authors calculate the emergy Ep, of the electrom pressure

fluctuations which is related o Ef iy Pe=Te- t¢.} Figure 3.8(g), for example,

v

shows the linear growth phase and saturation of sach energy component as
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a function of time. The &y specirum of the total energy is plotied in Figure
3.8(b; at various imes in the evolution of the modes. During the linesar

growth phase, corresponding te 15, the specira are dominated by

“a

components at kypu~4:La=0 end kyp =08 [18] with vy~ 03

Yol ~310%5 -t for Tokapole 11 parameters). This is consistent with the

; bl frmi Fha LINTIOS code &2 S
resulis chiained Hom the LINEIGE code deser

components of the steady-state 4y can also be seen in the surface plot o

A i Gory in Figure 3.11(a). The saturated ¢{xy) and Te (), Figures 2.14b) and
{c}, have successively Gner spatial struct