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ABSTRACT

. Transport of Carbon Ion Test Particles and Hydrogen Recycling

in the Plasma of the Columbia Tokamak "HBT"

• Jian-Hua Wang

Carbon impurity ion transport is studied in the Columbia High Beta Tokamak

fI-IBT), using a carbon tipped probe which is inserted into the plasma

(ne = 1 - 5 x 1014 (cre-3), Te = 4 - 10 (eV), Bt = 0°2 - 0.4 (T)). Carbon impurity light,

mainly the strong lines of Cn (4,267A, emitted by the C + ions) and Cm (4,647A, emit-

ted by the C ++ ions), is formed by the ablation or sputtering of plasma ions and by the

discharge of the carbon probe itself. The diffusion transport of the carbon ions is

modeled by measuring the space-and-time dependent spectral light emission of the car-

bon ions with a collimated optical beam and photomultiplier. The point of emission can

be observed in such a way as to sample regions along and transverse to the toroidal

magnetic field. The carbon ion diffusion coefficients are obtained by fitting the data to a

diffusion transport model. It is found that the diffusion of the carbon ions is "classical"

and is controlled by the high collisionality of the HBT plasma; the diffusion is a two-

dimensional problem and the expected dependence on the charge of the impurity ion is

observed.

The measurement of the spatial distribution of the Ha emissivity was obtained by

inverting the light signals from a 4-channel polychromator, the data were used to calcu-

late the minor-radial influx , the density, and the recycling time of neutral hydrogen

: atoms or molecules. The calculation shows that the particle recycling time '_p is com-

parable with the plasma energy confinement time xE; therefore, the recycling of the hot

plasma ions with the cold neutrals from the wails is one of the main mechanisms for

loss of plasma energy.
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CHAPTER ONE

INTRODUCTION
,i

. 1.1 The History of The Columbia HBT

The Columbia High Beta Tokamak (HBT)[1] is a small-size toroidal plasma dev-

ice which produces plasmas that tall within the scope Of MHD studies. Plasma MHD

has had considerable success in describing the phenomena observed _ plasmas are gen-

erated and heated in toroidal geometry; both MHD equilibrium and stability arc com-

monly used in the design of new and larger devices. The HBT project was begun in

1976 in order to study the physics of tokamak plasmas having high beta: in psa_dcular,

could such plasmas be generated, and what equilibria could be achieved? lt should be

noted that in 1975 the toroidal beta of tokamak plasmas was a small fraction of a per-

cent, at least an order of magnitude or more smaller than required for fusion plasma

applications, lt was proposed to generate plasmas having beta of several percent, and in

1978 the Torus II device (the predecessor of I-mT) was operated. After a few years,

devoted to diagnostic development, it was found that tokamak-type p,asmas of

elongated cross section could be generated having average toroidal beta- I0%[2]. lt is

worthy of note that recently the DI]:I-D conventional tokamak has found that toroidal

beta- 10% can be produced.

The plasmas produced in Torus II were of limited lifetime, and so in 1982 it was

decided to redesign the tokamak and upgrade the pulse-power systems so as to extend

the lifetime of the plasma beyond I00 (la._ec):this pe, mitred good documentation of the

" plasma equilibrium conditions[3]. More recently, the magnetic probe diagnostic has
=

been able to dete,;t certain MHD instabilities[4] and study the equilibrium of plasmas
o

formed near or in the second stability zone of plasma betas[5].
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Althoughthereha,_,beenconsiderablesuccessinunderstandingtheHBT plasmain

termsofMHD[6],themhavebeenfromrenetotimea numberofreservationsorcriti-

cisms.The HBT plasmaisformedrapidlyatrelativelyhighdensity(comparedwith

oth'rtokamak,),abovetheMuri.kmnilimit[7],and itisalsoa rathersmalldevicecon-

taincdwithinaquartzchamberandlackingalimiter.Theseraiseissuessuchasthecon-

u,,,rapidoutfluxofenergyby neurxalcollisiontaminationoftheplasmaby impurities,"'"

chargeexchange,low magneticReynoldsnumber,etc..As a result,thefusioncom-

munityhasbeenslowto_cceptther,,levanccofHBT researchtolarger,hotterplasmas.

IsHBT a "rear'tokamak?One oftheobjectivesofthepresentstudyistoexaminewhat

happensintheHBT ona microscopiclevelofcollisionsandtransport.

The typicalHBT parameters_.ndthemain diagnosdcsusedinthecarbonprobe

experimentarclistedinTable1,and a picturewhichshowsthegenerallayoutofthe

RBT machine(notincludingthepower supplysystem),isshown inFig.1.1.The coil

systemandthediagnosticarrangementwillbeshown inFig.2.7andFig.2.8inChapter

Two.

TableI:Parametersfortt,e ColumbiaHBT

Majorradius,R0,cm 24 Peaktoroidalfield,B.kG 6

Minorradius,a, cm _ 5 Typicalq" 2.0

Toroidalmagneticfield,Br, kG 2 - 5 Toroidalbeta,<[_>,% _ 3

Elongation,)¢ = 1 ¢_v _<1.0

Ionspe_cs H,D,I-le Typicaldischargetime.s,paec 100

Density,<no>,×101(cm-3 l-5 Energyconfinement,%_,paec =20-I00

Temperature,<7",>,eV 4-10 D_gnostics:C02interferometer,Thomson

Peakplasmacurrent,lp,kA 20 scattering,magneticprobe,carbonprobc.

m
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1.2 The Objective of The Carbon Probe Experiment

In the present study, a group of "test particles" (actually carbon ions) is injected

into the plasma, and we analyze the carbon ion emitted light in order to determine how k

these ions diffuse along and across the magnetic field Lines which contain the plasma.
m

The plasma is itself collision-dominated, that is, the collision mean free path is much

smaller than the toroidal circumfer,.nce, and therefore the carbon ions random-walk

their way across the field lines by scattering off the dominant ion species, protons. We

ask the question: is this process in HBT described by the classical mechanism men-

tioned above, or are there other effects, e.g. plasma flows or field errors which cause the

plasma to move differently? It is worth noting that in another toroidal device

(Spheromak)J8], a similar experiment done in a plasma having similar conditions to

HBT found that the ion impurity diffusion was - five times th,_ Bohm ("anomalous")

diffusion. However, Spheromak is not generically a tokamak; it is a form of reverse-

field pinch[9].

Another reason to do the carbon ion diffusion experiment is to develop a different

technique to sense plasma macroscopic motion. An MHD instability, for example, will

cause the plasma to shake in a characteristic way, and this motion can be detected by

examining the emitted impurity light, which is generated in the locality of the carbon

ion source. Presently, instabilities are detected using a magnetic probe; therefore one is

actually sensing the fluctuation of the magnetic field which is "tied" hato the plasma to

some degree, rather than the actual plasma motion, lt would be useful to validate the

magnetic probe measurement with another diagnostic. In fact, we show an instability

measurement using carbon probe in this manuscript, however the abrupt termination of

the HBT experiment did not permit full exploitation of this technique.

Finally, the optical sensing system was also capable of additional studies, in parn

ticular the examination of light emitted by neutral hydrogen. The neutral gas arises
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from a flux of gas from the chamber wall, which then flows into the hot plasma and ion-

izes. Some neutrals, however, merely charge-exchange resonantly on the plasma ions

" (protons), and this results in a recycling of particles between the plasma and the walls.

This represents an important energy loss to the plasma, and our observations permit us

to compute a characteristic time for this energy loss process. We find that it occurs on a

timescale comparable with the plasma life time. Therefore, the recycling of the hot

plasma ions with the cold neutrals could be an important mechanism for the loss of the

plasma energy, together with electrcm heat conduction and impurity radiation.

1.3 The Method of The Carbon Probe Experiment

The carbon ions are released from the discharge of a carbon tipped probe which

consists of a hollow graphite cathode coaxial with a stainless steel anode pin. The probe

is vertically inserted into the vacuum chamber, and is located at the magnetic axis of

the plasma during the time scale of interest. A bench test showed that both C + and C ++

can be produced during the source discharge; later on, due to the reionization by plasma

electrons, part of the C + ions will be ionized to C ++ state. The recombination of either

C + or C++ can be neglected because of the short time duration of the plasma. The spec-

tral light emission from C + (CII =4267 A) and C "H"(CIII =4647 A) is collected by a

single channel optical system, which includes the focusing lens, the optical fiber, the

I;_onochromator and the photomultiplier (PMT). The diffusion coefficients of carbon

ions are obtained by numerically fitting of the temporal evolution of the spectral light

signal measured at different distances from the probe, along a direction either paral.lel

or transverse to the magnetic field.

I,

A number of other spectroscopic techniques have been devised to monitor either

the spatial or the temporal evolution of test particles to study the particle confinement in

devices, such as Alcator C [10], TEXT [I I], TFTR [12], Fhoto S-I/C Spheromak [13].

The impurities used in these experiments includes a wide range, such as ions of Sc, Au,
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Si, Ti, Ge, C etc.; they all are uniquely identifiable via their characteristic line radia-

tions. The Laserablationandgaspufftechniqueswereusedinmostlargetokamaks.A

carbonprobetechniquesimilartoourswas usedintheProtoS-I/CSpheromak.Fig.1.2

shows a summary of severaloftheseexperimentsperformedatdifferenttokamaks,
m,

includingtheColumbiaHBT. The diffusioncoefficients,D j.,foundinmostof the

experiments,areontheorderof1.0-I0,0(rh2/sec).The convectionvelocity,ev,used

in thefittingofthemeasuredspectrallightemissionby theimpurityions,differsfor

differentmachines;however,itvariesbetweenzeroand]0.0(m/see).

1.4The OutlineofThisReport

Inthisreport,we first(inChapterTwo) givea briefdescriptionofthegenerallay-

outofthecarbonprobeexperiment,includingtheprobestructureandpowersupply,the

probeperturbation,theopticalsystemandotherdiagnosticsusedinthiscxpcrimcnt.

InChapterThree,adiffusionmodelofthecarbonionsisintroduced,includingthe

calculationofthedifferentrelaxationtimesforthecarbonions,threemathematical

modelsforthesourcedischargeoftheprobe,and theanalyticalsolutionsofthecon-

tinuityequationforeachmodel.

The observationandthefittingofthespectrallightsignalofthecarbonionsatdif-

ferentionizationstatesispresentedinChapterFour.Convectioneffectsand cn'or

analysisarealsodiscussedinthischapter.

ChapterFivepresentstheinterpretationofthecarboniondiffusiondatainthe

HBT plasma.Bothof_c classicaland theneoclassicalimpuritytransportthcoricsare

presentedthere.Bohm diffusionisalsobrieflydiscussed.

The Ha lightmcasurcmcntsarcpresentedinChapterSix,includinga description
=

of themultichannelopticalsystem,theinversionand reconstructionoftheHa light

emissivity. Based on that, the calculations of the minor-radial influx and the recycling
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. D.t"(m2/sec 50.0"][ProtoS-!JCSpheroma':_:":':'::""""'......::::":"::::::>:":_:::::_k"_::l

I:,fmpurity:_::C::,i':_i!iii}i';, i ]

10.0/

[..:Columbia.HB :..i::!_:..:i:.:::::_i:,:.;_:":::::_..::I 9.0
[::(carbon:pr0be,::!;!990):::.::-1 | [!.:TEXT;(Texas):i:.::-':::iii__::::..:i.i.:;: [

l:i(Laserbiowoff,1987)'ii:::ii::[

I - 6.0 I

-s.o /
[:Alcator:C(MIT):::.:::::.:.::!::i,.::.I - 4.0 /

I (Laser'bl°w°ff':198'2)'::::!:1 _ ,0/._TFT. R[.Impunty:..:AUi:Si;iTli:.i:_;_:::,:_!i:I

_- _'asei_b10w0ff,"1988): .....
_::.[:CV/=:OO.i:(m)s):i:i::: ::: _" _.0 'hnpurity:Ge,:Ti:. :/

_(I- 0:5):"::[c;:O.1 =:0:o:-o:3:(m/s)

• Figure 1.2 The summary of the impurity transport study in different devices.m
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time of the neutral hydrogengas is also discussed for both parallel and reverse bias

cases of HBT.

Chapter Seven summaries the major results for both of the carbon ion and the Hcx

light measurements.

In the appendix, we discussed the observation of a macroscopic instability of the

HBT plasma using the carbon probe technique. An instabi.!ity-likeshot, obtained in the

old vacuum chamber and detected only by the C11light measurement, is presented.
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CHAPTER TWO

. CARBON PROBE TECHNIQUE AND EXPERIMENTAL SETUP

The basic technique used to measure the carbon impurity diffusion coefficient is to

inject a group of.carbon ions as test particles into the HBT plasma via the carbon probe

discharge, and monitor the spectral fight emission from carbon ions (either C+ or C _)

at different directions and locations,

2.1 Carbon Probe Construction

The carbon probe consists of a hollow graphite cathode (9.5 (mm) diameter and

9.5 (mm) length) coaxial wittl a stainless steel (s.s.) anode pin (1.0 (mm) diameter and

10.0 (mm) length), see Fig.2.1. The graphite cathode is screwed on a tapped s.s. holder

which is used to make good electrical contact between the stripped wires of RG-174

coaxial cable arid the graphite tip. A smal,er diameter but longer quartz tubing is nested

into a larger diameter but shorter one which is used to keep the s.s. holder on the center

line. There is a tiny hole on one end of the holder into which a short piece of wire is

inserted and soldered. The center conductor of the coaxial cable is soldered to the s.s.

anode pin in the same way. Ali of these wires are covered by shrinkable tubing to

obtain better electrical insulation. The remaining volume inside the quartz tubing is

filled with vacuum epoxy,

The probe is vertically inserted into the vacuum chamber. The upper end construc-

tion is shown in Fig.2.2. The center conductor and stripped wires of the coaxial cable

• are soldered to two pieces of wire (# 20AWG) individually. A thicker insulation tubing

: " is placed over the center wire which is longer than the grounded one to keep the high

voltage perfectly isolated. Vacuum epoxy is also used for sealing. A delicate electrical

connector plug (which is not shown on the figure) is especially made for the upper end

to link the firing system to the probe.
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Figure 2.1 The lower end structure of the carbon probe.
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RG-174 COAXIAL
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Figure 2.2 The upper end structure of the carbon probe.
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2.2 Carbon Probe Operation

The carbon probe is fired by a 20 (kV), 1.0 (lt F) capacitor,shown in Fig.2.3. Typ-

ically the capacitor was charged up to 10 - 15 (kV) and discharged by firing an ignitron.

A 1:1 transformer is used to isolate the miggering mechanism from the plasma potential,

and the coaxial output feed is wound about 50 turns around an iron core, which pro-

vides additional inductive isolation for the circuit from any high voltage potential in or

around the vessel during the HBT discharge. In order to get the desired discharge pulse

shape we first tested the carbon probe in a small vacuum chamber and found a ring of

the discharge since the whole circuit is under-damped. From the width of the discharge

current pulse the inductance of the whole system can be obtained, roughly 6.0 (lt H),

Which is partially in the firing circuit and partially in the cable and probe. The critical

daa,ping resistance is about 5.8 (li), but it reduces the peak current by a factor of 4. S_-

finally a 2.0 (li) resistor is used in the main circuit as a compromise between oscillation

damping and peak discharge current. The pulse shape is shown in Fig.2.4(a). The Cz!

light signal from a discharge of the carbon probe is shown in Fig.2.4(b), and Fig.2.4(c)

is for the signal of Cttl light emission.

There are two different operating modes for the carbon probe: the static ablation

mode by the plasma ions while the carbon tip is at the same floating potential as the

plasma, and the .firingmode when the carbon tip is at negative potential with respect to

the anode pin. In the first mode the ablation resttlts from the sputtering of plasma ions

with their thermal energy. In the second mode an arc is formed between the circumfer-

ence of carbon tip and the center pin. Plasma protons in the arc region are accelerated

to much higher energy than their thermal energy, hitting the carbon tip surface and j,

release more (about 5 - 10 times) carbon ions than the ablation mode[14].
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' Figure 2.3 The power supply system of the carbon probe.
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Figure 2.4 The J.ischarge current of the carbon probe (a), and the measured

CII Co) and CIII (c) light emission at the same location and

operating condition .
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• .

2.3 Carbon Probe Perturbation

One of the advantages of HBT plasma is that we can insert a probe into the plasma

• becauseofitsrelativelylow temperatureand shortdischargetime.But thiswillalso

causesomeperturbationoftheplasma.

2.3.1DensityPerturbation

The densityperturbationdependson how many carbonionsarcreleasedfromthe

carbontipduringitsoperation.From linestrengthcomparisonofspectrallightemission

betweencarbonionsand excitedneutralhydrogen(Ha light),thedensityofcarbon

ionsisintherangeof 101°- I0tl(cre-3),whichis102 - 103 timeslowerthanthe

plasmadensity.The Z-effectiveofthemixtureofplasmaionsand carbonionsisstill

closetothatoftheplasmawithoutinjectedcarbon,sothedensityperturbationdoesnot

effectivelychangetheglobalparametersofHBT plasma.

2.3.2MagneticFieldPerturbation

When thecarbonprobeisworkinginthedischargemode,itsarccurrentcanalso

produceapcrtu_oationofthemagneticfield.As showninFig.2.5,thedischargecurrent

mainlyproducesan azimuthalB-fieldaroundthecentralanodepin (similartothe

geometryoftoroidalfieldcoilsystem),whichcanbeestimatedusingtheformula

)J<)/
AB = -- (2.3.1)

2rtr

With the discharge current I- 400 (A), and the average radius r = 2.5 (,un)

(inside the carbon tip), then A B = 320.0 (Gauss). But when r > a =.5.0 (mm) (outside

the carbon tip), A B = 0 according to Ampere's law because the total current passing
Ii

through the loop (shown as the dotted line in Fig.2.5 is zero. Even considering that

some arc may exist outside the carbon tip a little bit, the perturbation B-field v,dll drops

as r -3 using a magnetic dipole model. More. detailed calculation, for this case, indicates

' llr "
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Figure 2.5 The magnetic field perturbation by dae carbon probe.
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ABt
that for r > 1.5 (cre) the perturbation will be greatly reduce,d and ----- S 1%, where

Bl

. Bt = 2.0 (kG) is the unperturbed toroidal magnetic field. So the perturbation field due to

the discharge current of carbon probe is localized and can be neglected.

2.4 The Ratio of Cn and Cm Light Emission

The carbon probe was first tested in a small vacuum chamber filled with neon gas

at different pressures. The branch ratio of CII (4,267 A, emitted by C + ions) and CI#

(4,647 A, emitted by C ++ ions) is about 50% under the average of several shots.

Because of the ringing of the probe discharge current the light signals also show multi-

, plepeaks,andtherelativelevelofeachpeakisroughly(with30% to40% fluctuation)

proportionaltothecorrespondingpeakofdischargecurrent.Thisprovidesaveryuseful

knowledgein thenumericalfittingof diffusionmodel which willbc discussedin

chapter 3.

2.5 Single Channel Optical System

The basic layout of the carbon probe experiment is shown in Fig.2.6. The probe is

vertically inserted into the HBT plasma through a flange which is electrically isolated

from the toroidal field coil system and the probe itself. The probe axis is 2.54 (cre)

away from the axis of the top and bottom ports, allowing us to rotate the probe around

the port axis to get an arbitrary radial position (from R0 + 2.54 (cre) to Ro- 2.54 (cre),

where R 0 = 24.0 (cre)) to match the magnetic axis.

The spectral light emission from carbon ion is collected by a wide angle Nikkon

(f/2.0, 28 (mm)) camera lens and focused on a 1-D optical fiber array. The lens is

located about 20.0 (cre) below the vacuum chamber. The camera lens and the optical

fiber array holder are mounted together, both located on the port axis. This allows us to

rotate the whole lens set around the axis to observe diffusion of carbon ions either the

radial or toroidal direction. A sliding rectangular aperture, which allows the light
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focused only on the end of one optical fiber (0.6 (mm) diameter), is used to confine the

field of view into a small region cf plasma (about 6.6 (mm) since the demagnification of

- the camera lens is 11:1). The light is coupled to the monochromator (f/8.5, 50 (cre))

through a long (about 10 meters) optical fiber and then amplified by a photomultiplier

tube (PMT). Because of the mismatching of the f-numDcr between the optical rider and

the monochromator, a big loss of light ( = 91%) exists. This will be discussed in more

detail later in chapter 7. From this single channel configuration we can get only one

point of view in each shot. To obtain the light emission profile several shots must Dc

taken under the same conditions. This is somewhat undesirable because of the fluctua-

tions from shot to shot, and several shots are needed to take the average. A multichan-

nel system has been developed, but is good for only the Ha [_ghtmeasurement, since

the H a intensity is much higher than that of the carbon lines. In the single channel case,

for the reason mentioned above, the measurements of the temporal evolution, rather

than the spatial profile, of carbon light were used to obtain the diffusion coefficients

because the later one has too much errors.

2.6 Other HBT Diagnostics and Operations

Many diagnostics have been developed and installed on HBT. Here only those

which relate to the carbon probe experiment are listed and briefly discussed.

a. Rogowski Coils: These measure the total plasma current and the currents in all the

coil systems. These currents axe extremely important to monitor the discharge of each

capacitor bank, the triggering and timing of the whole plasma programming procedure,

and to judge the quality and reprodt_cibility of the plasma.

, b. Internal Magnetic Probe: This measures the internal plasma magnetic field structure.

The probes are inserted both vertically and horizontally into the plasma with 3-D coil

arrays to measure the three different components of internal magnetic field. These

measurements can be used not only to plot the time evolution of each B-field com-
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ponent, but also to determine the poloidal flux contours, plasma current density con-

tours, toroidal field contour and the q-profile[ 15].

c. Thomson Scattering Diagnostic: This is used to measure both plasma temperature

and the density profile at ten radially separated locations on the midplane of the

machine at one time during the discharge[ 16]. This is a very important diagnostic since

it provides the plasm a pressure profile. The time evolution of the temptrature and den-

sity profiles can be obtained bY making many reproducible shots and taking one profile

at one specific time on each shot. Data from this diagnostic was provided to us by

David Gates.

d. CO 2 .Laser Interferometer: This is 'used to measure the line integrated plasma den-

sity evolution at two radially separated vertical chords[17]. Data was provided by Dr.

Vijaya Sankar.

The general layout of these diagnostics on HBT is shown in Fig.2.7, and the cross
+

section of HBT structure and the location of the vacuum chamber is shown in Fig.2.8.

Ali of the signals produced by the various transducers are collected by the AfD conver'

tors and recorded by the computers in a main data file. There are various programs for

the data acquisition, reduction, and plotthag which greatly facilitate and accelerate the

progress of research.

The original chamber, which is curved at the outside wall, was broken in April of

1989 in the course of these studies apparently from the fatigue accumulation due to the

routine venting and pumping. A substitute vacuum chamber with a rectangular cross

section was installed in order to complete this research. The main difference between

the two vessels is the shape of the vessel cross section. The rectangular one is taller but

narrower and allows more neutral gas on the top and bottom regions; it was observed

that the plasmas ,__re more stable in the rectangular vessel, for reasons not understood

here.
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/ , .,, /Thomson

• _ Scattering •

" Figure 2.7 The arrangement of the HBT diagnostics and the toroidal field
(TF) coil systzm (vertical view).
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Figure 2.8 The cross-section of the HBT machine showing the vacuum
chamber, the coil system and the poloidal flux contours (dotted
line) for typical free-boundary equilibria.
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The carbon probe experiment was partially performed on the original chamber but

the main data base of carbon ion diffusion as well as the multichannel Ha light meas-

" urement was set up on the new vessel. The Thomson scattering diagnostic system

could not be attached to the new chamber because there is no side port opening on the

inner wall to put the beam dump. Comparing the loop voltage obtained in both the old

and the vacuum vessels, as shown in Fig.2.9, the electron temperature would appear to

be the same for the plasmas produced in the two chambers.

There arc two main operation modes for HBT[18]: the parallel toroidal bias field

and reverse bias, as shown in Hg.2.10. The most important feature distinguishing the

two cases is the time dependance of B,, the toroidal magneuc field. Parallel bias means

that Bt produced by the TFR (toroidal-field-reverse) bank has the same di_ction as that

produced by the Maxwell bank. Reverse bias is the opposite case in which the toroidal

field Bt is quickly (in about 1 - 2 (lt sec) ) reversed by the Maxwell bank resulting in

hotter plasma because of a transient turbulent heating process which requires (at least

initially) a larger vertical field (VI_ to prevent the plasma from striking the outside

wall. As the plasma cools, ,,.heVF must decay at the same time or cise the plasma

strikes the inside vessel wall. The parallel bias plasma is sustained ohmically and the

VF must be adjusted to increase (with use of its power cn'owbar) to maintain the plasma

centered within the vacuum chamber.

The carbon probe technique was tested in both cases, but finally only the parallel

bias operation mode was chosen since the reverse biasplasma is hotter and produces an

ablation light signal which is higher than the pulsed signal from the discharge of the

, carbon probe. In the H a light measurement both parallel and reverse bias modes are

studied, and the neutral panicle recycling time is measured for several different fill
i)

pressures,
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Figure 2.9 The loop voltage (for the parallel bias case) obtained in the old
(a) and the new (b) vacuum chambers.
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CHAPTER THREE I

DIFFUSION MODEL OF CARBON IONS

The transport of carbon ions in the HBT plasma is explained by a impurity diffu-
p

sion model. This model, together with some assumptions, allows us to get the analytical

solutions of the continuity equation for carbon ions to fit the measured light emission

signals.

3.1 Collision Time of Carbon Ions with Plasma Ions and Electrons

The interactions (or collisions) among charged particles are characterized byi

several kinds of relaxation time which are used to denote the time in which collisions

produce a large alteration in some original velocity distribution. ,

Assume a group of charged test particles, all having velocity in the i-direction,

pass through a plasma which contains the field particles, which may have any velocity

distribution. Subscripts t andf will denote "test" and "field" particles unless exception-

ally specified. Then these test particles will experience a series of small angle Coulomb

collisions with the field particles. In the velocity space the original velocity of the test

particle will be progressively altered, analogous to the "diffusion" phenomenon in 3-D

configuration space, as shown in Fig.3.1. How fast the diffusion occurs will depend on
.,

how many encounters happen per unit time. The total number of test particles is

_ssumed to be much smaller than field particles so that the self collisions among test

particles can be neglected.

When the field particles have Maxwellian velocity distribution, Chandrasekhar

gave the detailed computation of the diffusion coefficients, for test particles having

. velocity wt, in the velocity space as follows[19]"
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mt

<AWtll>--A D I_ 1+ G ( If wt)

Ao
<(AWtll)2>= ---- G ( If wt) (3.1.1)

Wt

AD

<(Aw t.[)2>,= ....__[ (_ ( IfWt) - G (IfW t) ],
Wt

where < > indicates the increase of velocity dispersion of test particles per second.

Here ]] and J.refer to the direction parallel or perpendicularto the original velocity of

the test particle. <Awt11>is the so called the "coefficient of dynamical friction" and is

usually negative, representing the rate at which the moving test particles are slowed

down by interacting with the field particles. This does not increase the dispersion

tWz _Wz . . jLWz •

• Q •

_O e • • • • •

e

lD • • D •

Wx W x WX

a. Initially b. After N c. After 10 N
encounters encounters

J

Figure 3.1 Diffusion of test particles in velocity space.
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oftestparticlesinvelocityspace,butdoesreducethespeedintheoriginalvelocity

_tion ofthetestparticles.Theterm<(Aw,i[)2>istherateofdispersioninthedirec-

tionparalleltotheoriginalmotionofthetestparticles,i.¢.therangeofspeedreduc-

tionsinthisdirection.Thethirdterm<(Awti)2>,whichequalstwice<(Awtx)2>or

<(Awt_)2>forthecaseofaxisymmetryabout_,-direction,istherateofincre,aseof

(Awt)2intheperpendiculardirection,i.e.thetr,omsvers¢dispersionoftestparticlesin

thevelocityspace.

AD is given as

8 _:e 4 Z_ Z_ n/lnA

AD -- m2 , (3.1.2)

and¢_(x ),theerrorfunction,andG (x )aredefinedas:

2 _2 :• e- at

d 2 --X2

• '(x)= _ [• (x)1= ----_-e (3.1.3)

G(x)= _(x)-x_'(x) .
2x 2

I/is defined as follows:

I__= m/
I/= wf 2kT/ ' (3.1.4)

so the quantity I/wt, which is usually denoted by x, is the velocity ratio of the test parti-

cle to the field particle:

+1+l I+l• __wt= m/ Tt . (3.1.5)
x=l/Wt=w/
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The units used here are the CGS-Gau_sian system, i.e. e is in statcoulomb, nf in

cm -3, mt ira gram, and T in Kelvin degrees.

From equation (3.1.3) we can get the limits of the functions used in (3.1.1) as x is

very small or large

2 1 4
G(x) _ [t_(x)-G(x)]_-.----,asx_O,

x 34"_'x 3,1-_
(3.1.6)

1 1 1
G(x) _'---- --[O(x)-G(x)]_--, asx_.,,.

X 2X 3 ' X X

Then the three diffusion coefficients in velocity space will have two important limiting

forms:

When x ---)0"

<Awt II> = 0

2 AD If (3.1.7)
<(Awt 11)2> - 3_

4 AO If

<(AWt'I')2>----'-3 _ '

'_en x ---)_ •

A°I":I<AWtll>= 2w_ 1+

AD

• <(mwt 11)2> = (3.1.8)
21} w 3

AD
<(Awt1)2>=_.

wt
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Equation (3.1.7) shows that stationary test particles don't experience any friction

1 <(Awt .I.)2> and depending on fieldand their diffusion is isotropic since <(AWtll)2> = _-

particles only. This would be the case for the impurity studies in tokamak plasma ff we

- assume that the impurity mass is much large than the proton, or the electron, mass but

they _ have similar temperature so x - ml is quite small.

Equation (3.1.8) indicates that fast test particles mainly diffuse transversely since

<(AWtll)2> is much smaller than <(Awt 1)2>. When heavy test palxicles are scattered

by light field particles (i.e. mt _ my,) the diffusion tend to be dominated by friction

°¢:1rather than by diffusion since 1 + is a very large factor.

Five kinds of relaxation time are especially interesting in plasma physics and sim-

ply discussed here.

a). Deflection Time tD" This is the time in which collisions gradually deflect the test

particle by 900 with respect to their original velocity direction.

Since <(Awt 1)2> tD = wt2 sin ( X = 90 *) = w_, where X is the deflection angle, we

have

w_ m_ wt3 (3.1.9)
lD -" -_

<(_Wt.L)2> 8 _ Z_ Z_ ea n:'_a A [ _ ( x ) - G (x ) ]

b). Energy Exchange Time rE: This is the characteristic time in which test particles

change their kinetic energy.

• Since the energy change for each test particle after a collision is

mt )2 ]2 mt w2
" AE="_[(wt+AWtll +AwtI 2

mt

=--_---[2 w,Awtll+ (Aw*II)2+ (Aw, .I.)21'
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the first term in the equation is dominant and the remaining two terms are non-dominant

because [wt[_ [z_wtIIIor IzXwt± lin each unit time; the square of the energy change per

unit time is

<(z_)2> = m_ w_ <(z_wtll)2>

As the square of total kinetic energy of the test part2cle is E2 = m_ wtn4 , so finally we

can get the energy exchange time as

E 2 w_

lE = <(h,E)2> 4 <(AwII)2>

wt3mt2 (3.1.10)
32nZ_ Z} e 4 n t-ln A G (lfwt)

Compar.rlg with the definition of deflection time tD, we can get the following relation

tD = 4G ( lfwt ) (3.1.11)
( w,) - G (t:w,)

c). Self Collision Time tc" This is the same as the deflection time except that now the

test and field particles are identical. Since _ = lt"wt = 3"f372= 1.225 and _(1.225)

- G (1.225) =-0.714, we have

mt2 wt3
tc = (3.1.12)

0.714 x 8 _ Z_ Z_ e4 nf Iri A

d). Slowing Down Time ts: This gives the rate (1) at which the mean velocity of the
ts

test particles is reduced by collisions.

Since <Awtll>ts = wt cos ( _ = _ ) =-we, then we obtain
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wt wt
- = (3.1.13)

ts <Awt li> m._f]
Aol} 1+ O( l:w,)

11e). Equiparfition Time teq: is file rate "_tq-' at which the energyequipartition is esta-

blished between test and field particles. That is

aT, r:- r,
d t ttq

where T !s the particle temperature. Spitzer[20] gives the equipartition time as follows

3mtmf k3/2 [ Tt _f ] 3/2
teq= ----+ . (3.1.14)

Finally we can put the numerical values into each velocity diffusion coefficient

and summarize the results for ali of the five kinds of relaxation time in three cases,

according to the velocity ratio of test particles to field particles, i.e. 0 ¢ x ¢ **,x _ 0,

and x _ ,,,, where the x is defined in equation (3.1.5). The units in the following for-

mulae are conventional, i.e. the mass m is equal to Am, where mu is the atomic mass

unit and A is the atomic weight, n is the number density of particles per cubic centime-

ter (cre-3), the kinetic temperature of particles, T, is in electron volt (eV), and the time t

is in (second). The self collision time is only discussed in case 1 since it is meaningless

for the other two cases.

• Case 1"when 0 _ x ¢:**:

tD 1.015 x 107 _t T3/2= (3.1.15)
zt:z} n:_A [_(x )-G(x )1

t

tE = 2.538 x 106 "_t T 3/2 (3.1.16)
z? z} _:_A a (x )
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T3t/2 (3.1.17)
tc = 1.421 x 107 Z4 n In A

A3t/2_t Tf (3.1.18)
ts = 6.765 x 106 Z2 Z} [ At +Af ] nf In A G ( x )

Ataf [Tt +_f13/2
-- -.-- (3.1.19)

teq = 7.334 x 106 Z2 Z_ nf In A mt

Three kinds of self collision time, tp..p (protons-protons), te_ (electrons-electrons),

and tc--c (carbon ions-carbon ions), are given according to equation (3.1..17) as

Tp3/2
= 1.421 x 107 (3.1.20)tp_p

nl, ln A

T3/2
te-e = 3.305 x 105 (3.1.21)

ne InA

T3/2
(3.1.22)

tc-c = 4.922 x 107 Z_ nc In A

® Case 2: when x --4 0:

AtTt_ (3.1.23)
_ - 1.014×107z'_z_AN.f t_,_

At Tt_
tE = 5.071 X 106 (3.1.24)

At T_ 12
ts = 1.469 x 107 (3.1.25)

Z2Z}_[ 1 +-_tf I nflnA tl

teq: the same as that in case 1.
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, 1

Now therelationbetweentDandt_inthisspecialcaseistE= _ tDsince

G(x)4
• tD 4G(x) x

_=.=

t_ q:(xl-G (x) l [_(x)_G (x)]
, X

2
4_

3 ,/rf 4x2
.-, = ------ = 2 as x _ 0. (3.1.26)

4 4

34£

• Case 3: when x _ **:

' tD 1.015 × 107 _ T3t/2= (3.1.27)

T5t/2Af
tE= 7.610x 106 (3.1.28)

D4aZ, A

T'3n _' (3.1.29)

z,2z} x+

, teq: the same as that in case 1.

The relation between tD and tr. in this special case is

G(x)4
tD 4G(x) x

_ -="

. rF. _(x)-G(x) I_.[¢_(x)..G(x)]
X

1
4_

, 2x "_ 4 2

"* 1 = "_-ST-3x = "_" asx 4**. (3.1.30)/.,.A, ,&

x
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Table 2. The Collision Times of Carbon Ions with Plasma Protons and Electrons

Test Particles = Carbon Ions Test Panicles = _ Ions

(A,=12) (A,=12)

Type of Interaction times Field Panicles = Electrons Field Panicles = Protons

I.tsec (AL=5.4859XI0"4' Z/=--l) (A.r=l, Zf=+l)
Method A t Method B * Method A ,.

C. C++ C+ C++ C. C++

(Z---+l) (Z=+2) (Z=+l) (Z=+2) (Z=+l) (Z=+2)t,

Deflection Time 28.77 7.19 26.49 6.62 0.69 0.17

W 2

tD-- <(AW.I.)2> }.l£ec II_ec tlsec ].tsec I.l_'ec [_e.¢.

Energy Exchange Time 14.11 3.53 13,25 3.31 0.36 0.09
E 2

re= <(AE)2 > _ec _ec lasec _ec Izsec _ec,,, , ,i

Slowing-Down Time 37.60 9.40 38.38 9.60 0.89 0.22
W

t,= <AWII> lasec lasec lasec lasec laSec _ec

Equipartition Time 19.10 4.77 19.10 4.77 0.50 0.13

r_,-r,
t,_-- dT, I,tsec lasec _ec p,sec _ec _ec

dt

For the scattering time of carbon ions by plasma electrons we should use the for-
th

mulae in case 2 to reduce the calculation error since x is very small, x = 3 /

me Tc = 0.0083 assuming Te = Tp = Tc. = Tc_. When we calculate the

rolphtonof ion  rotons•
= 0.354 with the similar assumptions, we can use the formulae of either case 1 or case 2

= since x is not very small. The numerical results for these calculations are plotted in

Fig.3.2 and Fig.3.3. A special example is given in table 3.1 for the typical HBT

• This table is under the asumptions of Tc,=Tc_=Te=Ti=5eV, ne=ni=3xlO TM(cm-3).

1 Method A is to directly calculalz _(x)-G (x) andG (x), fol any X; even x is small.
2

:_ Method B is to take the lJmit of l[_(X)._G (x)].._> 4 1G(x)--->-_,forsmaUx.x 3q¥'x
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Figure 3.2 The different relaxation time, of the C+(Z=I) ion with protons
. and electrons as a function of temperature.
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Figure 3.3 The different relaxation time of the C++(Z=2) ion with protons
and electrons as a function of temperature. .
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parameters at n,= 3.0 x 1014 (cre-3), Te = Tt, = Tc. = Tc,-, = 5 (eV). From these

results we can see that rela_xationtime of carbon ions by electrons is about two orders

• longer th_ that by protons, due to the small electron mass, and these interactions pro-

vide less force for both the dragging and scattering on carbon ions. Therefore, the dora-

" inant coUisionprocess is the interaction between carbon ions and protons, not electrons.

Another point to be noted is that according to equation (3.1.22) the self collision

time of carbon ions is much longer than that of electrons or protons since the carbon ion

densities are about 102- 103 times lower than plasma density (see chapter 2). But this

1

is not quite true for the higher ionization state because tc-.c drops as Z"_'c"In our

experiment Z = 1 or 2 and In A does not change much for carbon ions, so the diffusion

of carbon ions is mainly driven by the carbon ion density gradient via the collisions

with protons rather than by the self collisions of carbon ions themselves.

3.2 Basic Assumptions

Several assumptions have been made to interpret the time evolution of the spectral

light emission from carbon ions.

It is assumed that the local magnetic flux tube can be approximated as a cylinder

with the _,-axis along the magnetic field line which is in the toroidal direction since the

carbon tip is located on the magnetic axis of plasma. This also means that the magnetic

flux surfaces are just the cylindrical surfaces uniformly nested within each other and the

magnetic field lines are straight and in the _.,-direction. The cylindrical geometry is

described by local Cartisian coordinates J:-_ _.since the diffusion could be anisotro-

. pic in our problem. These coordinates and the toroidal coordinates /_- Z- ¢_ are

= shown in Fig.3.4.
,t.

Three diffusion coefficients, D;,,Dy, and Dz, will be used to describe the diffusion

process. In our analytical solutions of the continuity equations, the three coefficients

_
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can be different from each other. However, in our problem, flae diffusion is assumed to

be axisymmetricaboutthelocalcylindrical_,-axis,i.e.Dx = Dy = D j.andDz = DI[,

sincetheHBT plasmahasa nearlycircularcrosssection.

carbon tip

X

Z
Y

Figure3.4The coordinatesystemusedinthediffusionmodel .

From thecalculationofcollisiontime,we know that'theinjectedcarbonionscan

quickly(inabout1.0(].tsec))setupa thermalequilibrationwiththebackgroundplasma
½

ions and electrons. The thermal velocity of carbon ion is Vth,c 3Tc [= ---- = 1.1-- 1.5
mc J

(cm/gsec) at Tc ---4- 10 (eV), so the mean free path of carbon ions due to collisions

with plasma protons is _,c= Vth,c'tD < 1.0 (cm) for C+ :ions or <0.2 (cre) for C _

ions. It is evident that it would take a longer time than the HBT operation time for car-

bon ions to fill the entire flux surface. Experimentally, it is observed that the carbon

ions remain only in the vicinity of carbon tip so the diffusion is determined by the local

magnetic field and the local plasma density and temperature. On this view point, it is
Q

reasonable to assume that ali of the diffusion coefficients, the ionization rates and the

recombination rates are constants in both the space and time domains.
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, .

3.3 Ionization and Recombination Time of Carbon Ions

Two methods have been used to estimate the rates of electron impact ionization

• and recombim,.tionprocesses: the time-dependent corona model and some experimental

data.

The time-dependent corona model assumes[21] that (a)the characteristic time for

the change of the plasma parameters is slow compared with both the atomic lifetime

and the electron thermalization time (this is satisfied for the HBT plasma); (b)the ioni-

zation process is step by step, i.e. Z _ Z + 1 --->Z +2 ,etc., and is caused by a collision

of a free electron with an atom or ion in its ground level and the recombination is radia-

five; (c)a'spectral line radiation is produced by an inelastic electron collision exciting an

ion from its ground state and t' e subsequent decay of the excited level to the ground

state. These assumptions are valid for once-ionized states when the electron density

n, < 5 × 1014(cre-3) at Te -- 50 (eV), and the validity varies as
,

'[ 1ne<k(Z+l)6T_e exp (Z+l)_
Te . , (3.3.1)

where k is a constant and Z is the ion charge number. The HBT plasma barely satisfies

this condition. The ionization rate can be expressed as:

S (Te, x.z,Z)-(ne'_ion, Z) -1

__, ------

• where 7_zis the ionization potential at charge state Z in the unit of (eV), k Te is the elec-

tron temperature in (eV), and _, is the number of electrons in the outer shell of an ion at

charge state Z.
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The reciprocal of the ionization rate for carbon ions in the range of electron tem-

perature 0.0- 30.0 (eV) is plotted in Fig.3.5 for the ionization states Z = 1, 2, 3, 4

which correspond to the ionization potential Zz = 11.256, 24.376, 47.871, and "

64.476 (eV), respectively. The time ratio for two successive stages of ionization of
D

charge Z and Z + 1 is calculated as:
,

I k ,l
6+

X/on,Z+1 Zz+l _z _-+_J.exp[ ()_z-_z+l) 1

= ikT, l-kT " , (3.3.3)
X/on,Z _z _z+l 6 +------

7,1.

and plotted in Fig.3.6.

For the data on radiative recombination reviewed by Bates[22], the recombination
i

coefficient depends mainly on the value of the ionic charge. The following formula for

the recombination coefficient ¢xmay be relied up on to :t: 100% (with the temperature

range 1 (eV)< < 13 (eV):

_(Te, Z+ 1 g )-2.79 x 10-11 z2, ------- (cm 3 sec -1). (3.3.4),gr7

The reciprocal of the radiative recombination coefficient is plotted in Fig.3.7 for dif-

ferent ionization charge states in the range of electron temperatttre 0.0-- 30.0 (eV).

The experimental data of the rate of coefficient of the carbon ions is taken from

Phaneu, etc.[23], and presented in Fig.3.8.

3.4 Impurity Transport Modeling

Consider the ith ionization state of impurity ions with number density ni('_,t ),

shown in Fig.3.9. ni(_,t ) depends not only on the solu'ce of the ith state, but also on

the ionization or recombination from the adjacent lower or higher ionization state[24].

So, in general, the continuity equation of the i th state impurity can be written as:
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,, Figure 3.5 The reciprocal of the ionizationrate of carbon ions at different
• ionizationstates.
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" I= I:(C+-+C2+)
_(C ° ->C + )

m

( C 2+ _+ C 3+)
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_ ,_(C+ _>;2+)
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Figure 3.6 The time ratio for two successive stages of ionization of charge
Z and Z+l.
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Figure 3.7 The reciprocal of the radiative recombination rate of carbon ions
at different ionization states.
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e- +C q+ ----> C (q+l)+ +2e-

Figure 3.8 The experimental data for the rate coefficient of carbon ions at
different ionization states.
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Oni _2 _2 _2 1

, ( Ii - 1ni- 1 + Ri + 1ni + 1 ) - ( Ii ni + Ri ni ) + S _,t ) (3.4.1)

where Ii (1/sec)= ne< gv >i_i +1 is the ionization rate of impurity ions from the i th

tO the (i + 1)th state, and Ri (I/sec) = he< o"v >i +1--,/the recombination rate from the

(i + 1)rhto the ith state.

Accordingly the characteristic time for ionization and recombination for the typi-

cal HBT parameters (he- 1.0-3.0x 1014(cm-3), Te =4-10 (eV)) are shown in

Fig.3.10(a). For the duration of the plasma ( - 150 (g sec) ) the effects of recombina-

tion can be neglected since it happens on a millisecond tkne scale. Also the ionization

from C o to C+ is almost instantaneous (- 1 (lt sec) ), but C++could be thought as the

highest ionization state because the ionization from C++ to C+++or higher state takes

much longer than the discharge time. Only the transition from C+ to C_ needs to be

considered since it just falls into the experimental time range. Thus the problem of car-

bon ion transport can be simplified, as shown in Fig.3.10(b),and the continui_ equa-

tions for C+ and C"H"ions become

(i+1) ........ ,, ni+l(-£,t)

(')lin/ _+)Ri+lni+l
( i ) , / ,,, ,,, n i(2_ t )._- Source (_-*,t)

(+)li'l_i-l_ _-)Rini
( i-1 ) ...... , ,,, ,,,,, ,, n i.i,x, t )

Figure 3.9 The relationship of ionization and recombination between the ith

and the other two adjacent ionization states.
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C (+++) ,, , Cry' .
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i

C (++) ,/ ,,, Cm

"C= 40. ~ 200.( =18.0 ~ 22.0 ( ms ) (a)
i

C (+) CII

z = 0.75 - 1.5 (gs), = 65.0 75.0 ( ms )
i /C (o) _ CI

(CHI)C(++) , , _ Sii I ( _, t )
4¢

./_60.0- 200.0( gs ) (b)
/(CII )c (+)

._-- Si1(E,t)

Figure 3.10 (a) The estimate of the ionization and recombination times for

different ionization states of carbon ions at ne= 3 x 1014 (cm'3)and

Te = 4- 10 (eV) ; (b) The reduced model for the calculation of

C+ and C++ ion densities in the time scale interest.

'_ 'llr'
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Onll IO''-t= OX- oy u,_02' 02 02 1
D__-:r_+D2,-_-72+o2.-:r_.-__.+s. (3.4_)

" Onto D 3x + D + D + I + Sm (3.4.3)
8_ = 8-_ 3,'_ 3, nii, nii ,

where the subscripts II and 2 denote the C + ions (Ca emission), III and 3 for C ++ ions

(C/// emission), and I is the ionization rate (l/see) from C + to C ++. SH and Sill are the

source terms for C+ and C ++ ions, respectively, which are formed during the discharge

process of the carbon probe.

3.5 Three Models of the Discharge Source

Equations (3.4.2) and (3.4.3) can be reduced to the following general mathemati-

cal problem

On 02 02 02 1

,,-a,,+s(,

n( t=O ;x,y,z)=O: (x,y,z) (3.5.1)

(O<t <**;-**<x,y,z <+0,)

where A is a constant. This is a 3-D diffusion problem in an infinite inhomogeneous

medium, and the general solution is[25]"

n( t ; x,y,z)=na( t ;x,y,z) +nb( t ; x,y,z) (3.5.2)

where

4-_

• ,.,°(t;x,y,z)=f.fl ,(_.n,;)×

" G ( t ; x - _, y - _1, z - _ ) d_ drl d_ (3.5.3)
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and

f

O _ ._

a (t-'_',x-_,y-rl,z--_)d_drld_ (3.5.4/

Here G ( t ;x,y,z) is the "Green's function" of problem (3.4.1), i.e. the solution of the

same diffusion problem but with unit strength point source 8(":') 15(0

c)G [ _2 _2 _2 1-ff _- = Dx_x2 + D y_T + D z_z2 n G-AG

O ( t =0 ;x,y,z) = 8(x) 8(z) (3.5.5/

( O<_.t<**;-** <x,y,z < +**)

Using the Fourier transform, the Green's function can be obtained as follows

1 e-At

G(t;x,y,z)= 8_/2 D'_xt D'_yt D-_D_ztx

exp - _- 4Dyt 4D_t ' (3.5.6)

So the problem (3.4.1) is solved in principle and the remaining work is how to

decide the initial condition _ (x,y,z) and the inhomogeneous parts, A and S( t ;x,y,z).

Three models have been developed to describe the discharge process of carbon probe,

as shown in Fig.3.11.

The ringing of the discharge current causes a puff of carbon ions (both C+ and

C H ions as discussed in chapter 2) to be released at each pulse. The mathematical solu-

t.ion for this kind of source is obtained by linearly superimposing the three individual

solutions (each one corresponding to one peak.of the discharge current) according to the
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]_ I (102A)

+5._ Carbon probe discharge current
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e
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k i . Squarewavefunction source
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S

[_ Sinewavefunction source

" _ t(gs)

• "_pl' _p2 ' _p3

Figure 3.11 The carbonprobe discharge current and the three mathematical
models for the source of carbon ions.
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time sequence, shown in Fig.3.11, because the problem is linear in all the unknown

functions and their derivatives. Then the final solution can be generally expressed as the

summation of three parts[26]'

nii( t ;x,Y,z)=nll, l( t ;x,y,z)+nll,2( t-xpl ;x,y,z)

+ nrl,3( t -- xp1 - xp2 ; x,y,z) (3.5.7)

Similarly,

nlll( t ;x,Y,z)=nm, l( t ;x,y,z)+nlll,2( t-xpl.;x,y,z)

' + n///, 3( t-'_pl - 'rr,2 ;x,y,z) (3.5.8)

where n//,j and hill,j( j = 1,2,3 ) are zero when their time arguments are less than zero.

zt,j( j = 1,2 ) is the pulse duration for each peak. lt should be pointed out that the solu-

tion for each pulse has the same analytical form except for the difference in the relative

level and the pulse length,

3.5.1 Delta Function Source Model

In this model the three pulses of the discharge current are simplified as three delta

functions at the starting time of each pulse, see Fig 3.11. Then equation (3.4.2) becomes

3ntr I 02 _2 /92]

na( t =O ; x,y,z) = NlIo 8(x) 8(y) 8(z) (3.5.9)

( O< t < **;-.,, <x,y,z < +**)
,i

Comparing with equation (3.5.1) we find that now A =I, S =0 and

t_ = Nil 0 8(x) _(,y) 8(z). Since 8(x) has the dimension of 1, NIIO is dimensionless and



CHAPTER 3.DIFFUSION MODEL OF CARBON IONS .52 -

denotes the total number of C + ions released in one pulse.

Similarly, for C _" ions, equation (3.4.3) can be written as

" _nm D ----+ D 3y
--_ = _ _X 2 -_ + D 3, "llI+Inll

nlII( t= 0 ; x,y,z) = Nino 8(x) 8(y) 8(z) (3.5.10)

( O< t < **; - **< x,y,z <+**),

NlllO is the total number of C a ions coming from one pulse, and now A = 0, S = I nll

and ¢_= NIIIo 8(x) 8(y) 5(z).

The solution of (3.5.9) is

NII O e -At .___

..( t ;x.y.z)=8rd2 Dq-ff-×

X 2 y2 z2 1

exp 4D 2xf 4D 2yl 4D 2zt'J " (3.5.11)

But the solution of problem (3.5.10) includes two parts:

nra(t ;x,y,z) = t_llla+ nlIlb (3.5.12)

where nllla is the C "_ ion density coming from the initial discharge of the carbon probe

Nttto 1

nllla( l ;x,y,z) = 8 _3/2 D'fff_xtD'fff_yt_ ×

x 2 y2 z 2 ]
exp 4D3xt 4D3yt 4--_3zt j ' (3.5.13)

t,,

and nmb is the C +++ion density resulting from the ionization of C + ions by the colli-

" sions with plasma electrons
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Nito t

nitlb(t;x,Y 'z)= _/-"-'-T_ e-tX f(x't'x;x'Y'z)dx' (3.5.14)8 o

where the function f ( x ; t - x ;x,y,y) is defined as

I a2exp - 4[D2xq: + D3"x(t-x)
--X

f( x,, t - x; x,y,z) =
[D zx_ + D ax(t -X)] 1/2

exp - 4[D2y_+D3y(t_X)] 4[D_x+D3z(t-_ (3.5.15>
[/9 2yq;+ D 3y(t - q;)]l/2[D 2z'l;+ D 3z(t - ,_)]1/2

Note that x,y,z and t are four independent variables. When fitting the data at dif-

ferent radial positions we can adjust the coordinates to set y = z = 0 and the solutions

will be greatly simplified.

Only in the delta function source model can an analytical solution of nlt( t ;x,y,z)

be found and used to calculate nra(t;x,y,z), which p_mially comes from the initial

condition and partially comes from the reionization of C + ions (i.e. nit density ). The

following two models merely discuss the calculation of nn because nm is too compli-

cated to be expressed analytically.

3.5.2 Square-wave Function Source Model

In this model, the effect of the finite dimension of the carbon tip is included and

the pulse is considered as a square wave, as shown in Fig.3.12(a). The carbon tip is

modeled as a rectangular parallelepiped with 3 dimensions X o = Y o =0.5 cre, and

Z0 = 0.6 cm. The continuity equation of C+ ions is
.
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= ----- + D _ rill - I nlt + S ( t ; x,y,z)
_t Dzx _'_ + D2y 0y 2

li.

, (elsewhere) (3.5.16)

_' ,

NIlO (O<t<,Cp Ixl <Xo lyl <Yo, Izl <Zo)

S(t;x,y,z)= 0 (t>xp,-_,<x,y,z <+_).

Note here A = - I, S, 0. The solution of this problem also includes two parts:

nii= niia(t ;x,y,z) + niib(t ;x,y,z) (3.5.17)

where

n11a(t" x,y,z)= NIIO' --T :( t ;x,y,z) (3.5.18)

( o<.t < **;-** <x,y,z < +**)

and

t

f ( t --x ;x,y,z) dx
0

1 [ Niio 1 (O_t<,p;-**<x,y,z<+**)nlro( t; x,y,z)- _/--'--'T "_"-p j _, (3.5.19)
8 _ f(t-_;x,y,z)dx

0

(,_pNt_.o;-_<x,y,z <+_,)

where the function f ( t - x ;x,y,z) is defined as follows
ii
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-l(t-x) xf(t-x;x,y,z)=e

II llxx°ll ¸x+Xo -_ x
" ¢ 2_lDzr ( t-'c } 2_D2_ ( i'-?, )

. [[ ,_,o;¢ y-,ro '-* 24o_(,_)2_D 2y(t-x)

[ I[-'o]z + Zo . - • , (3.5.20)
2_/D2=(t- x) 2_D_=(t- x)

where<I>isthe"ca'torfunction"asmentionedbeforehavingthef_>llowingsimple

feature

¢( 0 )=0, _ ( **)= 1 (3.5.21)
¢( -x ) -- ¢(x ), _(--**)=-1

Ixl<Xo, lYl<Yo, Izl<Zo, f---) [ x- (- 1 ) 13= 8, then nlta "+ NII.._..OO8

× 2 × 2 x 2 =Ntto and ni_ _ 0 when t _ 0. This is just the "source r:gion" as defined

in the initial condition. In the non-source region, i.e. Ix'l> xo, lyt> Yo, Izl>Zo,
NIIO

f _ ( 1 - 1 )3 = O,so niia --_ _ and rillb ---)0 when t_0. This meaaasthat the hdtial

ions are only localized at the source region. At the boundary of the carbon tip, i.e.

NHo x 3 NItO and nHb")0
lxj=Xo, iYl=Y0, Izi=Zo,/_(1-0) 3=1, nna"+_ 1 ='-'_"

when t _ 0, which indicates that each quadrant only emits one eighth of Nlto; the total

number of ic,,_sis released from eight quadrants in each pulse because, the cube is sym-
lt

metric about the origin of coordinates.
t
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3.5.3 Sine-wave Function Source Model

In the square-wave function model, the source is assumed to emit carbon ions con-

tortuously during each pulse of the discharge. But, in fact, the discharge current is even-

tually starting from zero, reaching the peak value and then dropping to zero again, and

so the sine-wave function model is used to describe this feature. This model has the

same spatial description of the source as the square-wave one, but with the pulse shape

modification, shown in Fig.3.12(b). Now the diffusion problem, can be expressed as

follows:

0n;,E_--'-t-= D__x2 +D2y_y2 +D2z_z2 nil Inii+S(t,x,y,z)

nii( t = 0 ; x,y,z) = 0 (- *,, < x,y,z < + **) (3.5.22)

NIIo x t..[.] (O<t<xp, <Xo, lyl <Y0, <Z0)

sin Ixl Izl

S "
J

S ( t ;x,y,z ) = (elsewhere).

Note now we have A = - I, S * 0, but ¢ = 0, so nlla = O, and nii = nllb, i.e.

t

] f(x,t-x;x,y,z)d_
0

NIIo] (O<_t<__p;-_<x,y,z<+_)nii(t;x,y,z) = 8 _/"-'---'ff Xp j x, (3.5.23)
f ( x , t - x ; x,y,z) dx

0

(xp <_t<__;-_<x,y,z < +_) .

o

where the function f ( "c, t - I: ; x,y, z) is defined as

• , ,, , i_ , , i IF , i ,
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f (,_, t_x;x,y,z)=sin[ _--_p I e-l(t-X) x

Q

[o[ o[ 11-- X

2 _/D2y (t-x) J 2 _/D2y ( t-x )

I 1[ ,_,o11-_ 2_]D2z(t x )2 -_D2z ( t- x i' _ _ . (3.5.24)

Obviously this solution also satisfies the initial condition of problem (3.5.21).

3.5.4 Comparison of the Three Models

Three models have been plotted in Fig.3.13 at three different radial positions, i.e.

y = z = 0.0 (crn), x = 1.5, 2.5, 4.7 (cre), with the parameters D 2x= D 2y = D 21 =

9.7 (rn2/sec) and Daz = 9211- 14.1 (m2/sec). When the viewing point is closer to the

source region the differences among these models can be seen clearly. The delta func-

tion source has the sharpest evolution prone since it releases the least amount of carbon

ions. The sine-wave model has the slowest time response of the discharge since it

assumes the source is zero at t = 0 but the other two models provide the source with

finite values, Nxx0, at t = 0. As the view point moves farther away from the source point

the details from the discharge, either the differences between the three models or the

multipeaks of the source current profile, are smoothed out as long as the diffusion

coefficients are not too large.

, lt should be pointed out that from any one of the three models, as long as t, 0,

then ntr( t ;x,y,z) is non zero for any observation point no matter how far away from
lh

the source region, i.e. the diffusion velocity is infinity. The reason for this puzzle is that

...t. ...... de_"e ,1,,, d_,,_;_,_ ,,r,,,_tlrm fnr ._avthe continuity eouation_ the factor of the

-
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O delta function source A sinewave function source

D squarewave function source .

Figure 3.13 The comparison of the predicted curves of CII ion density from
the three mathematical models.

m
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perturbation velocity is not included. This is exiuivalent to assuming that the perturba-

tion signal can propagate infinitely fast.

" Since the carbon diffusion is a 3-D problem, the Cartesian coordinates ,_-_- _,

are used which results in the error functions in the final solutions. If the problem is
t,,

axisymmetric about, say, the _,-axis, a cylindrical coordinate _- 0-_, is usually

adopted which witl result in some other special functions, such as Bessel functions.

Finally it is necessary to discuss thenumerical method to calculate the errorfunc-

tions since they are frequently used in our problem and determine the accuracy of the

numerical fittings. The following formula[27], based on Chebyshev fitting, gives an

approximate expressionof the "complementary error"eric (x ), which is defined as

2 t2

erfc (x 1= 1-erf(x 1=-_- _ e- cit , (3.5.25/

with fractional error everywhere less than 1.2 x 10-7, i.e.

erfc ( x ) = u exp - z2 + _ ai ui + e.( x ) (3.5.26)
i=O

le(x)l< 1.2x 10-7 ( for any x )

=

where the definition of u, z and the coefficients are

z=lxl

1
U=

. l+0.5z

and
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ao =- 1.26551223

a I= + 1.00002368

a2 = + 0.37409196

a3= + 0.09678418

a4= - O.18628806

a5= + 0.27886807

a6 =- 1.13520398

a 7 = + 1.48851587

a8 = - 0.82215223

a9 = + 0.17087277.

-i
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CHAPTER FOUR

• THE OBSERVATION AND DATA FITTING

• 4.1 Introduction

Perpendicular (along the minor-radial direction in the plasma midplane) and paral-

lel (along the toroidal direction also in the plasma midplane) diffusion was observed

under several different conditions, such as low (BI = 1.95(kG)) and high

(Bt = 3.5 (kG)) toroidal magnetic field at the fill pressure IO(mTorr). Diffusion

coefficient was obtained by observation of the Cit and Cm lines, involving a spatial

scan at three different locations from the carbon tip, i.e. 1.5, 2.5 and 4.7 (cre).

In order to get the carbon line emission from the discharge of the carbon probe, we

subtract the background signal. The background arises from carbon probe ablation by

plasma protons and electrons as well as the continuum spectrum of plasma

bremsstrahlung radiation.

When we use the diffusion models discussed in the previous chapter, there are

three adjustable parameters (the ionization time 1] and the parallel and

%

perpendicu-

lar diffusion coefficients D 211,D 2.Lfor C + ions) for the fitting of Cn light signals, and

two more parameters (the parallel and perpendicular diffusion coefficients D 311,D3 l

for C ++ ions) for the fitting of CIII light signals.

The fitting procedure for Ctz signals is that fast we choose the ionization time

(C + _ C ++) according to the electron temperature and density (see section 3.3) and,

• keeping it fixed, adjusting the choices of D211and D 2j. to fit the data. Usually the fitting

of the parallel diffusion measurement was done first since in this case more C + ions dif-

fuse along the toroidal direction than diffuse along the minor-radial direction because of

the toroidal magnetic field. Note that only D211 appears in the exponential part (see



CHAPTER 4. THE OBSERVATION AND DATA FITTING -63 -

equation (3.5.11)) while D 2 ± is included in the denominator when we set x = y = 0 and

z _ 0; therefore D211has more effect on the data than D 2 1 in this geometry. Tl_en the

i11fitting of perpendicular measurement was done by using the values of and D211

obtained from the parallel measurement. After the fitting of ali of the measurement of

Ct! light, the valm;s of lJ, D 211and D 91 were kept constant in the fitting of
the dif-

fusion coefficients of the Cm light. Similarly we did the calculation for the parallel

measurement first, ,'rodthen for the perpendicular one.

Ali of the three models, i.e. the delta function source model, the squarewave func-

tion source modeland the sinewave function source model, were used in the numerical

fitting in each case. Since they ali have similar behavior especially when the observa-

tion point is far away from the source point (see Fig.3.14), only the fitting curve from

delta function source model is plotted for clarity. In order to reduce the noise from the

PMT ali of the signals are processed by a noise-smoothing subroutine. This smoother

averages every data point with six adjacent points which are evenly distributed on both

sides of the given data point, and, therefore this functions like a low pass filter since it

averages over 1.2 (gsec) of the 0.2 (l.tsec) digitizer sampling period; and the fastest
J

characteristic time for the sign',d change is about 5 - 10 (gsec) depending on the loca-

tion of the view point.

4.2 The Diffusion Coefficient Measurements

The Cn light measurements along the radial and toroidal directions at low toroidal

magnetic field ( Bt = 1.95 (kG)) and the theoretically predicted curves from the delta
,p

function source model are shown in Fig.4.1(a) and (b), respectively; and the case for

higher toroidal magnetic field ( Bt = 3.5 (kG)) is shown in Fig.4.2(a) and (b). Fig.4.3(a)

and (b) show Cm light signals in the perpendicular and parallel directions at low

4
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B-field,andFig.4.4(a)andCo)forhighB-field.Inallofthenumericalfitting,theioniza-

1] is fixedat 30.0(}.tsec)accordingto theelectrontempc_turctiontime
,I

(4-10(eV))anddensity(I- 3x 1014(cre-3))intheHBT plasmas[!8].Butinorder

I'l" 1
to get the best fit on the tail part of the data (e.g. when t > 50.0 (gsec)), "7 has to be

varied between 20.0 (gsec) to 40.0 (musec).

We next present a list of the five adjustable parameters used in the m_merical

fitting for each case at different spatial location in the plasma and different magnedc

field. The shot that we have chosen for the fitting are selected to the "good"shot which+

is taken under a normal operating condition and has a good plasma current profile and

good internal magnetic field structure according to other diagnostics, such as magnedc

probe, Rogowski coil, etc..
i

• Case I: for CII light (shown in Fig.4.1(a)):

I Low Toroidal B -field at Bt = 1.95 ( kG ),

Along Minor-radial Direction : x = 1.5 cna,2.5 cre, 4.7 cm and
y=z=O.Ocm ,

D 2II- 14.0 ( m2/sec ),

D2j. =9.5 (m2/sec),
1
7"=30.0(see).

• Case 2: for CII light (shown in Fig.4.1(b)):

Low ToroidalB -fieldatBt = 1.95(kG ),I,

I.Al°ng Toroidal Direction: z = 1.5 cre, 2.5 cre, 4.7 ¢m and
. x = y= 0.0cm,
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D 2li= 14.0(m 2/sec),

D21=9.5(m2/sec ),

1

T =30.0(sec).

i

• Case3: forCIIlight(showninFig.4.2(a)):

I HighToroidalB-fieldatBt= 3.5(kG ),

AlongMinor-radialDirection:x = 1.5cre,2.5cre,4.7cm and

y=z=O.Ocm ,

D 2II= 14.0(m 2/sec),
4

D21=5.5(m2/sec ),

1

7" = 30.0 ( gsec ).

• Case 4: for C11light (shown in Fig.4.2(b)):

High Toroidal B-field at Bt = 3.5 ( kG ),
i

Along Toroidal Direction : z = 1.5 cre, 2.5 cre, 4.7 cm and

x=y=O.Ocm ,
i

D 2II= 14.0 ( m 2/sec ),

D21 = 5.5 'm2/sec ),

1
"7"= 30,0 ( gsec ).

® Case 5: for Cm light (shown in Fig.4.3(a)):

I Low Toroidal B-field at Bt = 1.95 ( kG ),Along Minor-radial Direction: x = 1.5 cm, 2.5 cm, 417 cm and

y =z =0.0 cm ,
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D211-- 14.0( m2/sec ),

D21=9.5(m2/sec ),
ni

D 3[',= 3.8(m2/sec),

• |D31 = 3.3 ( m 2Isec ),

[+= 30.0( _ec ).

• Case 6: for CII! light (shown in Fig.4.3(b)):

Low Toroidal B -field at Bt = 1.95f I:G ),
[Along Toroidal Direction: z = 1.5 ,=.n,2.5 cre, 4.7 cm and

x=y=O.Ocm ,

D2II= 14.0 (m2/sec),

D2.1.=9.5 (m2/sec),

D311=3.8 (m 2/sec ),

D3j =3.3(m2/sec ),
1

7 = 30.0( _sec ).

• Case 7: for Ct;; light (shown in Fig.4.4(a)):

High Toroidal B-field at Bt = 3.5 ( kG ),
Along Minor-radial Direction'x = 1.5 cre, 2.5 cre, 4.7 cm _ ,_d

y = z = 0.0 cm,

D 2II= 14 ,) ( m 2/sec ),

D2.1. ::5.5 ( m2/sec ),

• D 3II-" 3.8 ( m 2/sec ),

° D 3± = 2.0 ( m 2/sec ),
, 1

- -- = 30.0 ( ttsec ).
1 "

,,
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• Case 8" for CIII light (shown in Fig.4.4(b)):

f High Toroidal B -field at Bt = 3.5 ( kG ),Along Toroidal Direction" z = 1.5 cre, 2.5 cre, 4.7 cm ,..ad

x =y =0.0 cm,
t

D 211= 14.0 ( m 21sec ),

D21=5.5(m2/sec ),

D 3 II- 3.8 ( m 2/sec ),

D 31 = 2.0 ( m 2/sec ),

1
7"= 30.0( ).

Another eleven shots, not shown here, are also numerically fitted to obtain addi-

tional diffusion coefficients according to the procedure just described. The scattering of

these parallel diffusion coefficients at different locations and directions are summarized

it" Fig.4.5, and the perpendicular diffusion coefficients are presented in Fig.4.6 in the

same way. lt should be pointed out that the diffusion coefficients obtained from the

measurements at distance 4.7 (cre) from the source are not plotted in either Fig.4.5 and

Fig.4.6 since the signal-to-noise ratio is close to one and the fitting is not reliable.

Finally the pc, veadicular diffusion -oefficients for C+ and C _ ions are plotted versus

the toroidal _nagnetic field in Fig.4.7.

From these numbers of the diffus :n coefficients obtained in the numerical fitting,

we can summarize our conclusions as follow. First, the four difft, sion coefficients, D 211,

D 2l, D 311,and D 3J., are, found to be independent of the location of the observation

point, as would expected if the diffusion _nc_telis correct. Second, the dependence on

the toroidal magnetic field is observed only for perpendicular diffusion coefficients. Th_,

toroidal magneSc field may affect the parallel diffusion coefficient through the electron

-- tempera'-_e and density, but uhexeis no evidence to show the direct dependence of the
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Figure 4.5 The parallel diffusion coefficients for Clland CIZIat different
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parallel diffusion coefficients on the magnetic field.

Several other issues must be pointed out. First, in the calculation of the theoretical

curves, a 5% change in the dominant diffusion coefficient can result in a visibly d_-

ferent curve. The fitting sensig_v'i_y,decreases as the observation distance from the
' ' 'j ' , t_

source point increases. When the view point is 4.7 (cre) away from the carbon tip, this

sensitivity drops to about 10- 15%.

Second, in the fitting processes we found that it is difficult to keep the relative lev'

els of the three initial pulses of carbon light exactly proportional to the peak values of

the discharge current from the carbon probe. If there were only one pulse from the

source this trouble could be avoided by normalizing the data to arbitrary unit. But in our

case, these relative levels have to be shifted as much as 30-40% from rbe;propor-

tionality obtained from the source discharge current, for some shots, to get the best dif-

fusion coefficient fit. These uncertainties could arise from either the fluctuations of the

source discharge (see section 2.4), oi"some instability which can cause a sudden bulk

motion of the plasma into or out of t_._,small volume of a chordal measurement.

Finally, there is some fluctuation in the starting time from the three pulses in the

firing of the carbon probe. This shift is usually very small ( 1 - 2 (gsec)) compared

with the characteristic diffusion tin,e scale ( 50- 100 (gsec)). Normally this fluctua-

tion is compensated by the corresponding shift in the model curve according to the

discharge current profile shot by shot and can be neglected.
J

4.3 Convection Effect

A convection effect would arise from a bulk motion of the plasma, possibly in

both the minor-radial and toroidal directions. This motion could come from either

toroidal rotation of plasma or minor-radial plasma expansion. Some instabilities can
i.

also cause a convective motion.



CHAPTER 4.THE OBSERVATION AND DATA FITTING -76-

Now we considerthecarbonprobetobelocatedattheoriginofthestaticcoordi-

natesystemO-xyz(i.e.thelabframe),whileanothercoordinatesystem,sayO'--x'y'z',

" ismovingwiththeplasmaattheconvectivevelocity_c(t).Sincetheconvectivevelo-

cityismuchsmallerthanthespeedoflight(i.e.non-relativisticcase),then,according_
t, ,

toGalileanrelativity,thetransformationoftimeandspacecoordinatesbetweenthese

two systems is:

=t t

[_:=_:,+_, <4.3,1)

ThediffusionproblemcanbewritteninthesystemofeitherO,xyzorO'-x'y'z'asfol-

lows:

v2 ':) + s ( t, ':) (4.3.2)
_---_-n (t,_) =D n ( t,_)-A n ( t,

( in O-xyz system ),

or

_" V '_- ":') A ( t,_')+S ( t,":") (4.3.3)
_---_n(t, )=D n(t, - n

( in O'--.x'y'z' system ).

Note here we have assumed tt,at the diffusion coefficients are the same in both ,_,stems.

The operator V2 and V' 2 is the same in the two systems bectxuse:

_:=_ 7--[_' _ _' _J

- __e---_ _ - _-_ •

" Even though equations (4.3.2) and (4.3.3) have the same form, the source terms in

" Lthese two equations are different. In 0-xyz system, the source is at rest urce: 0. But

in O'-x'y'z' system, according to the transformation (4.3.1), the source is now in
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motion at the speed of:

_'sourc, =_source -_c = -_c . (4.3.5)

This indicates that the convection effect in the O-xyz system is equivalent to the diffu-

sion problem in O'-x'y'z" system where the source is moving at the negative speed of

the convection motion.

Since the Green's function of problem (4.3.3) is:

1 e -At

G (t, x',y',z')= 8 _z3/2 _/D_'xtD_yt D-_/_ztx

X,2 y,2 Z, 2 ]exp 4Dxt 4Dyt di)z t , (4..3.6)

we compare with the Green's function of problem (4.3.2) expressed in equation (3.5.6)

and we have the following relation between the solutions obtained ha the two coordinate

systems[25] (proof is omitted here):

n ( t, "P") =n ( t, _-_c t ). (4.3.7)

This is generally true for ali of t:e three models. Next, for shr,plicity, we discuss only

the delta function source model, but it turns out that the conclusions obtained here are

also applicable to the other two models.

The solution of problem (4.3.3) is:

-At1 e
n ( t, x',y',z')= x

( x - Vc.xt )2 (y _ Vc,yt )2 ( z - Vc,zt )2 1exp - 4Dxt - 4Dyt - 4Dzt . (4.3.8) .J

When the convective velocity _c = 0, then we have n ( t, x',y',z' ) = n ( t, x,y,z ). Also

from equation (4.3.8), when [_ [:,, [_c tj, theconvective term is negligible, hereI"? ]is
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the distance between the observation point and the source point, and t is the characteris-

tic diffusion time. Since r2 = Dt, then we can expressthe criterion forthe negligence of

- convective effect as:

, I +1< • (4.3.9)

This means that when the diffusion coefficient is large enough, or the observation point

is close enough to the source, then the convection effect is weak and the process is

dominated by diffusion.

Next is a numerical example for the estimation of equation (4.3.8). The average

perpendicular diffusion coefficient is about D = 5.0 (m2/sec) for either D2i and D 3l,

or low and high magnetic field cases, then the quanti_ on the right hand side

of equation (4.3.8), for r = 1+5,2.5, and 4.7 (cre), is 333.0, 200.0 and 106.0 (m/sec),

respectively. Taking the average value of = 200.0 (m/sec), then Vc _ 2 x 10'+

(cm/sec) is required to neglect the convection flow in the minor'radial dkection. This is

also means _1_atthe plasma should move, ¢onvectively, _ 1.0(cre) in 50.0 (gsec ),

which is the characteristic time scale for the carbon ion diffusion. According to the

internal magnetic probe data, the toroidal magnetic field lines are stationary as to radial

motion during 50.0 (ttsec) time scale. Therefore, if the plasma flows, it would have to

1 cross the magnetic field lines. However, this could occur only by resistive flow, and can

be estimated from the plasma resistivity. Since the initial configuration of magnetic

field wiUdecay away in a diffusion timP[28]:
,lh

4rcal L2 (in CGS unit), (4.3.10)
"Cd = C2

where L is the characteristic length scale of spatial variation of_ (chosen as the plasma
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1

radiusL --'a= 5_0(cre));oi."--_ istheplasmaconductivityacross_. The plasma

resistivitytransvel_sctothemagneticfield,TlJ,isgivenbythefollowingformula[29]'

Til- 1.04x 10.-4 Z InA (f2.m) (4.3.11)
Tc(eV) 3/2

(inMKS Unit),

or

_j. = 1.16 x 10-14 Z In A ( second ) (4.3.12)Tc(eV) 3/2

( in Gaussian Unit ).
i ,

When we choose Te = 10 (eV), Z = 1, and In A = 10, then til = 3.7 x 10-15 (see), the

magnetic diffusion time is:

4_L 2
'cd =

_.[.c 2
4 _ x 5.02 (cre2)

3.7 x 10-15 (see)x 9 x 1020 (cre2/sec 2)

= 9.43 x 10-5 (see) = 94.3 (_sec).

If we use tiffs characteristic time to estimate the plasma radial flow, the convective

velocity should be

a 5.9, _cm)
VC _.-=-.-_

"ca 9.43 x 10-5 (._'ec)

= 5.3 × 104 (cm/sec)= 530.0 (m/see).

Howev,'r, from the Ha light measurement which will be discussed in chapter six,

the emis,,!.-'ity coxatour in the plasma cross section doesn't change much during the time

scale mentioned above. This indicates that the plasma radial flow is not as high as the

estimate, and the convection is not strong enough to affect the radial diffusion of carbon

|



)
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ionsinthecharacteristicdiffusiontimescale.

The criteriontoneglectconvectionwhen takingthemeasurementinthetoroidal

" direction is also Vc _ 2 x 104 (cresee) since the parallel diffusion coefficient is in the

same order as the perpendicular one.

A noteworthy point from equation (4.3.8) is that the toroidal convection flow can

also affect the radial diffusion process, and vice versa, because if one sets x _ 0 and

y = z = 0 in equation (4.3.8), the parallel diffusion coefficient Dz still appears in the

(v.,t )2
exponential part through the factor - . This is easy to understand physically

4Dzt

since toroidal convection will carry away the carbon ions (in the toroidal direction)

from the volume located along the miner-radial direction where the measurement is
1

being made. The toroidal plasma rotation in Torus II (the early version of HBT) was

measured by studying the Doppler shift of the 4,686 A He H line[30]. It was found that,

typically, the toroidal flow motion is in the same direction as the plasma current at an

average velocity of Vc,z = Va, -- !06 (cm/sec), a small fraction of the plasma ion ther-

mal spe_. This is much larger than the criterion value l0 t (cm/sec), so the toroidal

rotation could affect the diffusion measurement of carbon ions. However, the toroidal

flow in Torus II was observed to damp out in ~ 10 (V,sec).

In order to get a quantitative estimate of the convection effect, _me solutions,

under different conditions, of equation (4.3.8), are plotted in Fig.4.8(a) and (b),

Fig.4.9(a) and (b), and Fig.4.10(a) and (b) at three different locations in the minor-

radial direction in the laboratory hame. The toroidal convection velocity used in the

calculation as shown in the figures, is Vc,z= 0.0, 1.0, 10.0, 100.0, 1,000.0 and 10,000.0

(m/sec), and the radial convecOon velocity is Vc,x = 0.0 in (a) and 500.0 (m/sec) in (b),

. respectively.

From these plots we can see that up to 500.0 (m/sec) radial convection velocity
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Figure 4.8 The solutions of equation (4.3.8) at x = 1.5 (cm) and y = z = G.O
from five differe t toroidal' convection velocities. The radial
convection velocity is (a)zero and (b)500.0 (ndsec), respectively .
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. Figure 4.9 The solutions of equation (4.3.8) at x = 2.5 (cre) and y = z = 0.0
from five different toroiJal convection velocities. The radial
convection velocity is (a) zero and (b)500.0(ndsec), respectively .
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Figure 4.10 The solutions of equation (4.3.8) at x--4.7 (cre) and y=z= 0.0
from five different toroidal convection velocities. The radial
convection velocity is (a) zero and (b)500.0(m/sec), respectively .
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doesn't measurably affect the diffusion process, and a similar number is also true for

the toroidal diffusion. However, when the toroidal convection velocity is 1,000.0

" (m/sec), there is an obvious effect on the radial diffusion, quite different from that

when there is only a small convection. When the toroidal convective velocity is in the
w

range of 10,000.0 (m/sec), the solution is nearly zero because the convection effect is

so strong that almost ali of the carbon ions are quickly moved away by the convective

flow. Experimentally, we don't observe this phenomena, so the plasma toroidal flow, ff

it exists, must happen only in the early time of the discharge and should quickly decay

to a very small value (lower than 100.0-1,000.0 (mlsec) ).

4.4 Error Analysis

In obtaining the diffusion coefficients of carbon ions, several sources of errorexist

not only in the measurement of the spectral emission from the ions but also in the

numerical fitting of the light signal. These errors are discussed below.

(a) The uncertainty in determination the ionization time [ 11 from C+ to C++ state.

average duration times for the three pulses in the source discharge are 8.0 (_ec),
"t

16.0 (p.sec) and 18.0 (_ec), ali shcn'tcrthan the value of /J. So during
the early

time of the diffusion process this effect is not strong and only about 40- 50 (Dec) later

does the ionization process become more important through the factor e-tr. Variation in

/1 can occur because of the the uncertainties in the plasma parameters n, and Tc,
i

J

and thus DII and Di. are effected by the ionization rate. For example, when using the,i

formula from the corona model (see section 3.3) or the data for the ionization rate

coefficient as shown in Fig.3.8, die uncertainties in ne and Te will cause the ionizatir,,_
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time to vary within a certain range; this range be.comes larger especially when Te is

lower.

(b) The uncertainty in determination the distance from the carbon probe to the observa-

tion point. As we mentioned before, the region of the field of view defines a small

volume in a channel due to the magnification of the camera lens and the diameter of the

optical fiber. The smaller this volume is, the more accurate the measurement is.

(c) The noise on the light signals, which result either from the photon statistics in the

plt.stun emission or from the PMT noise. This noise introduces uncertainty in the

numerical fitting tn'ocedure.

Next is an example to illustrate the relationships among these errors, in which we "

find numerical estimates of the relative errors of the diffusion coefficients. For simpli-

city, we assume that both the perpendicular and the parallel diffusion coefficients have

the same order of relative error, and then the C + ion density from the delta function

source model can be written as:
z

t

N e _ x 2 + y2 + z 2 1
ntr = 8_/2 D]/2t3i2 exp -. 4D2t J

= rill( t, x, ,y, z, Xion.,D2 ). (4.4.1)

Since hl/is the function of t,x,y, z, '_., and D2, then the total, derivative [31-32] of nl,r

is:

t
_m

An// 8_/2 D3/2,3/2 exp 4D2'

•

.....t Ax_n 3 zkD2 1 ( x/xx + yz_y + Ztxz ) . (4.4.2)
.Cio,t 2 " 2 D 2 2 D2 t
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Note here we have assumed that At = 0, i.e. the time delay caused by the electronics can

be neglected and the time measurement is accurate. The quantities A'c/o,a.,AnH, Ax, Ay,

, and Az are the uncertainties of the ionization time, the measurement of the light emis-

sion from carbon ions, and the spatial resolution of the optical system, lt is also
D

assumed that all of these errors are independent and uncorrelated. AL)2 is the uncer-

tainty of ti_e diffusion coefficient resulting from all of the uncertainties discussed above.

Equation (4.4.2) can be rewritten as:

An# = t_.LAxion. 3 AD2 1 (xAx + yAy + ZAz ). (4.4.3)
nii "cia,. 2 D2 2 D2 t

* l) I) • Al)Now we'use A x/o,,., An#, A x, A y, z, and A*D2 to denote the maximum absolute

error of the quantities x/_., n#, x, y, z and D 2, respectively, then the maximum relative

error of the diffusion coefficient can be expressed as:

A'D2 2 t A' nii
_5"D2=ID=-"---V=_Ix_l _'+ Inul+

i l12D2 tl (IxlA*x+[YlA*Y+lzlA*z) . (4.4.4)

When taking the measurement along the minor-radial direction, i.e. y = z =0, then

equation (4.4.4) is further simplified as:

A'D2

5'D2= ID2I

"-- 12 t....L_ all lxl
=_- I_. IA*xo,,.+ In.I + 12D2ti A'x . (4.4.5)

" Equation (4.4.5) indicates several issues. First, 8"D2 is a function of time. When

2 t_k._. A,
time t increases, 8*D2 increases as _[ _. [ "c/on.and thus the uncertainty of the

i

A*n11
ionization time becomes more and more important as time increases. Second, In.I
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represents theratio of noise-to-signal which is also a function of time, and becomes

Ixl
larger since the signal decreases as t increases. Third, [2 D2 t l A*x means that the

closer to the source, the smaller is the relative error of the measurement. Also, a larger

diffusion coefficient results in smaller relative enur since the diffusion process is much

A*rill

more dominant than other processes. The contribution I.1 is smaller as either the

diffusion coefficient becomes larger or the observation point becomes closer to the

A*source. Finally, equation (4.4.5) indicates that when the maximum absolute error x is

fixed, the way to improve the accuracy of the diffusion coefficient measurement is to do

the numerical fitting early on, using the signal measured close to the source.

Now we shall put some numerical values into equation (4.4.5). We set A*'_ion.

= 20.0 (kLsec) because this is the maximum uncertainty in the numerical fitting, A*x

= 0.3 (cre) (this comes from the bench calibration of the lens and optical fiber system),

and choose the average characteristic time for the first fitting of each pulse as

A'nil
t = 10.0 (}Asec), with = 10% at this time. If the typical value of D2 is chosen as

D2 = 11.5 (m 2see) as the average between D211and D2 l, then we have the maximum

relative error of the diffusion coefficient obtained at location x = 1.5 (cm) is:

A'D2 2 10 x 20 0.015 x 0.003 16"D2= [D2-----T=._ 302 +0.I + 2x 11.5 x 10x 10-6 J

_2
- _ [ 0.22 + 0.I + 0.195 ] = 34.3%. (4.4..6)

Thus, in the best case (i.e. at x = 1.5 (cre) from the probe) the maximum relative error is

about :t: 34.3%, and at x = 2.5 (cm) the error is about + 43.1%. However, vhen at

x = 4.7 (cre), the maximum rel_,tive error is about + 100% or higher not only because

the observation point is too far away from the source, but also because the ratio of

noise-to-signal becomes as high as 100%.
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The error analysis for the diffusion coefficient D3 is difficult, mathematically,

because the solution of C ++ ion density includes a complicated integral (see equation

, (3.5.15) in Chapter Three). However, both the C + and C ++ ion densities depend on the

ionization time x/on., except that in one case this is a positive source while the other is a

negative source, so the error caused by the uncertainty of x_. should be the same for

D 3 as for D 2. Also, there is a similar noise-to-signed ratio for the measurements of Cir,

and Cm light, so it is reasonable to conclude that D 3 has a similar experimental error as

D2.
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CHAPTER FIVE

. CARBON ION DIFFUSION IN HBT

- 5.1 Introduction

In this chapter, we start our discussion with a classical transporttheory which

describes particle diffusion in a cylindrical plasma, giving a simple derivation of the

relation between the perpendicularand parallel diffusion coefficients of carbon ions.

Then we made a modification to this relationdue to the toroidal geometry of the mag-

netic field, i.e. the neoclassical transporttheory. We use these formulato fit the diffu-

sion dataobtainedin ChapterFour. Bohm diffusion is also discussed as a comparison.

Our impurity transportfalls into the Pfirsch-Schluter(or hydrodynamic)regime for

low-temperature and high,density plasma, and a MID treatment is applicable to

describe the diffusion process. The reason for using the fluid model is that for this kind

of plasma the collision frequency [ x-_e] of impurity ions with plasma ions is large,

and the mean free path (Vth,c "tct,)of the impurity ion is much shorter than the connec-

tion length, which is the distance between the inside region of good curvat_tre and the

outside region of bad curvature of the torus[33]. The connection length is also a charac-

teristic length of the banana orbit for a trapped particle which can complete a bounce

orbit in less than a collisi:)n time. In this regime (i.e. the banana regime), the plasma is

collisionless; the particle orbit effect becomes dominant. Kinetic theory should be used

in this regime rather than the fluid model. When Vth,c "tct,<Ro q, a carbon ion will

• suffer several collisions with plasma protons before it finishes one banana orbit. So the

conn_tion length does provide a basic length scale to distinguish the intrinsic proper-

" ties of particle transport (see also section 5.3). The criterion for Pfixsch-Schluter region

is:
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Vth,c xcp<Ro q, (5.1.1)

where Vth,c is the thermal velocity of carbon ions, x_ is the mean collision time
,11

between a carbon ion and a plasma proton, R 0 is the major radius of the torus and q is

the plasma safety factor. We can also rewrite equation (5.1.1) in the following form:

Ro_..._q q ( sec ). (5.1.2)
"tcp< Vth,c = 1.4 x 10-5 _Tc (eV)

Taking Tc = 5.0 (eV), q = 1.5 for the HBT plasma, then xcp_ 9.40.tsec). From chapter

three we know that at Tc = 5.0 (eV), xcp= 0.4 (}.tsec),which is much smaller than the

criterion value. So it is reasonable for us to adopt a fluid equation approach to calculate

the transport of carbon ions in the HBT plasma.

5.2 Classical Impurity Diffusion

In our experiment there are three types of particles in the HBT plasma: electrons,

protons and carbon ions, with the number density he, nt, and no, respectively; but the

carbon ion density is much smaller than the plasma density, i.e. nc ,,r.ne = ht,. Accord-

ing to the relaxation time calculations in Chapter Three, the collisions of carbon ions

with electrons can be neglected because of the large mass difference. The self collisions

among carbon ions (either C+ or C_. ions) can be ignored too since their densities are

very low comparing with plasma density. The principle mechanism which drives the

impurity diffusion is the collision between carbon ions and protons. The physical pic-

ture is that a small amount of carbon ions (both C+ and C++ions), waich are released

from a point source located on the magnetic axis, eventually diffuse through a proton

background via the collisions between carbon ions and protons. This is similar to the

case of diffusion in a weakly ionized plasma, where the charged particles collide pri-

marily with neutral atoms rather than with one another. The equation of motion for car-

bon ions can be written as:
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lA mc nc"_ =Z e nc( x - nc-Rtp, (5.2.1)

, wheremc isthemass,_c thevelocity,Z thechargenumberandTcthetemperatureof

carbonion,respectively._ and_ aretheelectricandmagneticfields.The termR_ is
q

thefrictionforceonthecarbonionsduetothecollisionswithplasmaprotons,andcan

bewrittenasRtp=nc m_ vep('_p-'_c),wherev_ = ----isthecollisionfrequency
"_cp

betweencarbonionsandprotons,andrace= mcmp =mp isthereducedmassofcar-
mc +mp

boaionandproton.Sincel,,:Isowehave-_cp= -nc mp vep_p. We further

assumethatthecollisionsbetweencarbonionsandprotonsareelastic,thenthemomen-

tum conservationwillbeholdandmt,_p = - mc"lcistrueforeachcollision.So the

friction term can be approximatelyexpressed as _@ = nc mc Vep_c. Here, as an

approximation,we consider only the motion of carbonions and neglect the motion of

protons.This is also equivalent to assuming thatplasma protonsform a uniform scatter-

ing background since protonscan set up an equilibriummuch quickly than carbon ions.

The reason for the simplificationis that only under these assumptions can a simple for-

mula be derived which describes the relation between _rpendicular and parallel diffu-

sion coefficients.

A morerigoroustreatmentforimpuritytransportintheminor-radiusdn'ectionin

thePfirsch-Schluterregimecanbefoundinreference[34].However,forthetr_..'Isport

ofcarbonionsinHBT plasma,thediffusionalongtheminor-radialdirectionisalso

coupledwiththeonealongthetoroidaldirection,andthisisexplainedasbelow.

. Thediffusionprocessofcarbonionsisgovernedbythecontinuityequation:

_nc
--- + V •_c =So, (5.2.2)_t

or,
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_nc

+vi +vll-:o,lt-, c5.2.3>

where_c and Sc arc the flux and sourceof carbonions, and perpendicular ( .L ) and

parallel (II) are referred to the toroidal magnetic field. Here we have neglected the Hall

diffusion term which will b<' explained soon. Since _c,J. = -D.L Vc, j. nc and _c,ii=

-DII Vc, IInc, where Di. and Oil are considered to be independent of space and time,

then the continuity equation can be written as:

D/lc
_t ,S'c- D 1 VI 2 nc + DIIVII2 nc. (5.2.4)

For most,large present:day tokamaks, the diffusion of impurities along magnetic field

lines is much quicker than the diffusion crossing field lines, and the mean free path of

the impurity ion is comparable with the major radius, so the term V!!2 nc is zero

because there is almost no local accumulation of impurity ions along the toroidal direc-

tion. Another mason for VII2 nc = 0 is that for most impurity transport studies the

source term is toroidally axisymmetric, i.e. a ring or shell source. Therefore, a 1-D (in

the minor-radial direction) model is good enough to describe the inward transport of

impurities. However, in our carbon probe experiment, the source i._ a pulsed point

source. Also, the HBT plasma is collisionally dominanted because of its low tempera-

ture and high density, and DII is in the almost, the same order as D 1' i.e. the parallel dif-

fusion is stronger than, but comparable with, the perpendicular diffusion. So, VII2 nc is

not zero. Since the source releases a finite amount of carbon ions in each discharge, the

ciensity contours of carbon ions will be a set of nested ellipsoids.

Return to equation (5.2.1), and choose the direction of_as the _-axis, andJ- and

_- ares in the plane which is perpendicular to _. Since the collision frequency vet, is

d
much larger than the characteristic time change rate "dT' as any macroscopic changes

are obtained by many microscopic collisions, the left hand site of (5.2.1) can be set to
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zero compared with other terms in the equation. Then (5.2.1) can be reduced to the fol-

lowing component form:

" ° _/I¢
- ----+z encB V_, (5.2.5)nc mc vcp V_ = Z e nc Ex k Tc _ x

nc
- ------ Z enc B V=, (5.2.6)

ncmcv,_ V_ =Z e ncEy k Tc i_y

nc

n_ mc vce Vc, = Z e nc Ez - k Tc "_x " (5.2.7)

Define .the parallel mobility, I.tll, and the parallel diffusion coe_cient, DII, of carbon

ions as follows:

_tll= IZel , (5.2.8)
mcv_

and

kr_
DII- _, (5,2.9)

mc vet,

then (5.2.5)-(5.2.7) can be rewritten as:

[I+(D_x_)2]V= _tllEx DII _ nc )2 Ey= - -- + ( [2c Xcp --
nc _x B

_(f_c,c_)2kTc 1 _ nc
ZeB nc Oy ' (5.2.10)

k Tc 1 _ nc
)2 , (5.2.11)

+([2c%p ZeB nc _x

o

Vtz = IZllEz DII _ ncnc _ z " (5.2.12)

Where f2c = ]Z e IB is the gyrofrequency of carbon ions. We further define the perpen-
/71c
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dicular mobility, lti, the Hall mobility, ltH, the perpendicular diffusion coefficient, D l,

and the Hall diffusion coefficient, DH, of carbon ions as follows:

lt'ill)2 ' (5.2.13)lt±= 1+ (f_c %p

lt I1(K_ Xcp)
ltH = (5.2.14)

1 +( D.c xcp )2 '

DII (5.2.15)
Di = l+(f_cXcp)2 '

and

DH = DII (f_c xcr, ) (5.2.16)
1 + ([,2c'r,cp )2 '

then equations (5.2.10)-(5.2.12) can be written in the following vector form of the flux

of carbon ions, driven either by the electric field:

roy = nc Vcy = nc -Itri lt.[ 0 Ey , (5.2.17)
v. o o Ez

: i.e.:

_c =neT=no lt._, (5.2.18)

or by the number density gradient of carbon ions themselves:

. = nc Vcy = - nc - DH D.i. Vy nc , (5.2.19)

Fcz Vtz 0 II Vz nc
i.e.:

_c = nc 7=- nc _" V nc . (5.2.20) "

Where lt and Dare the mobility and diff,'ion coefficient tensors, respectively.

The only off-diagonal element in _*is the Hall diffusion coefficient, D/t, which is
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smaller than the transverse diffusion coefficient Di, since DH = ( f')c _cp )D j. wl?en

D 1 Di

• (Hcl;ep)_1, DH= -_ When (_1:cp)=I, and DH= (_c_cp) when

( Hc "cev ) _" 1. The Hall diffusion is in the direction perpendicular to both _ and V nc.

Since the carbon probe is a point source, then the Hall diffusion can happen in any

radial direction from the sourceon the plane which is perpendicularto the toroidalmag-

netic field.

Equations(5.2.I0)and(5.2.II)canbecombinedintothevectorform:

Vlnc (_cx_)2 .-9 .-q
= - -------+ (Vc,E+Vc, D ). (5.2.21)

"_c,l lil_l Oi nc l+(D.cXc;, )2

Where7c.E and7c,D are the _ ×_ and diamagnetic drifts of carbonions, respectively,

defined as:

B2 , (5.2.22)

and

Zc• ncB 2 " (5.2.23)

Note in equation (5,2.23) we have assumed that Tc is independent of the space coordi-

nate.

In equation (5.Z21), the first term I.t.L_.L is the drift velocity of the carbon ion

driven by the perpendicular electric field, which can be estimated as k Tc/a e where a

is the plasma minor radius. Since

- kill I.tl Ei
IN ll= I+(glcxcp)2E±=--_
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we get the numerical formula as:

]_tl_i [=4.02× 106ZcTc(eV)xcp(see)(rosee). (5.2.24)

_ )2Note herewe haveassumedthat(D.,:xc;,)2 I.If(D.c%p > I,]_tL_ll willbe

smallerthanthevaluefrom(5.2.21).ForZc= I,Tc= 5 (eV),since%p =0.5(lasec),we

I=2.0(m/sec).
Vj. nc

The second term in (5.2.2I),- D j. -----, is the drift velocity by the density gra-
/l c

Vi "c I
clientofcarbonionstlaemse.lves,i.e.theFick'slaw ofdiffusion.Since

n c L'

where L is the densi" ":aiclen,_h, and L = O.b (cre) is a reasonable estimate for our

experiment, we have:

l-D 1 Vi nc l-_ (5.2.25)/I¢

_ 5.0 (m21sec) = 103 (mlsec)D

5 x 10-3 (m)

which is much larger than il.t1 _j. I; so the drift from the perpendicular electric field can

be neglected compared with the diffus._onterm.

The othertwo termsinequation(5.2.2X_,,_c..g and_c.D,aretheusual_ x_ and

diamagneticdriftsperpendiculartothegradientsoftheelectricpotentialand number

densityofcarbonions.Thesetwodriftsaresloweddown bycollisionswithplasmapro-

tonssince the drag factor

( f2c_ct,)2 1

1.0+ (D._xcp 1.0+

when vet,_ **.The_ x_driftcanbecalculatedusingthefollowingformula:

17c,El= E (V/m) (m/sec). (5.2.26)
B (T)
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I k Tc_ 5 eV -- 100.0 (V/m), then = 333.3 (m/s¢ '). Multi-

%

Since= aej = 5.0(cre):e

. plyingbythedragfactor,the_ x_ driftisabout200.0(m/sec),whichisstillsmaller

thanthediffusionvc!ocitytermandisthcreforcncglcctcd.Thc magnitudeof_c.ais
e

c_ilycomputedfromtheformula:

l._c.Dl= k Tc (eV) I (m/see). (5.2.27)B (T) L (m)

When we choosekTc---5(eV),B =0.3(T),and L =0.5(cre),then Vc,D=

3.3x 103(rosee),whichislarg_thanthediffusionvelocity.However,the"diamag-
A

neticdrift"isatermwhichdescribesthefluiddriftperpendiculartoVnc andB,even

thoughtheguidingcentersofthecarbonionsarcstationary.Sothediamagneticdriftis

nota convectiveflowanditdoesn'tactuallyremovethecarbonionsawayfromthe

sourcevolumeinquestion.

A similarestimatecanbemadeforequation(5.2.12)whichdescribesthemotion

ofcarbonionsalongthetoroidalmagneticfield.Since

E== 2_R 2_x0.25(m)

Viinc Therefore,the motion of carbon ions along the
i.e.Ez"_El,andsol.tIIE=_ DII....nc •

magneticfieldisalsodominatedbydiffusionratherthanadriftfromthetoroidalelec-

tricfield.

Theproduct(D.cxc_,)2isaveryimportantquantityinthediffusionprocessofcar-

)2bon ions.When (f2c%p _:I,themagneticfieldhaslitdceffecton thediffusion
o

sincethemeanfreepathofcarbonionismuch smallerthanitsLarmorradius.When

• • (_c _-cp)2:,,I,themagneticfieldsignificandyretardstherateofdiffusionacross_ as

now tlieLarmorradiusissmallerthanthemeanfrecpathofcarbonionandacollision

willhappenonlyafterseveralgyrations.
_
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Nextarcsome numericalformulaeforthecalculationswherethesubscriptsc and

p denotethecarbonionandproton,respectively.

• (a):The Coulomblogarithmformixedion-ioncoLlisions[35]"

I. =InAro

+ >
= 23 - ha ------- , (5.2.28)

rp +rc j

wherel.tc= "--= 12andgp= -----= 1a.-'cthemassofcarbonionandprotonexpressed
mp

inunitsofprotonmass;TcandTp arethetemperatures,Zr andZp thechargenumbers,

and nc ar{dnpthenumberdensities(cre-3)of carbonionsand protons,respectively.

Sinceac¢:hp,andwe assumeTc= Tv,we have:

(cre-':)]In Act, = 23 - ha T 3/2 (eV) " " (5.2.29)

The average value cfln A_ is about 7-10 for HBT plasma (see Table 3).

Table 3: The Coulomb logarithm lnAo, of the carbon

ions at different plasma densities" and temperatures *
......

4 5 6 7 8 9 10

L_ . ii :JZ _ I III .... -- L.

1.0 { Z, = 1 i 8196 9130 9.57 9.80 10.00 10.18 10.34
Zc= 2 7.58 7.91 8.18 8.41 8.61 8.79 8.95
Zc=l 8.61 8.95 9.22 9.45 -9.65 9.83 ..... 9.99

2.0 .....
Zc= 2 7.23 7.56 7.84 8.07 8.27 8.44 8.60

----" Zc 1 ....8141 8.75 9._2 9.25 .....9.45 9.63 9.79
3.0 - .....

Zc= 2 7.03 7.36 7.63 7.87 8.07 8.24 8.40-- ,.........

* Theplasmadensityis n, = ni= 1.0,2.0and3.0x1014(cre-3).
t Thetemperaturevariesas Tr = :l"e =Ti =4,5..... 10(eV).
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• (b)"The gyrofrequencyofcarbonion:

_c = 9.58x 107 ZcB (T)_ (radsee), (5.2.30)
• A c

whereAc= 12 and Zc a._theatomicmass and the chargenumberof the carbonion,

respectively,and,OisthemagneticfriedinTesla(T).

• (c): The Larmor radius of carbon ion:

Since the thermal velocity of carbon ions on the plane which is perpendicular to

is:

2 k Tc) `'_Vc,l = mc =4.01 x 103 _Tc (eV) (rosee), (5.2.31)

then the Larmor radius is:

Vc,l (2k Tc mc )½

Pc = "-_ -= ZeeB

_Tc (eV)
= 5.0x 10-4 (m). (5.2.32)

zcB (T)

At 7c = 5.0 (eV) and B = 0.3 (T), Pc = 3.7 (mm) for Zc =1, and Pc = 1.9 (mm) for Zc =2.

• (d): The collision time of the carbon ion with a proton:

A_ T3c/2(eV) (sec). (5.2.33)
X,cp = 3.91 x 107 Z2 Z_ np (cre -3) In Atp

• (e): The mean free path of carbon ion:

3k Tcl Va
= = ' '_cp

_'m_p Vc,thT'Cp mc

= 6.65x I0II T2 (eV) (m). (5.2.34)
• Z 2 np (cm -3) In Acp

At 7c = 5 (eV) ,and np = 2 × 1014 (cm-3), km/p = 9.2 (mm) ft,,' Zc = 1 and 2.3 (mm) for
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. )2 factor:• (tDThe ( f2cxcp

B 2 (T)T3 (eV)
)2 1_1 (5.2.35)

( i'2cxct, = 1.4x Z 2 Z4 Ac n2 (cre-3) ( In Act, )2 '

If we write np =bi t, x 1014 (cre -3) andB i_akG, since Ac = 12, Z 4 = 1, then

B 2 (kG)T3 (ev)

)2= I.1667 )2" (5.2.36)( f2c xcp Zc2 Np2 fin Act,

The value of ( f_c "%p)2 at different plasma densities and temperatures are listed in

Table 4 for the case of low magnetic field (B = 2.0 (kG)), and in Table 5 for the case of

high magnetic field (B = 3.5 (kG)). The corresponding value for Zc = 2 is about 1/4 of

that for Zc- 1 if we neglect the small variation in In Act,. So for the HBT plasma,

( f2c xcp )2 is about 0.2- 5.4 for the low B-field operation and about 0.5- 16.6 for the

high B-field operation at the plasma density np= 3 x 101'*(cm-3).

• (g): The parallel diffusion coefficient:

Where Vc.a_eis the average velocity of carbon ions assuming a Maxwellian distribution.

Using equation (5.2.33) DII can be numerically expressed as:

DII = 3.2 x 1015 TSc/2(eV) (m 2/sec). (5.2.38)
Z 2 Z2 Ac_ np(cm -3) In Acp

2
Since A,_c= 3.464, Zt, = 1, and also write ht, = Nt, x 1014 (cre-3), then (5.2.30)

becomes:

Tsc/2 (eV)
= (m 2/sec). (5.2.39)

DII 9.24 Z2c AlpIn Ace
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Table 4: The (_c%p) 2 factor of the carbon ions for different

plasma densities" and temperatures* at Bt = 2.0 (kG)
m ,,

4 5 6 7 8 9 10

• i

1.0 [ Zc - 1 3.72 6.74 11.01 16.67 23.89 32.83 43.65

,Zt= 2 1.30 2.33 3.77 5.66 8.06 11.01 14.57k...... .,, ,, ,,

Zc -- 1 1.01 1.82 2.96 4.48 6.41 8.80 11.69
2.0 .....

Zc "-2 0.36 0.64 1.02 1.54 2.18 2.98 3.94, i

Zc= 1 0.47 0.85 1.38 2.08 2..97 4.08 5.41
3.0 .......

Zc= 2 0.17 0.30 0.48 0.72 1.02 1.39 1.84

Table 5: The (f_c%p) 2 factor of the carbon ions for different

plasma densities" and temperatures* atBt = 3.5 (kG)

4 5 6 7 8 9 10

1.0 [ Z,:= 1 11.39 20.66 33.71 51.04 73.18 100,,54 133'68
Zt= 2 3.98 7.14 11,53 17.33 24.68 33.71 44.61

Z_= 1 "3.08 5.58 9.08 13.72 19.64 26.96 35.8'0
2.0 ........

zc = 2 1.09 1.95 3.14 4.70 6.69 9.14 12.08

z_ = 1 1.44 2.59 4.22 6.37 9.10 12.48 16.57
3.0

zc = 2 0.51 0.92 1.47 2.20 3.12 4.26 5.63

D

* The plasma density is n, = ni = 1.0,2.0 and 3.0x1014(cre-3).

t The temperature variesas Tc= 7",= 7"/= 4, 5..... 10 (eV).
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AS DIIdependson Zc as-_-_-,thenD21I= 4.0D31Iifwe neglecttheslowvariationin
Z c

InAtp.
a

, (h): The perpendicular diffusion coefficient:

If ( _c _ )2 is about unity, then DI should be calculated using the equations

(5.2.15), (5.2.36) and (5.2.39). However, if ( _2c %w)2 _ 1, the following limiting form

will be adopted:

1 V2
DII DII _ c,av,'_cp

D±= I+(f2c'_ )2 (f_%p

1 8 kTc 2kTc]

)

n 2%_ 2 n 2 _ 2 _22 zcp 2 n 2%p
i.e.

- . (5.2.40)
Di- 2'%p

2kTc] '_
= ------ is the perpendicular (with respect to the magnetic field _)

Where Vc,l mc

velocity of carbon ion. Equation (5.2.40) shows that in a strongly magnetized plasma

the perpendicular diffusion is a random-walk process with a step length Pc, the Larmor

radius, rather than the mean free path k_ of carbon ion, since now Pc ¢: ),.,,Cp.More

detailed calculations gives the following formula:

D 1 = 2.28 x 10-16 _ np (cre -3) In Atp (m2/sec) ' (5.2.41)
B 2 (r) "_lTc(eV)

If the magnetic field B is in (kG), and write the plasma density as

at,= NI) x 1014 (cre-3), then equation (5.2.41) can be expressed as:
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D j. = 7.89 Np In hcp (m 2/sec), (5.2.42)
B: (kt)

" An important feature of equation (5.2.41) is that D.I. is independent of Zc, the

charge number of the carbon ions, except for the weak dependence on Zc in the
I

Coulomb logarithm In Act,. This can be explained fi'om equation (5.2.40) since p2_

1 1

Z'_" and '_ct,- Z"-_"The Zc-dependence of D.L is cancelled out when the plasma is

strongly magnetized because for higher Zc carbon ions, which have smaller Larmor

radius, the collision time between carbon ions and protons is also smaller, resulting in

the factor 9----_-c2unchanged. But this is not true for a weakly magnetized plasma since
'Ucp

now several collisions between carbon ion and protons can happen during one gyration

of a carbon ion. Our carbon probe experiment belongs to this case and the Zc-

dependence is observed.

5.3 Neoclassical Impurity Diffusion

So far, we have discussed the diffusion process of carbon ions only in the simplest

configuration of magnetic field, i.e. the _ field lines are straight and uniform. There are

three length scales when we discuss the transport of carbon ions: the connection length

Ro q, the plasma minor radius a and the mean free path of carbon ions k,,Cp. The

approximation of uniform cylindrical geometry of the magnetic field, discussed in sec-

tion 4.2, is true as long as _,,,¢p_ a since now the temporal and spatial variations of the

magnetic field and other plasma parameters are slow and small compared with xcp and

_.,_. In the carbon probe experiment a = 5.0 (cre) and _.,rCp< 0.9 (cre) at Tc = 5.0 (eV)
,w

T2
and np = 2.0 × 1014 (cre-3), so _.,,¢p< a. However, kmfp - _, which is highly depen-np

dent on the temperature of carbon ions; e.g. _.,,¢p= 4.0 (cre) -a if we choose Tc =

10.0 (eV) and np= 2.0 x 1014 (cre-3). When _.,¢p -- a, but _ R 0 q, the non-uniformity
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of the magnetic field due to the toroidal geometry can not be neglected because a car-

bon ion will experience the toroidal effect during a gyration. The modification to the

theory discussed in previous section is the so called neoclassical transport theory. Since •

now Xm/p _ R 0 q, a fluid model can be used to describe the transport impurities, and

this regime is usually called the Pfirsch-Schluter regime. However, for high-

temperature and low-density plasmas, _,m/'p- R 0 q, or _ _ R o q, the particle orbit

effect of impurity ions, which are trapped in the local magnetic mirror along the torus,

becomes more and more important for the transport process; these cases are the plateau

and banana regimes[36-40], respectively, and will not be discussed here.

Rutherford[34] calcu!qted the impurity transport in the Pfirsch-Schluter regime in

1974 and pointed out that the classical inward diffusion of high-Z impurity in toroidal

plasmas is enhanced by the Pfirsch-Schluter effect. In this regime, the inward flux,

according to the 1-D model, can be expressed as:

q2 p/2
r? =- 1

ZI Zl xiITi

C, +"_-3J _'_ ni Zl Dr 2 c3 Or J ' (5.3.1)

where the subscripts i and I refer to the plasma ions (i.e. the protons) and impurity ions,

r Bt ( 2 mi Ti )_A

respectively; q = R B---'o"is the s_fety factor, and Pi = e Bt is the Larmor radius

of the plasma ion. The three coefficients, C 1, C 2 and C 1, are functions of ez, defined as

nl Z 2
ct- _,that characterizes the strength of the impurity effects. It is useful to compare

ni
q

ct with Z*, the Z-effective[41], defined as ne Z" = _., ns Z_, where the electron density
$

ne satisfies charge neutrality he= _ ns Zs. In our carbon probe experiment, ct - 0 since
$
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nt_ ni,C, = 1.00,C 2= 2.21a andC 3= 5.52ct;then C I+ = 1.00and C--3"

• = 0.4. The pressure and temperature profiles of the plasma protons can be approximated

as spatially constant because their gradient scales are smaller than that of carbon ions,

then equation (,5.3,1) can be written as:

_t,e Zc2 _ b r j • (5.3.2)

Note here I:_, the 90 deflection time of protons by carbon ions, is different from xq,, the

90 deflection time of carbon ions by protons. According to the theory of collision times

discussed in section 3.1, these two different deflection times can be calculated as fol-

lows.

• For q:t,c:

Since now the test particle is proton and field particle is carbon ion, x = _ =
Wc

23---]t'_[ m-_-_] ½ [ _--_Pc]½--_**when assumingT,=Tc. Noteherewehaveassumed

that the mass of carbon ion is much larger than that of proton; this is true for high-Z

impurities. From equation (3.1.27), we have:

A_ T 3/2

=I.O15×lo7 .oIn

• For xc;,:

Wc
Since now the test particle is carbon ion and field particle is proton, x = --=

. wp

[ 3lth [-_c3"_ _-1 tA ---_0 when assuming Tp=Tc and for high-Z impurities.

Equation (3.1.23) gives:
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.%T_T_
%p - 1.014 × 107 Zc2 Z2 A_ np In Atp "

The ratio of'rrc to 'r,cp i_:

xq, _ Tc _ InApe " (5.3.3) "
i

Since In A,:p= IriA_ according to equation (5.2.28), then we have:

As the Lqrmor radius of protons can be expressed as:

2mpTp [ 2mpTpl 2mcTc Z2c

thenthefluxof carbonionintheminorradialdirection is:

x_ j i_r J " (5,3.6)

Finally,thecollisionalradialparticlefluxofcarbon ionscan beexpressedas[42]:

F_e° = Fca + r_ s + rcaP , (5.3.7)

where

- 5 5-£ %p _r J (5.3.8)
.-.)

is the classical flux driven by the perpendicular component of the friction force Rtp (see

equation (5.2.1)). The flux Ff s, as defined in equation (5.3.6), is the Pfirsch-Schluter

flux, driven by the poloidal variation of the parallel friction force on a magnetic surface.
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The flux FBp is the long mean-ft'ca-path (in the banana-plateau regime) contribution

to the neoclassical flux, driven by the pressure _aisotropy associated with viscous

. forces; this term is only important for low coUisionality and can be neglected in our

case. Then equation (5.3.7) becomes:
t

= + s

_ P_ 1 0 r j (5.3.9)

" = ,. 0 r j' we have the perpendicular particle diffu-

sion coefficient of carbon ions as:

%t, _ ? +q . (5.3.10)

Using equations (5.2.32) and (5.2.33), the numerical value ofDl_ EO is

Ol_gO = 18.46 Nt, In Act, ( 0.42 + q2 ) (m 2/sec), (5.3.11)
B2(kG) (eV)

where nt, = Np x 1014 (cre -3) is the plasma ion density. If we denote the perpendicular

diffusion coefficient in (5.2.42) asDj. =D_ t, then (5.3.11) can be written as:

D_ E° = D_t ( 0.98 + 2.34 q:_ ) (m a Isec) . (5.3.12)

II"we neglect the weak dependence on Zc in the Coulomb logarithm In Act,, D_ E° is

,also independent of Zc as well as D_t.

• 5.4 Bohm Diffusion

So far, the diffusion of carbon ions in the model is due to the binary collisions

between carbon ions and plasma ions. However, other mechanism, such as the fluctua-

tion in the density and the electric field of plasma, or some other micro instabilities,
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may cause an _ x _ drift for a group of particles; this drift pattern resembles the motion

of a convective celi[43-44]. The convection will bring about anomalous losses, and this

could happen to impurity ions as well as the plasma ions and electrons. As a semiempir-

ical formula, Bohm proposed that diffusion due to the fluctuating _-field would be:

1 kTe

Dso_n -- 16 e B ' (5.4.1)

1 1

which is scaled as _ rather than _-. The numerical expression of the Bohm diffusion

coefficient is:

' DBohm= 0.b25 Te ¢eV) (m 2/sec). (5.4.2)
B (kG)

The temperature in equation (5.4.2) is the plasma electron temperature. As the

thermal equilibration time of carbon ions is veryshort ( < 1.0 (gsec)) compared with

the characteristic discharge time of the HBT plasma ( - 200.0 (gsec)), it is reasonable

1 krc
to choose Tc = Te. Then we use D,_.-,hm= 16 e B as the Bohm diffusion coefficient of

carbon ions to describe the impurity diffusion process driven by the microscopic

fluctuations of an electric field rather than by the Coulomb collisions.

5.5 Discussion of Carbon Ion Diffr_sion in HBT

The diffusion coefficients obtained under different approximations are summar-

ized below.

• When _,ml'p< a _ R 0 q:

)2<1.For (f2c 1:ct, _

D211

D2 ]. = 1 + ( £2c _cp )2 (for Zc =1), (5.5.1) .
and
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D311 )2 (forZc=2), (5.5.2)D31= I+(f_xcp

. wherethesubscripts2 and3refertoZc= I(C+ ions)andZc= 2 (C++ions),respec-

tively,andD211andD311aregivenfromequation(5.2.39).

)2For(f2c_cp:_I:

DI_=021=p3I, (5.5.3)

whereD_tisgiveninequation(5.2.41).Noteequation(5.5.3)isindependentonZt.

,, When_,/p- a _:Roq:

The neoclassical diffusion case, given in equation (5.3.12):

D_F'° = D_ ( 0.98 + 2.34 q2 ) (m 2/sec).

Note here D_EO is also independent on Zt.

The fill pressure of hydrogen gas is 10 mTorr in ali of the carbon probe shots. The

CO2 interferometer measurements give the average of line-integrated electron density

as 8.0-8.5 × 1015 (cre-2). Dividing the total length of the optical path inside the

vacuum chamber L=28.4(cm), the averaged electron density is about 3.0× 1014

(cre-3), and the averaged ionization degree is - 100% (see also Chapter Six for details).

The only uncertainty is the electron temperaun'e since the Thomson scattering system

could not be attached to the new vacuum chamber (see Chapter Two for details). Com-

paring the loop voltages with equivalent runs using the old chamber, the electron tem-

perature would appear to be the same for the plasmas produced in these two different

chambers. The electron temperature after 150.0 (paec), at which the carbon probe was
w

fired, is less than 10(eV) from the Thomsa_n scattering measurements in the old

chamber. Therefore, in the fitting of the data of the diffusion coefficients, we keep the
41

electron density fixed at/l e = 3.0 x 1014 (eta-3), but let the carbon ion temperature Tc

(here we have assumed Tc =Tc) be varied within a certain range, e.g. Tc =
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4.0- 8.0 (eV).

Fig.5.1 and Fig.5.2 are the fits of D21 and D:_l, respectively, according to (5.5.1) Q

and (5.5.2). The best fit for both D 21 and D 31 is obtained at the combination of ne =

3.0 x 1014 (cre -3) and Tc = 4.0- 5.0 (eV). Taking the average of 7"_= 4.5 (eV), then the

parallel diffusion coefficients of D 211and D 311can be calculated us;ing equation (5.2.39)

as"

4.5s/2
= 15.4 (m2/sec),

D 211- 9.2412× 3.0× 8.59

and

4.55/2
.... = 4.6 (m 2/see).

D 3I!= 9.24 22 x 3.0 × 7.2

Comparing with the averaged measurements of D211 =14.0(m2/sec) and D311

= 4.0 (m 2/sec) (see Fig.4.5), there is about 10- 15% difference between the measured

and calculated values of D 211and D311.

In Fig.5.3 and Fig.5.4, the fits are made using the classical and neoclassical diffu-

sion coefficients D_l and D_ E°, respectively. From Fig.5.3, even including the "_:34%

to :t:43% error bar, the fit of D_ is still not good at the same plasma parameters used in

the fit of Fig.5.1 and Fig.5.2, i.e. ne = 3.0 × 1014 (cre -3) and Tc = 4.0- 5.0 (eV). A

better fit can be obtained at n, = 1.0 × 101+(cre -3) and Tc = 4.0- g.0 (eV), but this

violates the electron density measm'emertts. This indicates that our HBT plasma is not

strongly magnetized since ( f2c '_c_,)2 is in the order of unity. In Fig.5.4, the curves

from the neoclassical prediction D_ E° are far away from the measured data a,t ne =

3.0 × 10_4 (cre -3) and Tc = 4.0-8.0 (eV). A best fit can be obtained at ne = 0.5 ×

10a4 (cre -3) and Tc - 50.0 (eV), but this not true for the HBT plasma. This means that

the enhancement of the carbon ion diffusion due to the Pfirsch-Schluter effect is not

observed since now _-_e c: a and the toroidal effect is not important during each gyra-
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tionofthecarbonion.

Also,comparingthefitsofFig.5.I-2andFig.5.3-4,theeffectofthechargenumber.

" Zc isquiteobvious;becauseofthehighcoIIisionalityoftheHBT plasma,thediffusion

ofthecarbonionsisa 2-D problem.Onlyina low coIlisionalityofa plasma,can the
I

Zt-dependencebc neglectedand thediffusionofimpurityionsbe treatedby a I-D

model.

The,Bohm diffusionisplottedinFig.5.5asa comparisonwiththeclassicaland

neoclassicaldiffusion.At thesame parameterz,i.e.n,= 3.0x 1014(cre-3)(ofcourse

DBo_ doesn'tdependon n,orZt)and Tc= 4.0-8.0(eV),DBo_ issmallerby - 5

thanthevaluesofD 2.L'D'_j,D_tandD_ EO.
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D2,
D21 =

.

n e = 3.0 x 1014 (cre -3)

1 2 . D211= 14.0 (m2/sec) •

(from the measurement)

Figure 5.1 The fit of the measz,red perpendicular diffusion coefficients
using the curves predicted by the 2-D classical transport theory for

theL "+ions at n, = 3x10 z4(cm -3) and Te = 4-8(eV) .
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6 00-
• D3,

D3"L = 1 + ( _c'_cp) 2

n e = 3.0 x 1014 (cre -3)

• 5 . 00-- D311= 4.0 (m2/sec)

(from the measurement)

i

4.0 0-- X Low BtforCm

I"] High Bt for Cmo X
O
Qll

_.
¢,1

1 3.0

2.0

0.00 ' I ' I ' I ' I ' I
0.00 1.00 2.00 3.00 4.00 5.00

Bt (kG)

£igure 5.2 The fit of the measured perpendicular diffusion coefficients
" using the curves predicted by the 2-D classical transport theory for

the C++ ions at n e = 3 × 1014(cm -3) and Te = 4- 8 (eV) .
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Figure 5.3 The fit of the measured perpendicular diffusion coefficients
using the curves predicted by the 1-D classical transpo,x theory for

both the C+and C++ ions at ne = 3 x 1014 (cm "3) and Te = 4,-8

(eV) .
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_ D_ E° = D_.(0.98+2.34q 2)

" - ne = 3.0 × 1014 (cre -3)
- q- 1

o

12.5-

- Te = 4.0 eV

I0 O-- A T, = 6.0
• _' T,= 7.0

7",= 8.0Cd

-
% 7.5:
--4

5.0-

2.5- _

- O High Bt for CII X Low B t for Cm

- A Low Bt for CII O High Bt for CIR

0.0 ' I ' I ' I ' I ' I
0.00 1.00 2.00 3.00 4.00 5.00

Bt (kG )

Figure 5 4 The fit of the measured perpendicular diffusion coefficients
. using the curves predicted by the I'D neoclassical transport theory

for both the C+and C _ ions at n e = 3 x 1014 (cre -3) and

Te = 4-8(eV) .
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Figure 5.5 The fit of the measured perpendicular diffusion coefficients

using the curves predicted by the Bohm diffusion formula for both

the C+and C++ ions at ne = 3 x 1014(cm -3) and

Te = 4-8(eV) .
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CHAPTER SIX

- Ha LIGHT MEASUREMENT

" 6.1Introduction

Ha light(hydrogenBalmeralpha,6,563A )measurementplaysa veryimportant

roleindeterminingthebehaviorofplasmasintheedgezone,thatis,nearthewall.In

thisregionneutralhydrogen,eitherH orH2, existsand influxoftheseneutralsalong

theminorradiuscanbeobtainedbythemeasurementofH a lightemission.The influx

can be usedto calculatetherecyclingtimeof hydrogenbetweenthewa.IIand the

plasmawhichrelatestothestudyofplasmaionlossesduetochargeexchangewiththe

neutrals.TheprofileofHa lightemissioncanalsoprovideaway toobtaintheshape(or

thecross-section)oftheplasmaboundary,whichshouldbefoundintheregionwhere

the H a emissivity is lower than its peak value on the edge.

In this chapter some physics of the production of Ha light is briefly introduced;

then the experimental setup and inversion technique are presented, and finally the influx

and recycling time for either parallel and reverse bias shots at different fill pressures

will be derived.

6.2 Ha Light Production

In the edge region, plasmas are usually characterized by low electron densities

( < 1013 (cre -3) ) and low temperatm'es ( < 50 (eV)), and different molecular effects,

such as ionization, charge exchange, excitation and radiative decay, and dissociation,

• can allinfluence the particle and energy transport at the edge[45-46]. The entering

hydrogen molecules H2 are mainly lost in three parallel electron-impact reactions:
,f

e + H2-->H* + H + e (dissociative excitation) (6.2.1)

e + H2-->H* + H . + 2e (dissociative ionization) (6.2.2)
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e + H2-->/'/_+ 2e (ionization) (6.2.3)

whereH* denotesa productatomwhichmay,ornot,be thesourceofHa emission.

Furtherelectronimpactcollisionsmay beneededtoformmore excitedatoms,suchas

thefollowingreactions

e + H t-->H*+ e (atomicexcitation) (6.2.4)

e + H_-->H* + Hl (dissociativerecombination) (6.2.5)

e+ I_2-->H*+ Hl + e (dissociativeexc#atfon) (6.2.6)

OthercoLLisionalprocesses,suchasradiativerecombination,dissociationofH +3

ions, and charge exchange can be neglected becaus_ the cross section of these reactions

is usually one or two orders lower than the reactions from (6.2.4) to (6.2.6).

The question is to find out the number of Ha photons produced per incoming

molecule. More detailed analysis[47] shows that with less than 30% overall error, the

composite H a photon yield per molecule is f -- 0.05 ( photons / molecule ) in the range

of electron temperature Te = 10- 100 (eV). It should be pointed out that the electron

collision times ( -- 10-.6 (sec)) for low density plasma are much longer than the charac-

teristic decay times of moist excited atomic states, e.g. the lifetime = 10-8 (sec) for

n=3_n=2 and =0.16x 10"8 (sec) for n=2 _n=l according to the oscillator

strength. Thus each excited product atom or ion may be taken to be in its ground state

at the start of any collisional process.

6.3 Four Channel Optical System

The layout of the four channel optical system, as shown in Fig.6.1, is similar to the

single channel system which is discussed in chapter 2. The Ha light emission is also
i,

collected by the wide angle Nikkon rf/2.0, 28 (mm)) camera lens and focused on 1-D

optical fiber array. Now the _liding rectangular aperture is removed and some The

remaining fibers, on which light from different parts of the field of view is imaged, form
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several channels which provide the spatial resolution of the whole plasma volume. The

light signals are transmitted to the Jan'el-Ash monochromator (Model 82-000) through

long optical fibers (about 10 meters). The bench test shows that up to six channels of

light can remain isolated from each other in the monochromator, i.e. the level of cross-
9

talk among these channels can be neglected compared with the signal level[48]. But

finally only four channels were used since the first and the last channels were blocked

by the opening of the bottom port of the vacuum vessel. The spectral light output from

the monochromator was coupled to four photomultip!ier tubes (PMT's) through a fan-

out structured 1-D optical fiber array, and amplified and recorded by the electronics

and computer system.

6.4 Inversion

An inversion is needed to derive the local Ha light emissivity from the chordal

spectral measurements. The most commonly used method is Abel inversion.

6.4.1 Abel Inversion

Assume an unknown axisymmetric quantity e ( r ), which is a function of radius r

only, is located on t2._e_,-axis in a cylindrical coordinate system. The measurement of

e ( r ) in the experiment, see Fig.6.2, is the integrated signal along a chord (say, in the

J-direction) as follows:

R
r e.(r) dr

I (y )=IEdx=2 1 v----y---Ir_'-:'-_ (6.4.1)Y

r dr
since x 9-+ y2 = r 2 and d x = --. The integral I (y) is a function of y, the position of

x
t,

a chord along which the integral measurement is taken. Abel inversion[49] gives the

following formula for the derivation of E( r ) according to the chordal integral I (y )"

1 _ d/(y ) dy

e(r)=-_ rJ dy _[y2_r2
(6.4.2)
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Y

r 0 x
.......

R
-x +x

Fi_tre 6.2 The diagram for Abel inversion.

When applying this equation to our experiment several difficulties appear. First it

is hard to get the very accurate measurement of 1_echordal integral I (y) and its first

order derivative d/(y) will result in large error. Second, in our experiment, the ct_ords
ay

actually used are not parallel but are inclined (see Fig.6.3), and this is not considered in

equation (6.4.2). Third, because of the camera lens in the experimental setup, the chor-

dal integral really should be I (3,)= _ ; ( r, 0 ) e ( r ) dx rather than I (y) = _e ( r ) dx as

used in equations (6.a.1) and (6.4.2). The quantity _ ( r, 0 ) is the weighting function of

' the plasma emissivity by the camera lens and describes the optical geometry properties

of the lens system. Finally, E( r ) may not be rigorously axisymmetric in fact, e.g. its

contours may be a set of shifted circles. So it is necessary to modify this inversion to

overcome these difficulties.
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Figure 6.3 The inversion map with scale 1:2.
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6.4.2ImprovedAbelInversion

First we assume that the contours of the emissivity arc a set of shifted circles

" which correspond to the magnetic flux surfaces. The internal magnetic probe measure-

ments tell us the cross section of the HBT plasma is almost circular. The real map (with

scale 1.:2)used in this inversion is shown in Fig.6.3, and the geometry for the improved

inversion is shown in Fig.6.4. Since the magnetic center of the plasma is rather stable

after the firing of the Maxwell bank, it is reasonable to assume the inversion map (i.e.

the zones) is not a function of time. However, it is possibt, to divide the whole

discharge into several temporal sections and use a different inversion map for each sec-

tion to get more accurate results. The emissivity within each zone is also taken to be the

same because the four channel chordal information is not enough to specify the profile

over the entire cross section. The emissivities on the top and the bottom parts of the, tall

but narrow, vacuum chamber are first assumed to have the same value as that in the

outermostzonetosatisfythecontinuousvariationofemissivity,however,lateron we

will see that the emissivity is very close to zero in this zone.

In order to get a general general expression between the chordal integral signals

and the local Ha lightemissivity we firstdefine the signalvector_Nxl and the

emissivity vector DNxl [50-51]. Then the inversion can be expressed as

_N×Z (_,t)=_Nx/V" _/VxZ('/',t) (6.4.3)

or in the matrix form as

"SI "ali al2 . . . aln D1

$2 azz a_ ... a_ D2

= (6.4.4)J • • * • • • • i •
i

SN an 1 an 2 " " " ann D N

where _*NxNis the so called mapping matrix and N is the number of channels or zones.
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Li

D3

i-2

...... 1............................................. i= 1,2,3,4

j-1,.2,...,(Li/A [)

Figure 6.4 The geometry for the improved Abel inversion.
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Here boththesignaland emissivityvectorsarcfunctionsof spaceand time,and the

inversionmatrixmay ormay notbcthefunctionoftime.Then theemissivityvectorcan

• bcobtainedbysolvingthesetofN linearequations:

, _N×I =_A"_/V_V"_N×I (6.4.5)

where_"_/v_jvis the so called inversion matrix which is the inverse of<A"_Nx/V.The number

of the zones must be equal to the number of chords to get a unique solution. The numer-

ical method used here is the Gauss-Seidel iterative method[52-53]. A sufficient condi-

tion for the convergence of the iteration is that the mapping matrix _A'_NxNmust be

strictly diagonally dominant, in the sense that the magnitude of each diagonal element

of_Nx,v is larger than the sum of the magnitudes of all the other elements in the sam*,

row,i.e.

laal> lai#l (i, j = 1,2,...,n) (6.4.6)
j=l

In our experimental arrangement this requirement is ._atisfied.

Now the question is to find the expression for each element, a/j (i,j =I ,2, ...N), of

matrix ,4,v_. Define the volume emission rate of Ha light as:

number of photons ( ko --+ko + A _. )
D (":, t )= 3 (6.4.7)cm "secopwl • sr

where k0 = 6,563 A. Since the Jarrel-Ash Ebert Spectrometer has a 1,200 (line/mm)

replica grating which delivers a nominal spectral range of 2,000 A to 8,000 A with

linear reciprocal first order dispersion of 16....__Athroughout this entire range, then A _.=

. 16....._A× 259.0 (I.tm)= 4.7 ( A ) where 259.0 (tam) is the width of the output slit in the
mm

monochromator. The dispersive characteristics of the grating spectrometer is that the
a,

exit slit allows only a portion of the dispersed spectrum to pass. The amount of light

that the monochromator is able to deliver depends on the size of the sht and the zo[id
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angle subtended by the grating at the slit which is going to be discussed in next section.

The increased slit width permits a wider spectrum to be transmitted. The background

signal level which comes from the continuous spectrum of plasma bremsstrahlung radi-

ation is obtained by mistuning + 10 A (since A ),,= 4.7 A ) from kt/, = 6,563 A, and is
ii

completely negligible compared with the H a light intensity.

The signal received in the i th channel (or chord) now can be written as:

s,(_. t )=,a,o.._f; fo (-e., )da(-_); (_>av
Vi

number of photons (Lo --+ Xo+ A _ )
= . (6.4.8)

second

The integral is taken over Vi, the whole volume of the i o_chord. The distance between

the plasma midplane and the lens (Zo = 33.0 (cre)) is much larger than the average

transverse dimension of the field of view d; this is estimated as

d = transverse magnification factor of the lens x di_ "

= 11.0 x 600.0 (gin) = 0.66 (cre), (6.4.9)

so the field of view of the chord is considered as a cylinder with the volume

1

V i = -_ 7I d2Li where L i is the length of the i th chord.

The solid angle at point W in rbe field of view subtended at the observation point

by alS, the apema'e area of the camera lens, is d f_(W)- dS . Also as
I_12

d S ¢: I_12, so dr2 ( W ) =dD, o = constant and calculated as

dD.0 = d S 1.54 (cre)2
Z'_ = [ 33'.0 (cm) ]2 = 1.41 x 10-3 ( sr ) (6.4.10)

The quantity rl_,alindicates the total transmissive coefficient of the optical system

which is much less than unity and dependent on the total loss in the system. _qtotalwill
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discussed in detail in next section. The weighting function _ ('/) is measured in the

following way: we move a light source along each chord and measure the output signal

" level from a PMT every A l - 1.0 (cre). Since the output signal is small and somewhat

contaminated by the noise from PMT the lock-in (or phase-sensitive) detection tech-

nique is used[54]. The weight factor at each point is obtained by normalizing the signal

level reading to the maximum signal level reading of the whole measurements. Finally

('/) is re-normalized to unity. Note that if the lens is replaced by a collimator

( -r_ ) will be unity everywhere.

The whole volume of each chord is divided into 29- 30 sections, depending on its

location, with the volume

I d2Av=7
= I_ 3.14 ( 0.66 cm )2 ( 1.0 cm )2

/I;

= 0.342 ( cm )3, (6.4.11)

and the weight factor _ ('/') is assigned each section, but differs from section to sec-

doa.

After these assumptions and discussions, equation (6.4.8) now can be reduced to

the following approximate expression:

)=,a,o,.,dnoIIJD
Vl

N_

= rhotat ado AV ]_ D/m _/m (6.4.12)
m=l

Li

, where i is the chord index and m is the section index. Note here N i = "A"Tis the total

number of sections in the ith chord and Vi = Ni AV. The, matrices D/m and _/m are the

corresponding values of D and _ in the mth section of the i°' chord. Since the emis-

sivity is considered the same in each zone so we get the following identity:
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Nt N Nq

E Din ;in= E ( E ;in)Dj, (6.4.13)
m=l j=l m=l

where Dj is just the emissivity vector as defined before. Note here that N is the total

number of zones (or channels, chords) but Nq is the total number of sections in the ith
,j

Nq

chord occupied by the jth zone, and the term ]_ _/m denotes the summation of weight
m=l

factors _/m over the sections occupied by the jth zone in the i ,h chord. Now equation

(6.4.12) can be written into the following form:

N NO

Si ( "d, t ) = ]_ [ 1]totaldD.o AV E _ ] Di ( :, t ). (6.4.I4)
' j=l m=l

Comparing with equation (6.4.4):

Si = aq Dj , (6.4.15)

finally the general expression of aij, the element of the mapping matrix, can be written

as"

Nq

ali = 1]totatdD,o AV _ _in . (6.4.16)
m=l

6.4.3 Numerical Simulation of the Inversion

Now we shall discuss some numerical values for the inversion. As we know that

the quantity 1]totalis the total transmissive coefficient of the whole optical system due to

the optical loss and can be factored as follows:

1]total = 1]i.f . X _pla.una X 1]glass X 1]le.ns X Y]o.f . X

1]/.,,. x 1]mono.x rlm.f, x qPMT. (6.4.17)

w,

The first factor in the above equation, 1]i.f. = To' is the total Fresnel's reflection

loss due to the optical interfaces of the whole system and calculated using the for-
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mula[55]

nt - ni ]

TN' = 1-(nt+ni ) 2j N, = [ I _ R ] N, (6.4.18)

, where R and T, depending only on the refractive indices nt and ni, are the reflective and

transmissive coefficients for a single interface respectively, and N t = 10 is the total

number of interfaces in the whole optical system. Note equation (6.4.18) is symmetric

about nt and ni and ni = 1.0 is chosen for air. Next are some numerical values of these

coefficients for different ni:

• , TN'nt =1.5 • R = 4.0% T = 96.0%, = 66.5%,

, TNInt =1.6" R = 5.3% T = 94.7%, = 58.0%,

nt =l.7 R=6.7% T=93.3%,T N'• , =50.0%, (6.4.19)

, T N'nt =1.8 • R = 8.2% T = 91.8%, = 42.7%,

nt =1.9 • R = 9.6% , T = 90.4%, T N' = 36.3%.

In our inversion the average value of nt = 1.8 is chosen for the optical fibers and camera

lens used in the observing system.

The factor rlptas,,ffiis the transmissive coefficient of plasma and ( 1- rlptasma) is

the loss of Ha light due to the absorption of plasma itself. However, the plasma is opti-

cally thin and absorption can be neglected, so tlt,tasma= 100%. Similarly, rlgtass is the

transmissive coefficient of the quartz glass in the system, mainly including the glass

window on the bottom port of vacuum vessel and the camera lens, and rlFass = 100% as

the dimensions of these pieces of glass are very short compare with the total optical

" path and also they are highly transmissive.

rites describes the coupling of light from the camera lens into the optical fiber.

The total plane focusing angle of the camera lens when a parallel light beam passing

through it is
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20u,u = 2 tg -1 1
2 f/# = 28° (6.4.20)

as for f/# = 2.0. Then the corresponding solid focusing angle is

d_tens =_ tg2 ( Otens)=0.195 ( sr ). (16.4.21) ,

For optical fiber, the total acceptance angle, 2 0o4"., is denoted by the numerical aper-

ture which is defined as

NA. = 2 0o./, = 2 sin-1 ( "_ n_ - n_ ') ( rd ). (6.4.22)

As NA.= 0.4 ( rd ), so 0o.f. = 11,5 ° and the solid acceptance angle of the optical fiber

is df_tens = _ tg 2 ( 11.50 ) = 0.13 ( sr ), and rllens can be estimated as

df_o.f. 0.13 ( sr )= = 66.7%. (6.4.23)"l]tens =
d_t_ 0.195 ( sr )

The transmission coefficient of optical fiber is given by:

IXx

rl04. = 10 10 (6.4.24)

where ct is the attenuation factor in the unit riB/km and is the function of light

wavelength. For _,= 6,500 A, ct= 10 (riB/km), so for a 10 (meter) long optical fiber the

transmissive coefficient is

10x 0.01

rlo./'. = 10 10 = 97.7%. (6.4.25)

The factors of rl/_ and rlm.f, are the coefficients of light coupling from fiber-to-

monochromator and monochromator-to-fiber, respectively. The f/#of the monochro-

mator is 8,5 so the plane acceptance angle is 0mono.= 3.36° and the acceptance solid

angle is

df_mono.= _ - 0.011 ( sr ). (6.4.26)
4 (f/#)2
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First we have Tlm./'.= 100% because df2mono._ d_2o./... Next, since the ci'oss-section

area of the optical fiber A So.f._is larger than the opening area of the input slit A Sslit,

• then we have

[ 1E i" Tl/..m.= A So... x di'2o./..

= 63.5% × 8.36% = 5.3%. (6,4.27)

A big loss exists when fight transmitted from the optical fiber into the mon_zhromator,

but on the output end the fight will be totally collected by the optical fiber.

The internal transmission of a spectral line through the grating spectrometer

depends c,n the reflective coefficients of both the concave mirror and the plane grating.

Since they usually have very high reflective coefficients, it is reasonable to set the

transmissive coefficient of the monochromator Tlm,mo.= 100%.

The factor rleMT describes the fight transmission between the fan-out structured

optical fiber and the PMT's. It is a good approximation to set rleM'r = 100% since the

area of the transparent photocathode in the PMT is much larger than the cross-section

area of optical fiber and also the end of the fiber is very closely coupled to the photo-

cathode.

Now we can get the total transmission coefficient of the whole system as:

Tltotat= 42.7% × 66.7% × 97.7% × 98.2% × 5.3%

-- 1.45%. (6.4.28)

_"_-1
The element of the inversion matrix AN_ is

Nii

aij = 1.45% × 1.41 × 10-3 × 0.342 × ]_ _/m
m=l

NU

= 7.0 × 10-.6 ]_ _/m. (6.4.29)
m=l
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Figure 6.5 (a)The input photon flux is converted into output voltage by

PMT and amplifier, (b)The photocathode spectral response
characteristics.
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lt is useful to write down the dimensional equation ofthe inversion:

Si second J =ali [cm 3 .sr ] . Di 3 . (6.4.30)• cm •second.sr

, If We want the volume emission rate in ali directions the 4n factor should be applied to

the inverted Dj as mentioned above.

The signal measured is the voltage recorded by computer and we need to convert

it into the photon flux collected by the PMT's (see Fig.6.5(a) ). The quantum ef_ciency

of PMT is defined as the average number of photoelectrons emitted from the photo-

cathode per incident photon and can be calculated using the following formula[56]:

Q.E. a x 1239.5 × 100 % _#of electrons 1
= _, photon j ' (6.4.31)

where X is the wavelength of incident photons in (nanometers), and cr is the cathode

radiant sensitivity in (A/W). The typical photocathode spectral response characteristics

are shown in Fig.6.5(b) and the curve #113 is the one that rwe used. For _'n¢_

= 656.3 (nra), c= 25 x 10-3 (A/W)and Q,E. =4.72% (electrons/photon).

The voltage signal from the A/D converter is

2mV
Vs =--'-"- x Nc ( t ) (6.4.32)count

where 2 m_..._._Vis the sensitivity of LeCroy-2256 digitizer and Nc ( t ) is the number of
COUr.I

counts. The sampling period used here is 200 (nanosecond). Since the termination

resistance is R = 103 (_) in the amplifier circuit, the photoelectron current at the anode

is

ia ( t )= V-L = 2.0 Nc ( t ) x 10-6 ( A ) (6.4.33)• R

which can be related to tk" electron flux at the anode by
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(t)
e- flux at anode = --------

e

I "= 1.25 x 1013Nc ( t ) # of electrons (6.4.34)second "

Since the gain of the PMT is G = 3.5 x 106 so the electron flux at the cathode is

e- flux at anode
e- flux at cathode = G

= 3"57 x lO6 Nc ( t ) [ # °f electr°ns lsecond. (6.4.35)

Finally, the incident photon flux in the i th channel can be obtained by

e- flux at cathode
Sz(t)= Q.E.

q

=3.57×106Nc(t) # of electrons [ xsecond
J

[, 1 ) [ photons 1 (6.4.36)0.0472 # of electrons '

i.e.

[ph°t°ns I (6.4.37)Si ( t )= 7.57 x 107 Nc ( t ) second "

6.5 Influxes and Recycling Time of Neutral Hydrogen

The physical model used here is that the plasma is hot and fully ionized in its cen-

tral region but outside the plasma (i.e. in the region between the plasma and the vacuum

vessel) there is cold neutral hydrogenmolecule. A boundary layer exists between the

plasma and the neutrals. The thickness of this layer can be estimated either by

_*layer-"VH2 "_H2-e where VH2 is the thermal velocity of these cold neutral (which can

be assumed to be at room temperature) and 'tn2_ is the mean collision time between

hydrogen molecules and plasma electrons, or by the peak region of Ha emissivity

which we will find in next section. As the interaction with plasma electrons is the main



CHAPTER 6.Ho LIGHT MEASUREME, NT -135 -

mechanism for the loss of H2, so the hotter the plasma is, the thinner the boundary

layer is.

• We can give an estimate of the thickness, of this boundary layer. According to the

collisional data from reference [57], the mt('. for electron collisions with H2 which

includes all of the possible reactions from (6.2.1) to (6.2.6) by plasma electrons, is

< o v > = 6.0 x 10.9 (cre3/see) at the plasma density ne = 3.0 x 1014 (cre-3). Since at

room temperature ( TH2 = 300°K ), the therm_dvelocity of H 2 is:

- . . - 1.93 x 105 (cm/sec), (6.5.1)
VHa mHa

thenthemean collisiontimeis:

I
T,H2_e =

na <(IV >

_ I 1.67(_ec). (6.5.2)
1014x 6x 10-9 '

The thicknessoftheboundarylayeris:

_,layer= VH 2 "_H 2"e

= 1.93x I05x 1.67x 10--6 0.32(cre), (6.5.3)

which is much smaller than the average plasma radius a = 5.0 cre. This is the lowest

limit for the thickness of the layer because the constant electron temperature profile is

assumed. When we include the effect of temperature gradient at the edge region, then

the lower temperature willresult in smaller collisional rate and longer collision time,

and _.tayerwill be larger according to equafic)n (6.5.3). As we have only four channels of

. signal and the width of these zone varies from 1.0 (cre) to 3.0 (cre) (see Fig.6.3), the

resolution in this inversion may not be able to precisely find the position of the boun-

" dary layer, especially when the layer is just on the interface of two adjacent zones.

Since the plasma can fully absorb and ionize the entering molecules, Vr, a one-
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dimensional (in the minor-radial direction) local influx of H2 is defined as follows (see

Fig.6.6):

number of H 2 entering into plasma
Fr = . (6.5.4)

cm 2. second

Z # of H 2F=
cm 2. sec

Figure 6.6 The geometry used to calculate the inward minor- radial H2

flux.

This used to calculate the interchange process of H2 at the edge region. Compare with

the definition of Ha light emissivity:

number of H a photons
D = (6.5.5)

cm 3. second
and

D 1 _ number of H2

7 = "o'_J cn 3' second ' (6.5.6)

where f= 0.05 (Ha photons / H2) is the composite Ha yield per hydrogen molecule

discussed in section 6.2, the relation between the minor-radial influx of H2, Fr, and the

H ct light emissivity, D, now can be expressed as:
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l fFr = "ff "7 v (6.5.7)

• where S = 2 _ a. 2 _ R 0 = 4 _:2a R 0 is the totai surface area of the plasma at the aver-

age boundary layer r = a and at the average position R = R 0. The integral is taken over
h,

Vp, the entire plasma volume.

Since the influx can also be written as F r ---nil2 "vi1: where nil2 and Vn2 are the

density and thermal velocity of neutral hydrogen molecttles, respectively, then nH2 can

be obtained by the following equation:
t

1 ....fl'f D

, nil2 = -S rH2 JvJJ "7 d3v (6.5.8)

From the assumption of toroidal symmetry, the volume integral can be transformed into

a surface integral over the plasma cross-section Sc (as shown in Fig.6.6):

D d3 D

_ _v] 7 v = 2 _ Ro _ --fdR dZ . (6.5.9)

Combing with S = 4 _ a R 0, we get:

1

Fr = 2 _ a f _ D dR dZ. (6.5.10)S,

and

1 _ D dR dZ. (6.5.11)
nil2= 2_a f vH2 S,

Since all of the plasma electrons come from the ionization of neutral hydrogen

molecules and each H _ can give two electro,-'.3when fully ionized, the effective particle

lifetime or recycling time for H 2 in the discharge can be obtained as:

V'_e (6.5.12)
xp = 2 "Fr "S
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whereV = 2 _ R 0_ a2 isthetotalvolumeoftheplasmaandn'eisthevolumeaveraged

electrondensitydefinedasfollows:

I

n_= V _J,_ n.d3v . (6.5.13)

Then 'cp, in seconds, is:

a n_ xa2f'ffe
--- = . (6.5.14)

xP=4r, 2II DaRaZ
S,

6.6 Ha Light Emission in HBT

The H a light emission in HBT is measured in both parallel bias and reverse bias

cases. For each case the inve'sion is taken and the inward flux of H2 is calculated. In

order to get a general point of view on the emissivity protile some 3--D plots at different

viewing angle are presented too.

6.6.1 Parallel Bias Case

The four channels of raw data at 10 (mTorr) is shown in Fig.6.7(a) and the

inverted Ha light emissivit3, (in 4rc solid angle) at four different zones is shown in

Fig.6.7(b). In Fig.6.8(a), the inward flux of H2 is oblained from the cross-sectional

inCegral defined in equation (6.5.10), and Fig.6.8(b) shows the 3-D plots of the emis-

sivity profile at two different viewing angles, one frotla the outside and one from the

inside of the plasma.

The line-integrated electron density measurements from the CO 2 interferometer

and the plasma current measurement from the Rogowski coil is presented in Fig.6.9(a)

and (b) for the parallel bias case. Since there are lots c,f neutrals in the top and bottom

regions of the vessel, the derivation of plasma densit3r in the central region using the

total length of the vacuum vessel L_e_,t = 28.4 (cre), i.¢ionly the averaged electron den-

m

_



CHAPTER 6. Ha LIGHT MEASUREME2VT - 139 -

q q

it Chr_L I I:_nneL 3

0

• i

°1 i L, i i _ l l
_s.ot_.o t2s.o tt_.o _.o aoo.o_s.o 2so.a n.oloo.o izs.o ,so.o ,n.o _o.o _s.o 2so.o

T[II_ luSI t|rlC iuS)

o. q

it 'o I

CI_-,,,,L2 §1 (::_,L 1

_ "

TIIIC luSl Til'lC IuS)

I I
O0 O0

R'I.O 1C1'11 fl':}.O ICPI)o

o • , ,

Pi.+,oo.o_z+.o_so.o,,,+.o_o.o,'-,.o _., _,o ,oKo_,.o _,_.oi_.o _.o _.o zm.o
Til'lE 11.151 '[ll"_ IUS)

I1 I1
o? oo.

N m-2.Ot_ _ e-'l.O (CPt)

_-"m

: L-_._, - .........
n,o mo.o tas,o tso.o =_.o aoo.o zzs.o _., _.o mo,o _zs.o t_o.o _.o am.o z,_.o zso.o

TIr_ ILISl Tile _US)

• Figure 6.7 (a)The fol_rchordal measurements of Ha light emission; Co)The

inverted Hot emissivity in four zones. This is the parallel bias
case .
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C02 Interferometer System Vertieal Chord Measurements,
Llne Inteorated Density v.s. Tlme

21-AUG-B9 Shot # 6 r . 4,00 cm Toroldal angle - -90,0 deg.
Data flle. $YO:AUG21.A89;6.

A

(a)
5

I0.0 L ._.

• . ,_ ,. Ti_e (uS)50
- _I,".......,,Li,.....-._,..L......r -,...........

-_ s-50. _Jo. lc$0. 150. 200. 2_0. aoo.

0° •
7 5

2
-_"'_._C;.; _,, I' ''' I' "' '"' 1' ' '"" t''' ' I .... I

-2 5 _2=, _v "_-5. kSO. 175. 200. 225. 250.

Plasma current
OCT 31, 1989, Shot e 8

12.5- Unit 3 (KAmps) (b)

i0.0.

7.5-
L_

5.0- _-- L
k___

L_

ii t cro

O, _, T (M'' I ' ' '' I''' ''I' ''_ I' ''' l'V''' , I','"'I ,
. 2 O. 125. 150. 175. 200. 225. 250.

-2.

. Figure 6.9 (a) The line integrated electron density from the CO 2

interferometer;, (b)The total plasma current from the Rogowski
coil. Both for parallel bias case at pressure 10 mTorr.
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sityalongtheverticalchordofthemeasurement.As thelineintegratedelectrondensity

is

I ne dl = 8.5 xl015 (cre-2) ( at 10 mTorr ), (6.6.1)

then the averaged electron density is

ne I ne dl 1014 -3- = _ = 2.98 x (cm). (6.6.2)
/-'vease./

The effective plasma radius a used in equation (6.5.14) should be considered as

the averaged radius of the zone on which the Ha light emissivity reaches its maximum

6.0 +3.0
value. For parallel case a - 2 = 4.5 (cre). Then the neutral density of H2 out-

side the boundary layer can be calculated as follows using equations (6.5.11):

F, 2.8 x 10is (H2/cm2/sec)
nil2 = _ =

vr42 1.93 x 105 (cm/sec)

= 1.45 x 1013 (H2/cm3). (6.6.3)

1

This is the equivalent of _ (mTorr) at S.T.P., so the hydrogen gas in HBT is nearly

fully ionized since the partial pressure of neutrals is much lower than the fill gas pres-

sure.

The corx_sponding recycling time, according to equation (6.5.14), is:

a n_ 4.5 x 2.98 x 1014

xr'= 4Fr - 4x2.8x10 is

= 1.205 xl0 '4 ( sec )= 120.5 (lasec). (6.6.4)

This is comparable with the observed characteristic time of discharge. We can compare
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xp with %g, the energy confinement time estimated by the following equation[18]:

WF
• "_E= , (6.6.5)

d (Wp +li 12 )lp Vtoop d t

where Wp is the total plasm a energy, lp is the total plasma current, Vloop is the plasma

loop voltage, and li is the internal inductance measured from the internal mzgnetic

d

probe. A minimum of XE can be obtained from equation (6.6.5) by setting -_-_-= 0. In

Fig.6.9(b), at t = 135 (I.tsec), the plasma current 1e = 6.3 (kA) and is almost constant, so

d
-- = 0 is satisfied. The total plasma energy can b¢ calculated as:dt

3
Wt, = "_ ( k Te + k Ti )'fie Vp =3k rene Vp, (6.6.6)

where Vp = n a 2 • 2 _ R 0 = 2 _2 a 2 R 0 is the total volume of the plasma. We choose

a =4.5 (cre), k Te = 4 (eV), Vtoot,= 10.0 (V), and n'e= 2.98 x 1014 (cre-3), then Wp =

5.53 (J) and ZE= 87.7 (I.tsec). Since zt, = 1.37 XE, the recycling of the hot plasma ions

with cold neutrals from the walls could be an important mechanism for the loss of

plasma energy. Of course, electron heat conduction and the impurity radiation loss[58]

could b¢ responsible for an important reduction of the plasma energy confinement as

well.

6.6.2 Reverse Bias Case

Similarly, Fig.6.10(a) and (b) are the measurements and inverted emissions of Ha

light at 10 (reTort), respectively. Fig.6.11(a) is the flux of H2 and Fig.6.11(b) shows

two 3---Dplotsoftheemissivityprofileatdiffcrcntviewingangle.

Inthereversebiascase,theaveragedradiusofthezoneforthepeakvalueofthe

" 2.5 +3.5
emissivity is a = = 3.0 (eta). Then thc ncutral density and the recycling time2

arccalculated as follows:
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Figure 6.10 (a)The four chordal measurements of Ha light emission; (b)The

havened Ha emissivity in four zones. This is the reverse bias
case .
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C02 Interferometer System Yerttcal Chord Measurements.
Line Integrated Density v.s, Time

RF'I window Is lD0. uS to 106. uS

31-0CT-89 Shot'# 13 r = O,O0 cm Toroldal angle = -90.0 deg.
Data file = SYO:OCT31.A89;13.

6

(a)

o ;g2_,_, _ r-2 _OOXXU ' ' NL_O. lD0. 150. 200. 250. 300.

1
7. XIO 15 L
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Plasma current
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I0,0-
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Figure 6.12 (a) The line integrated electron density from C02

interferometer;, (b) The total plasma current from Rogowski coil,.
Both for reverse bias case at pressure 10 retort.
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I"r 2.0 X 10 la (H2/cm 2/see)
_H2 = "--- ""

VH2 1.93 x 105 (cm/sec)

= 1.04 x 1013 (H2/cm3). (6.6.7)

Now as the line integrated electron density is (see Fig.6.12(a) ):

ne di = 8.b xl015 (cm -2 ) ( at 10 mTorr ), (6.6.8)

then the averaged electron density is

ne di 1014n-'e= .......= 2.8 x (cm -3 ), (6.6.9)
Lvesse/

which is similar to the case of parallel bias case. The averaged ionization degree is also

about 100% because the density of neutrals is much lower than the plasma density.

The corresponding recycling time is:

a n"t 3.0 x 2.8 x 1014
,_p- __4 Fr 4 x 2.0 x 1018

= 1.05 xl0 -_ (sec)= 105.0 (lasec). (6.6.10)

This is also comparable with the discharge time. If we choose a = 3.0 (cre), k Te =

4 (eV), ne = 2.8 x 1014 (cre-3), and Vloop= 10.0 (V), but 1t, = 7.5 (kA) at t = 130.0

(_'ec) (see Fig.6.12(b) for the current profile), then Wt, = 2.3 (J) and xE = 30.5 (lasec).

So we have also xt, = 3.44 xE. Therefore, the recycling of the plasma ions with cold

neutrals is less responsible for energy loss in the reverse bias case.

w

6.6.3 The Pressure Effect

" So far, ali of the calculations are for the 10 (mTorr) pressure of hydrogen gas. We

have also measured _ ne di and the Ha light emissivity at 20 (mTorr) and 30 (mTorr)
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pressures. It is found that _ ne di depends almost linearly with the fill pressure. How-

ever, the Ha light emissivity, as well as the neutral flux Fr, only weakly depends on thei

pressure. This means that the density of the neutral s in the top and bottom regions of the

vessel is almost the same at different gas pressure while the averaged electron density ,,

n"echanges with the fill pressure. As a result, when the pressure increases, the particle

a'ffe.

(i.e. the proton) recycling time xp (xp= -_r) also increases (ne increases but Fr

roughly keeps constant).

The energy confinement time XE also increases as the fill pressure increases since

the plasma current doesn't increase as fast as the total plasma energy does (see equation

(6.6.5)).

The detailed calculation for the case of parallel bias shots is listed in table 6, and

table 7 is for the ease of reverse bias shots. In table 6 there is no good data for the shot

at 30 (mTorr). Ali of these shots are obtained at the low toroidal magnetic field (Br =

2.0 (kG) ).

The pressure in these tables is obtained from the ionization pressure gauge. Since

the pressure gauge was located in an extended tubing attached to the vacuum vessel and

the piezoelectric valve is very sensitive to the discharge of capacitor banks, the real

value of the fallpressure is usually about 1.9 - 2.8 times lower than the reading from the

gauge, especially for the higher pressures because of the log scale on the gauge.

From table 6 we can see that xp = (1.2- 1.37)XE for different fill pressure. This

means that the recycling of hot plasma ions with the cold neutrals from the walls is an

important mechanism for loss of plasma energy at different fill pressure for the parallel

bias case. In table 7, Xp= (3.3 -- 3.5) XE at different fill pressure, so the recycling of hot

ions with cold neutrals is one of the main processes responsible for the reduction of

plasma energy confinement in the reverse bias case.
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Table 6: The particle recycling dme and energy confinement time

at different fill pressure (parallel bias case)

P n% ni/, I", Wt, Le B, zt, "ce

,, (mTorr) (cm -3) (cm -3) (H21cm21s) (J) (kA ) (kG) (j.ts) (gs)

" ' l__, ,, , , ,, L"L t ,,

10.0 2.98x1014 1.45x1013 2.8×i0 Is 5,53 6.3 1.95 120.5 87.7

....

20.0 4.75x10 TM 1.71x1013 3.3xi018 8.75 6.5 2.0 161.9 134.6

,.,

Table 7: The particle recycling time and energy confinement time

at different fill pressure (reverse bias case)
....

P _, n,, r, Wp Lp B, % Xe

(mTorr) (cm -3) (cm -3) (nzlcmZls) (J) (kA) (kG) (,gs) (,gs)

10.0 ' 2.80x1014 "l.04x10'3.... 2.0><i01' 2.3 7.5 1.95 105.0 30.5

20.0 4.75Xio1' 1.30X1013 - 2.5×101' 3.9 9.b 2.0 142.5 41.0

30.0 1.07x1015 1.55X1013 3.0x1015 8.8 10.7 1.98 267.5 81.9

......

The ratio of I _XP1 in HBT plasmas is comparable with the results obtair_.ed in

other tokamaks, see reference [59].
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CHAPTER SEVEN

CONCLUSION

'. 7.1 The Carbon Ion Diffusion Measurement

• The carbon ion impurity diffusion in the Columbia High Beta Tokamak (HBT) is

governed by the high collisionality of carbon ions with the plasma ions (protons). Since

thequantityof(flc1:cp)2isintheorderofunityandthemean frccpathofthecarbon

ionismuch smallerthantheplasmaradius,theplasmainthevicinityofthecarbon

probecanbcapproximatedasa cylindercontainedbya uniformandstraightmagnetici

field.The transportofthecarbonionsreleasedfromthedischargeofthecarbonprobe

iswellinterpretedbya classicaltransporttheoryina2-Dgeometry.

The enhancementofthecarboniontransportduetothePjirsch-Schlutereffectis

not0bscrvcdbecausethemean freepathofthecarbonionismuch smallerthanthe

plasmaradius,aswellastheconnectionlength.Therefore,themodificationoftheclas-

sicaltransporttheory,i.e.theneoclassicaltransporttheory,isnotappropriateforthe

explanationofcarboniontransport.

A 2-D fluidmodel isusedtodescribethediffusionof carbonionswhicharc

releasedfroma pulsedpointsourcelocatedatthemagneticaxisoftheplasma.We find

thatthe ioniccharge(Zc)affectsboth the paralleland perpendiculardiffusion

coefficients.Therefore,itisnecessarytodistinguishthediffusioncoefficientsforthe

carbonionsatdifferentionizationstate.ItisfoundthatDIIisalmostthesameorderas

D j.,i.e.theparalleldiffusionisstrongerthan,butcomparablewith,theperpendicular

diffusionbecauseofthelow tcmpcraturcand thehighdensityoftheplasma;thenthe

: density contours of the carbon ions arc a set of nested ellipsoids.

Convective effects can be neglected when the convection velocity IVc I_ .
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The numerical simulation, including the plasma bulk motion, shows that up to 500.0

(m/see), radial convection flow will not affect the diffusion process to a measurable

degree; a similar number is n-ue for the toroidal diffusion as well. However, when the

toroidal convection velocity is 1,000.0 (ml sec), there should be an obvious effect on
,J

the radial diffusion, quite different from what occurs when there is only a small convec-

tion. When the toroidal convective velocity is in the range of I0,000.0 (rn/sec), the

solution of the fluid equation for the carbon ion densky is nearly zcm because the con-

vection effect is so strong that almost all of the carbon ions ar_ quickly moved away by

the convective flow. Experimentally, we don't observe this phenomena, so the plasma

toroidal flow, if exists, must happen only in the early time of the discharge and should

quickly decay to a very small value (lower than 100.0- 1,000.0 (m/sec)). Similarly,

the plasma radial flow, if exists, must be lower than the value of 500.0 (m/sec).

'7.2 The Ha Light Measurement

The Ha light measurements are made for both cases of parallel and reverse bias

shots. We found a zone (the boundary layer) of enhanced Ha emission at ?'0 = 4.5 (cea)

for the parallel bias case, and ?'0 = 3.0 (cre) for the reverse bias case. The thickness of

the layer is about 0.S- 1.0 (cre), as expected, and is much smaller than the plasma

radius a. We calculated that at 10 (mTorr) fall pressure, the particle recycling time is

1:p= 120.50_sec) for the parallel bias case and zp = 105.0 (}_sec) for the reverse bias

case. Comparing with the estimate of the corresponding energy confinement tim_,

I:E= 87.7 (3_sec) (parallel bias) and %g= 30.5 (_ec) (reverse bias), we have zj, =

(1.4 - 3.5) %g.Hence the recycling of the plasma ions with cold neutrals from the wal).s

can be an important mechanism for the loss of plasma energy. Of course, impurity radi-

ation and electron heat conduction also contribute to the reduction of the energy
¢

confinement.
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APPENDIX

THE OBSERVATION OF AN INSTABILITY USING THE
"I

CARBON PROBE TECHNIQUE
q,

The carbon probe technique can also provide a way for the observation of a

macroscopic plasma instability. Fig.A.1 is the measurement of CII light at A r =

2.0 (cre) from the center line of the carbon probe, obtained in the old vacuum chamber.

The toroidal magnetic field, for this shot, is Bt = 2.0 (kG) and the fill pressure is

10 (mTorr). According to the data obtained from the new chamber, the perpendicular

diffusion' coefficient for C + ions should be D 21 = 10.0 (m 2/sec). The first envelope of

the CII light started at about t = 80.0 (lasec) and this is caused by the plasma ablation.

The second envelope, started at t = 153.0 (I.tsec), resulted from the discharge of the car'

bon probe fired at t = 151.0 (t.tsec). This envelope includes the three pulses of the

source discharge, which finished before t = 195.0 (Dec) (see also Fig2.4.(a) for the

probe discharge current), and eventually decay to zero (the predicted curve is plotted as

a dotted line in Fig.A.1).

However, at t = 200.0 (gsec), there is a third signal with peak value even higher

than that of the first two. This can be explained as a rapid outward plasma radial dis-

placement that carries out the radiating carbon ions. According to the discussion in

Chapter Four, the speed of this convection should be larger than

lO.O(m2/sec)
vc = (A.1)

t. ( 200.0 - 150.0 ) x 10-6 (sec)

= 500.0 (m /sec) ;
air

otherwise, the displacement would not be detected. Therefore, the criterion for the

measurement of a radial macroscopic instability is that the speed of the bulk motion,

Vb, should satisfy the following condition:

,q
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vb , (a.2)

where D ± is the radial diffusion coefficient of the carbon ions and t is the time interval r

between the start time of the carbon probe discharge mad the time at which the instabil-
J

ity occurs. Typically, the speed of a MHD instability is in the order of the Alfven speed

Va (VA- 105 (m/sec)); so we have no trouble with this technique to measure the

macroscopic MHD instability because thediffusion is mucb slower than the displace-

ment.

Unfortunately, other diagnostic data, such as the magnetic probe, the loop voltage,

the plasma current, etc., were not retrieved for this shot due to a computer problem, so

there is no corroborating evidence for this instability from the magnetic probe and the

loop voltage. However, after inspecting the data file of the instability study in HBT[60-

61], we find that macroscopic instabilities do occur at t = 200.0 (Dec) under the same

operating conditions as obtained for Fig.A.1. An example of these unstable shots is

presented in Fig.A.2, which has the similar electron density, temperature and toroidal

magnetic field as the one shown in Fig.A.1. From the magnetic probe data, the outer-

loop voltage, the Ha light emission, etc., a radial displacement happened at almost the

same time as that when the third peak of signal appeared in Fig.A. 1.
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I

Figure A2 An example of an t:nstable shot.
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