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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
(HBT), using a carbon tipped probe which is inserted into the plasma
(ne=1-5x10" (cm™3), T, =4-10(eV), B, =0.2-0.4 (T) ). Carbon impurity light,
mainly the strong lines of Cj; (4,267A, emitted by the C* ions) and Cyy; (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 H, 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 T, is com-
parable with the plasma energy confinement time 1g; therefore, the recycling of the hot
plasma ions with the cold neutrals from the walls is onie of the main mechanisms for

loss of plasma energy.
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CHAPTER ONE
INTRODUCTION

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 fall within the scope of MHD studies. Plasma MHD
has had considerable success in describing the phenomena observed a; plasmas are gen-
erated and heated in toroidal geometry; both MHD equilibrium and stability are 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 particular,
could such plasmas be generated, and what equilibria could be achieved? It should be
noted that in 1976 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. It was proposed to generate plasmas having beta of several percent, and in
1978 the Torus II device (the predecessor of HBT) was operated. After a few years,
devoted to diagnostic development, it was found that tokamak-type piasmas of
elongated cross section could be generated having average toroidal beta ~ 10%[2]. It is
worthy of note that recently the DIII-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 100 (usec): this permitted good documentation of the
plasma equilibrium conditions[3]. More recently, the magnetic probe diagnostic has
been able to detect certain MHD instabilities[4] and study the equilibrium of plasmas

formed near or in the second stability zone of plasma betas[5].
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Although there har been considerable success in understanding the HBT plasma in
terms of MHD[6], there have been from time to time a number of reservations or criti-
cisms. The HBT plasma is formed rapidly at relatively high density (compared with
oth 't tokamaks), above the Murikaini lirait[7], and it is also a rather small device con-
tained within a quartz chamber and lacking a limiter. These raise issues such as the con-
tamination of the plasma by impurities, ti:¢ rapid outflux of energy by neutral collision
charge exchange, low magnetic Reynolds number, etc.. As a result, the fusion com-
munity has been slow to accept the rzlevance of HBT research to larger, hotter plasmas.
Is HBT a "real” tokamak? One of the objectives of the present study is to examine what

happens in the HRT on a microscopic level of collisiens and transport.

The typical HBT parameters znd the main diagnostics used in the carbon probe
experimert are listed in Table 1, and a picture which shows the general layout of the
HBT machine (not including the power supply system), is shown in Fig.1.1. The coil
system and the diagnostic arrangerent will be shown in Fig.2.7 and Fig.2.8 in Chapter

Two.
Table 1: Parameters for the Columbia HBT
Major radius, Ry, cm 24 | Peak toroidal field, B,, kG 6
Minor radius, a, cm <5 | Typicalq® 20
Toroidal magnetic field, By, kG 2-5 | Toroidal beta, <>, % <3
Elongation, x =1 | €B, <1.0
Ion species H,D,He | Typical discharge times, psec 100
Density, <n,>, x10¥cm ™2 1-5 | Energy confinement, Tz, pisec =20 - 100
Temperature, <7, >, eV 4.10 | Diagnostics: CO, interferometer,Thomson
Peak plasma current, /,, kA 20 | scattering, magnetic probe, carbon probe.
|
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1.2 The Objective of The Carbon Probe Expériment

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
these ions diffuse along and across the magnetic field lines which contain the plasma.
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)[8], 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" into the plasma to
some degree, rather than the actual plasma motion. It would be useful to validate the
magnetic probe measurement with another diagnostic. In fact, we show an instability
measurement usiug 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 par-

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 ioﬁ-
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 electron 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 jonized 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* (C;; =4267 A) and C* (Cjy = 4647 A) is collected by a
single channel optical system, which includes the focusing lens, the optical fiber, the
r.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 parallel

or transverse to the magnetic field.
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 [11], TFTR [12], Pioto S-1/C Spheromak [13].

Tlie 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 Laser ablation and gas puff techniques were used in most large tokamaks. A
carbon probé technique similar to ours was used in the Proto S-1/C Spheromak. Fig.1.2
shows a summary of several of these experiments performed at different tokamaks,
including the Columbia HBT. The diffusion coefficients, D |, found in most of the
experiments, are on the 6rder of 1.0 - 10.0 (m?/sec). The convection velocity, c,, used
in the fitting of the measured spectral light emission by the impurity ions, differs for

different machines; however, it varies between zero and 10.0 (m/sec).

1.4 The Outline of This Report

In this report, we first (in Chapter Two) give a brief description of the general lay-
out of the carbon probe ckperimcnt, including the probe structure and power supply, the

probe perturbation, the optical system and other diagnostics used in this experiment.

In Chapter Three, a diffusion model of the carbon ions is introduced, including the
calculaton of the different relaxaton times for the carbon ions, three mathematical
models for the source dischargc of the probe, and the analytical solutions of the con-

tinuity equation for each model.

The observation and the fitting of the spectral light signal of the carbon ions at dif-
ferent ionization states is presented in Chapter Four. Convection effects and error

analysis are also discussed in this chapter.

Chapter Five presents the interpretation of the carbon ion diffusion data in the
HBT plasma. Both of the classical and the neoclassical impurity transport theories are

presented there. Bohm diffusion is also briefly discussed.
The H light measurements are presented in Chapter Six, including a description
of the multichannel optical system, the inversion and reconstruction of the H o light

emissivity. Based on that, the calculations of the minor-radial influx and the recycling
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Figure 1.2 The summary of the impurity transport study in different devices .
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time of the neutral hydrogen gas 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 H

light measurements.

In the appendix, we discussed the observation of a macroscop.c instability of the
HBT plasma using the carbon probe technique. An instability-like shot, obtained in the

‘old vacuum chamber and detected only by the Cy; light 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 light 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 with a stainless steel (s.s.) anode pin (1.0 (mm) diameter and
10.0 (rmm) 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 thé stripped wires of RG—-174
coaxial cable and 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. All 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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2.2 Carbon Probe Operation

The carbon probe is fired by a 20 (kV), 1.0 (u F) capacitor, shown in Fig.2.3. Typ-
jcally the capacitor was charged up to 10 ~ 15 (kV) and discharged by firing an ignitron.
All transformer is used to isolate the triggering mechanicm 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 dischargc. In order to get the desired discharge pixlsc
shape we ﬁr‘st‘testjcd 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 thc inductance of the whole system can be obtained, roughly 6.0 (u H),
which is partially in the firing circuit and partially in the cable and probe. The critical
dan.ping resistance is about 5.8 (Q), but it reduces the peak current by a factor of 4. S
finally a 2.0 (Q) resistor is used in the main circuit as a compromise between oscillation
damping and pcak discharge current. The pulse shape is shown in Fig.2.4(a). The Cyy
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 Cyyy 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 firing mode when the carbon tip is at negative potential with respect to
the anode pin. In the first mode the ablation results from the sputtering of plﬁsma ions
with their thermal energy. In the second mode an arc is formed between the circﬁmfer—
ence of carbon tip and the center pin. Plasma protons in the arc region are accelerated
to much higher energy than their thermal energy, hittingv the carbon tip surface and

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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2.3 Carbon Probe Perturbation

One of the advantages of HBT plasma is that we can insert a probe into the plasma
because of its relatively low temperature and short discharge time. But this will also

cause some perturbation of the plasma.

2.3.1 Density Perturbation

The density perturbation depends on how many carbon ions are released from the
carbon tip during its operation. From line strength comparison of spectral light emission
between carbon ions and excited neutral hydrogen (H, light), the density of carbon
jons is in the range of 10'° ~ 10! (cm™3), which is 10? ~ 10° times lower than the
plasma density. The Z-effective of the mixture of plasma ions and carbon ions is still
close to that of the plasma without injected carbon, so the density perturbation does not

effectively change the global parameters of HBT plasma.

2.3.2 Magnetic Field Perturbation

When the carbon probe is working in the discharge mode, its arc current can also
produce a perturbation of the magnetic field. As shown in Fig.2.5, the discharge current
mainly produces an azimuthal B-field around the central anode pin (similar to the

geometry of toroidal field coil system), which can be estimated using the formula

_ Hol
AB= S (2.3.1)

With the discharge current 7 ~400(A), and the average radius r =2.5 (mm)
(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
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 will drops

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

wa o [T . 1 ! " " oy " o
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AR
that for r 2 1.5 (cm) the perturbation will be greatly reduced and 75- < 1%, where
i

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

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

2.4 The Ratio of Cy and Cyy Light Emission

The carbdn probe was first tested in a small vacuum chamber filled with neon gas
at different pressures. The branch ratio of Cy; (4,267 A, emitted by C* ions) and Cy
(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-
ple peaks, and the relative level of each peak is roughly (with 30% to 40% fluctuation)
proportional to the corresponding peak of discharge current. This provides a very useful
knowledge in the numerical fitting of diffusion model which will be discussed in

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 (cm)
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 R g + 2.54 (cm) to Ro —2.54 (cm),
where R ¢ = 24.0 (cm) ) 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 (cm) 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 dcmagniﬂcation of
the camera lcﬁs is 11:1). The light is coupled to the monochromator (f18.5,50 (cm))
through a long (about 10 meters) optical fiber and then amplified by a photomultiplier
tube (PMT). Because of the mismatching of the f-number between the optical fiber 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 be
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 Hq light measurement, since
the H 4 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 are 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 reproducibility 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 g-profile[15].

¢. Thomson Scattering Diagpo&tic: 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 plasma pressure profile. The time cvqluu'on of the temperature 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, 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.
All of the signals produced by the varioﬁs transducers are collected by the A/D conver-
tors and recorded by the computers in a main data file. There are various programs for
the data acquisition, reduction, and plotting 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 «cre more stable in the rectangular vessel, for reasons not understood

here.
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Figure 2.7 The arrangement of the HBT diagnostics and the toroidal field
(TF) coil system (vertical view) .
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The carbon probe experiment was partially performed on the original chamber but
the maiﬁ. data base of carbon ion diffusion as well as the multichannel H o 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 are two main operation modes for HBT[18]: the parallel toroidal bias field

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

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

that B, produced by the TFR (toroidal-field-reverse) bank has the same direction as that
produced by the Maxwell bank. Reverse bias is the oppositc case in which the toroidal
field B, is quickly (in about 1 ~2 (u 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 (VF) to prevent the plasma from striking the outside
wall. As the plasma cools, the VF must decay at the same time or else the plasma
strikes the inside vessel wall. The parallel bias plasma is sustained ohmically and thé
VF must be adjusted to increase (with use of its power crowbar) to maintain the plasma

centered within the vacuum chamber.,

The carbbn probe technique was tested in both cases, but finally only the parallel
bias operation mode was chosen since the reverse bias plasma 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 light measurement both parallel and reverse bias modes are
studied, and the neutral particle recycling time is measured for several different fill

pressures.
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CHAPTER THREE
DIFFUSION MODEL OF CARBON IONS

The transport of carbon ions in the HBT plasma is explained by a impurity diffu-
sion model. This model, together with some assurnptions, 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 by
several kinds of relaxation time which are used to denote the time in which collisions

producé a large alteration in some original velocity distribution.

Assume a group of charged test particles, all having velocity in the 2—direction,
pass through a plasma which contains the field particles, which may have any‘ velocity
distribution. Subscripts ¢ and f 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 tést particles is
assumed to be mubh 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 w,, in the velocity space as follows[19]:
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(3.1.1)

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

Here || and | refer to the direction parallel or perpendicular to the original velocity of

the test particle. <Aw;||> 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

AVz AWz TN ?

> - c - >
Wx Wx WX
a. Initially b. After N c. After 10N

encounters encounters

Figure 3.1 Diffusion of test particles in velocity space.
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of test particles in velocity space, but does reduce the speed in the original velocity
direction of the test particles. The term <(Aw, )*> is the rate of dispersion in the direc-
tion paraliel to the original motion oi’ the test particles, i.c. the range of speed reduc-
tions in this direction. The third term <(Aw, |)*>, which equals twice <(Aw ,)> or
<(Aw, y)*> for the case of axisymmetry about z—direction, is the rate of increase of
( Aw, )? in the perpendicular direction, i.c. the transverse dispersion of test particles in

the velocity space.
Ap is given as
8nme*22Zinsin A

Ap . : (3.1.2)

m;

and @ ( x ), the error function, and G ( x ) are defined as:

,

d)(x)=——2 Jxe"zdt
Vr ‘o
’ d 2 —X"
= — = — 3.1.3
19 (x) dxlq’(x)] \ﬁt-e ( )
Q(x)-xQ¥'(x)
G(x)= .
b (x) o
l ¢ is defined as follows:
1 me | %
= = | —— .14
If Wf {ZkTI] ’ (31 )

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

cle to the field particle:

Y e YA
W' 3 mf T‘
- O e— — —— ———— R 3. '5
x=lw wy [2] [m,] {TI] (3.15)
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The units used here are the CGS—Gaussian system, i.e. e is in statcoulomb, ny in

cm™2, m, in 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

(G(x) 2 1 _ 4
. —»3\5,16[(1)(;:) G(x)]—)-———-3ﬁ,asx—>0,
< (3.1.6)
G(x) , 1 ligx)-G(x)l=— asx—ee.
L X 2 x3 X X

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

forms:
Whenx — 0
2Ap 1
{ <(@w>== {n_f (3.17)
4Apl
<(wi 1> == ﬁf
Whenx — oo
A m
<BAwy>=- ——-D-Z— [ 1+ —5-1
2wy mg¢
Ap
<(Aw,)?> = —— (3.1.8)
L Y I
A
<(Aw, )2> = iy
L "
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Equation (3.1.7) shows that stationary test particles don’t experience any friction
and their diffusion is isotropic since <(Aw,|)*> = —<(Aw, |)*> and depending on field

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

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

m
they all have similar temperature so X ~ [ —r;xi] is quite small.
t

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

<(Aw,||)2> is much smaller than <(Aw, l)2>" When heavy test particles are scattered

by light field particles (i.e. m; > my) the diffusion tend to be dominated by friction

m
rather than by diffusion since [ 1+ —’-n-i-} is a very large factor.
f

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

ply discussed here.

a). Deflection Time tp: This is the time in which collisions gradually deflect the test
particle by 90° with respect to their original velocity direction.

Since <(Aw, (2> Ip = w2 sin (x=90°) = w2, where ¥ is the deflection angle, we
1

have

Wi mi w

In = = 319
P7 caw > BnZPZie mpn A[@(x)=G (x)] G19

b). Energy Exchange Time tp: 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

m m
AE:-—Z—'-[(w,+Aw,.||)2+Aw,l]2—-—sz,2

m; 2 25
=—2—’[2Wt AW;[|+(Aw1”) +(AW;l) b

]

"
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the first term in the equation is dominant and the remaining two terms are non-dominant
because |w; |>|Aw; || or |Aw; | |in each unit time; the square of the energy change per
unit time is

<(AE)?> = m} w} <(Aw,)?>

2,4
mi w
As the square of total kinetic energy of the test particle is E 2= 50 finally we
can get the energy exchange time as
E? wi
ir = =
ET QB> 4<awp?>
w; m?
(3.1.10)

"32nz2Zbe* i In AG (lpw;)
Compar.ag with the definition of deflection time tp, we can get the following relation

o 4G Uw) (3.1.11)
tr  ®(w)-G (lyw) B

¢). Self Collision Time t.: This is the same as the deflection time except that now the
test and field particles are identical. Since X =/ w; =+v3/2 = 1.225 and ®(1.225)
-G (1.225)=:0.714, we have

mi wi

T 0714x8 1 Z2 Z}e* nsln A

(3.1.12)

te

d). Slowing Down Time t;: This gives the rate (t—l-) at which the mean velocity of the
)

test particles is reduced by collisions.

Since <Aw;|>1; = w, cos (¥ =T ) =—w,, then we obtain
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wy w;

<Aw‘”>=A Bl 1+ 22| G (w)
D m; f W

(3.1.13)

e). Equipartition Time teq: is the rate [ -t—l-] at which the energy equipartition is esta-
eq

blished between test and field particles. That is

dT,_Tf"'T,
dt =ty

where T is the particle temperature. Spitzer{20] gives the equipartition time as follows

- 3m,mfk3/2 [ T, N Tf 32
“T 8amz’Zie‘n;nA | m omp)

(3.1.14)

Finally we can put the numerical values into each velocity diffusion coefficient
and summarize the results for all 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 & o0, x — 0,
and x — oo, 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 m, is the atomic mass
unit and A is the atomic weight, n is the number density of particles per cubic centime-
ter (cm ’3). the kinetic temperature of particles, 7, is in electron volt (eV), and the time ¢
is in (second). The self collision time is only discussed in case 1 since it is meaningless

for the other two cases.

o Case 1: when 0 <« x <oo;

V13"

ip=1015x10" ——
ZFZFninA[®(x)-G (x)]

(3.1.15)

VA T

1p =2.538 x 108 ——
Z}Z¥nsln AG.(x)

(3.1.16)
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3/2
_1421x107 \[— (3.1.17)
“nlnA
A3/2 T
ty = 6.765 x 108 ———— AL (3.1.18)
3n
A A T, T
tog = 7334 x 108 =1 LI & (3.1.19)
Z; Zf nflnA my. myf

Three kinds of self collision time, t,_, (protons—protons), f, . (electrons—electrons),

and fc_¢ (carbon ions—carbon ions), are given according to equation (3.1.17) as

, 1
,=14 3.1.20
h-p 21 x 10 mIn A ( )
05 T2/2
=3 121
f,_¢=3.305x1 A (3.121)
. T%‘lz
tc-c =4.922 % 10" ————— (3.1.22)
€€ Z% nc In A
o Case2: whenx — 0:
A, TAT
tp=1.014x 107 —— NT7 (3.1.23)
Zg Zf anln/\
AT
g = 5.071 x 108 —— WT7 (3.1.24)
A T3/2
1, = 1.469 x 107 Lt (3.1.25)

A
z? z}qx;[ 1+2{'] nln A

teq: the same as that in case 1.
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13 ‘ . . . . 1 .
Now the relation between tp and ¢ in this special case is fg = 3 Ip since

Ip _ 4G (x) _ X

£ =G Lig(x)-6(x)]
X

=2 asx—0.  (3.126)

e Case3:whenx —oo:

VA 12

tp = 1.015 x 10’
P Z?Z¢n;In A

(3.127)
T2 Af
Z2Z} TpyA npln A

T’3/2 ‘\/K-t.

A
z?z}[n-;‘-} ngln A

tg =1.610 x 108 (3.1.28)

t, = 2.029 x 107 (3.1.29)

f

teq: the same as that in case 1.

The relation between tp and # in this special case is

4G(x)
Ip _ 4G (x) _ X

Liox)-6(x)]
X

g P(x)-G(x)

43

2x° 4 2
- = X=— asx-—yoo, 3.1.30)
2 x3 x? (

1
x
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Table 2. The Collision Times of Carbon fons with Plasma Protons and Electrons "

Test Particles = Carbon lons Test Particles = Carbon Ions
(A=12) (A=12)
Type of Interaction times Field Particles = Electrons Field Particles = Protons
psec (A/=5.4859x107* Z;=-1) (A=1, Z=+1)
 Method A Method B ¢ Method A
ct c* ct c+ ct c*
@Z=+1) | (Z=+2) | (Z=+1) | (Z=+2) (Z=+1) (Z=+2)
Deflection Time 28.77 7.19 26.49 6.62 0.69 0.17
w2 ‘ -

fp=m'; Ksec pusec | Msec Msec Hsec psec

Energy Exchange Time 14.11 3.53 13.25 331 0.36 0.09
2

tf-(zf—iE—)—z-; usec Msec pusec Hsec . psec psec

Slowing-Down Time 37.60 9.40 38.38 9.60 0.89 0.2
w

t,--—--< AW usec psec Wsec Wsec psec psec

Equipartition Time 19.10 47 | 19.10 4.77 0.50 0.13

T -T,

g™ fﬂ' : psec psec Wusec Msec Hsec psec
t
dt

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

%
. . . . 3
mulae in case 2 to reduce the calculation error since x is very small, x = [ 03

m, # Tc 5 .
| = 0.0083 assuming T, =T, = T¢+ = Tc+. When we calculate the

mc e
31 [ m)* [ T
2 me T,

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

%
relaxation time of carbon ions by plasma protons, x =

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 Tp+=T o+ =T, =T;=5€V, n,=rz;=3X1014 (cm™).
t Method A is to directly calculate @(x)~G (x) and G (x), for any x; even X is small.

1 Method B is to take the limit of -i—[CD(x)—G (x)]—-)—?’-‘-j-__;, -;G x)— N

, for small x.
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Deflection Time

Energy Exchange Time

tp (sec)

" C* with siectrons

C™* with protons

C* with protons

O Neta
? 4 Wpae
—D-n ® N:n Y
B A XYY}
* o N‘u (¥ )
2 T T =T )
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T, (V) ‘ T, (eV)

Equipartition Time

5.0

10.0 15.0 20.0 0.0 5.0 10.0 15.0 20.0
T, (eV) T, (eV)

Figure 3.2 The different relaxation time of the C*(Z=1) 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 101 (cm“3), T.=T, = Tc+ = Te# =5 (eV). From these
results we can see that relaxation time of carbon ions by electrons is about two orders
longer than. that by protons, due to the small clectronv mass, and these interactions pro-
vide less force for both the dragging and scattering on carbon ions. Therefore, the dom-

inant collision process 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 10? ~ 10° times lower than plasma density (see chapter 2). But this

. 4 . . . . 1
is not quite true for the higher lonization state because fc—c drops as -z]-. In our
c

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 7-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
rnagnctié field lines are straight and in the 7—direction. The cylindrical geometry is
described by local Cartisian coordinates % ~ y — 2 since the diffusion could be anisotro-
pic in our problem. These coordinates and the toroidal coordinates R-Z-® are

shown in Fig.3.4.

Three diffusion coefficients, Dy, D, and D;, 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, the diffusion is -assumed to
be axisymmetric about the local cylindrical z-axis, i.e. Dy = Dy= D) and D, = D,

since the HBT plasma has a nearly circular cross section.

Figure 3.4 The coordinate system used in the diffusion model .

From the calculation of collision time, we know that the injected carbon ions can

quickly (in about 1.0 (lsec) ) set up a thermal equilibration with the background plasma

3T, | %
=1.1~15
m

ions and electrons. The thermal velocity of carbon ion is Vi , =
‘ c

(cmlusec) at T, =4 ~ 10 (eV), so the mean free path of carbon ions due to collisions
with plasma protons is A, =Vy, . tp € 1.0 (cm) for C* ions or <0.2 (cm) 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‘
reasonable to assume that all 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 Jonization and Recombination Time of Carbon Ions

Two methods have been used to estimate the rates of electron impact ionization
and recombination processes: the time-dependent corona model and some experimental

data.

The time-dependent corona mode! 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-
tive; (c)a spectral line radiation is produced by an inelastic electron collision exciting an
ion from its ground state and t' 2 subsequent decay of the excited level to the ground
state. These assumptions are valid for once-ionized states when the electron density
ne < 5x 10" (em™) at T, ~ 50 (eV), and the validity varies as

2
—(Z-il] . (3.3.1)

nesk(Z+1 )8 T exp
T,

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(Ta,xz,Z)=(n, Tionz )"

_ 11x107 Xz
- /2 kT
13 6+[ .

exp [ - X ] , (3.3.2)

where %z is the ionization potential at charge state Z in the unit of (eV), k T, is the elec-
tron temperature in (eV), and {z is the number of electrons in the outer shell of an ion at

charge state Z.
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The reciprocal of the jonization rate for carbon ions in the range of electron tem-
perature 0.0 —30.0 (¢V) is plotted in Fig.3.5 for the ionization states Z=1, 2, 3, 4
which correspond to the ionization potential ¥z = 11.256, 24.376, 47.871, and
64.476 (eV), respectively. The time ratio for two successive stages of ionization of

charge Zand Z + 1 is calculated as:

kT, )

, + ‘
TonzZ+l  Xz+#1 Gz [ XZ+1 | (Xz = Xz+1)
= ex - ’ (3.3.3)
Tion,Z Xz CGz# [ kT, | P kT,

6+ —
Az

o

and plotted in Fig.3.6.

For the data on radiative recombination reviewed by Bates[22], the rccombinatibn
coefficient depends mainly on the value of the ionic charge. The following formula for

the recombination coefficient oo may be relied up on to £ 100% (with the temperature

T,
range 1 (eV) < [ _Z—;-} <13 (eV):

2
VTe

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

a(T,,Z+1,8)=279x107" (cm? sec™?). (3.3.4)

ferent ionization charge states in the range of electron temperature 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 i** ionization state of impurity ions with number density n (7,1 ),
shown in Fig.3.9. n;(?,t ) depends not only on the sorrce of the i*h 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 *h state impurity can be written as:
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Figure 3.5 The reciprocal of the ionization rate of carbon ions at different
ionization states .
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Figure 3.6 The time ratio for two successive stages of ionization of charge
Z and Z+1.
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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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Figure 3.8 The experimental data for the rate coefficient of carbon ions at
different ionization states.
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on; 02 0% 0?
-a—l= D,;,'g;'i-'*D,'y ay2 + Dy, azz n; +
(Lioymici+Rivimivr )= (Limi+Rim; )+ S(P 1) (3.4.1)

where I; (1/sec)=n,< Gv >;_,;+1 is the ionization rate of impurity ions from the i*
to the (i + 1) state, and R; (1/sec)=n,< G v >;,1; the recombination rate from the

(i + 1)* to the i state.

Accordingly the characteristic time for ionization and recombination for the typi-
cal HBT parameters (n, = 1.0-3.0x 1014 (cm'3), T,=4-10(eV)) are shown in
Fig.3.10(a). For the duration of the plasma ( ~ 150 (i sec) ) the effects of recombina-
tion can be neglected since it happens on a millisecond time scale. Also the ionization
from C° to C* is almost instantaneous ( ~ 1 (1 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 continuity equa-

tions for C* and C** ions become

(i+1) niat)

(-);ny (+)R 41741

(t)—-—-————-——-———n,()?,t)* SOW‘CC ()?,t)

()1 pmpg (-)R;n;

ey
n H(x, t)

(i-1)

Figure 3.9 The relationship of ionization and recombination between the i*h
and the other two adjacent ionization states.
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C(+++)
J =04~ 40(ms/ /msz 10.0(ms)
CM) i C [1]

1 =180~220(ms)  (Q)
r

T =40.~200,(ps)
i

'Ci=0.75~15(ps) T =65.0~750(ms)
‘ r

T =60.0 ~200.0 (s ) (b)
]

(Cy)c (+)

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

dlffercm jonization states of carbon ions at n,= 3 X 10" (cm3)and
T, =4~10(eV); (b) The reduced model for the calculation of

C* and C* ion densities in the time scale interest.
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onyy 0? 92 02 \
—=| Doyy—=+D +D =Iny+S§ 3.4.2
3 w37 *Pygr 2oy | M=t Sn (342)
ony; 0? 9% 0?
FYa szsx—z'*Dsys;z—"'Daz'é:{ nygp+1 nyp+Spr s (3.4.3)

where the subscripts /I and 2 denote the C* ions (Cjy emission), /II and 3 for C** ions
(Cy;; emission), and 1 is the jonization rate (1/sec) from C * to C*. Sy and Sy 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 0% 0% 0% _
-é-t-= D, > +D, 3y2 +D, 7| n-An+S(t;xy72)
{n(r=0;xy,2)=0x)y2) (3.5.1)

(0St<o0;—0<X,Yyz<+00)

.

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;xy,z)=n,(t;xy,2)+n(1;xy.2) (3.5.2)

where

na(t;xy.2)=[[]0(&,n,L)x

G(t;x=E,y-n,z-8)dEdnd{ (3.5.3)
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and
t +os
m(tixy2)=[de [[[S(t;&,n,L)x
0 —o0
G(r—tx=E,y-n,z-()dEdndf (3.54)

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(7) 8(f)

r aG az ; 82 32 ‘
-5':—: st;'z—'i'Dy‘S;z—"*'Dzsz—z nG-AG
{G (t=0;xy,2)= d(x) d(y) 8(2) (3.5.5)

(0t <o0;—00<X,y,2<+00)

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

G(t;xy2)= 1 e X
s XY, 8,"’.3/2 '\ijt'\JDyt'\Ith
2 2 2
R S A 3.5.6
P T Dg 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( 7 ; x,y,2).
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™ ions as discussed in chapter 2) to be released at each pulse. The mathematical solu-
tion 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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AI(10%A)
+5. ] ‘ Carbon probe discharge current
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Figure 3.11 The carbon probe 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]:

npCtixyz)=ny (5 x0.2)+ 0208 =11 5 X,5,2)

+np3(t=T1 = T2 502) (3.5.7)

Similarly,

npr(e s x,2) = np 1 (85 X,,2) + Ry 2(8 = Tpy 5 X0Y,2)

+ oy 3(t=Tp1 = Tp2 i XiYs2) (3.5.8)

where nyy ; and nyy i(j = 1,2,3) are zero when their time arguments are less than zero.
1,;(j=1,2) is the pulse duration for each peak. It 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

- onyy 0% ? e
-—a-t—'= Dzz—a—;—2-+D2y ayz +D2,az2 ny =1Ing
np(t=0;xy,2) =Ny d(x) 8(r) 8(z) (3.5.9)

(0SSt <eo;—00<X,y,2<+0e0)

Comparing with equation (3.5.1) we find that now A=/, §=0 and

¢ = Npo 8(x) d(y) 8(z). Since d(x) has the dimension of %, Ny is dimensionless and
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denotes the total number of C* ions released in one pulse.

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

0% az 0%
-é;? +D3y-5yT + D3, —=| nyyp+Ing

n anm _ '
=| D 0z2

ot

i mn1=0;.3,2) = Nago 866) 80/ 82) | (3.5.10)

(0St<oo;—00<X,yz<+),.

{
Njyo is the total number of C** ions coming from one pulse, and now A =0, S =1 ny
and ¢ = Njyro 8(x) 3(y) 8(2).

The solution of (3.5.9) is

np(t;x,y,2)= Nio oA X
UL B e e 312 DrtND oyt ND 2t
[ 52 2 2
‘ y z
- . - . 3.5.11
°"p[ 4Dyt 4Dgyt 4Dyt 3.5.11)

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

np(t s x,y,2) = Npa + M (3.5.12)

where nyy, is the C** ion density coming from the initial discharge of the carbon probe

Npo 1
n( e x,y,2) = X
ital »2) 81!.3’2 '\’D3xl\JD3yI\fD3,t
2 2 2
exp| - — Y z |, (3.5.13)

4Dyt 4Dat 4Dt

and nyp is the C** ion density resulting from the ionization of C* ions by the colli-

sions with plasma electrons
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N t
np( 3 X,y,2) = 81?‘(’)2 [elif(r, tmxynde (3514
| 0

where the function f (T;t—1T;x,y,y) is defined as

|- s __

4[D 2T+ D3t = 1))
[Dz;T +D 3,(! - 1)]1/2
EXpy— yz | zz 1
4D, 1+ D3yt =11 AD2T+D3(t - ]
[D 2yt + D3yt = D12 [D g1+ D, (0 = DI

flt,t—=nx,,2)=

(3.5.15)

Note that x,y,z and ¢ are four independent variables. When fitting the data at dif-
ferent radial positions we can adjust the coordinates to sety =2z = 0 and the solutions

will be greatly simplified.

Only in the delta function source model can an analytical solution of ny (¢ x,y,2)
be found and used to calculate nyy(t;X,y,2), which partially comes from the initial
condition and partially comes from the reionization of C* ions (i.e. ny density ). The
fcllowing two models merely discuss the calculation of nj because nyy 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 Xo=Yo=0.5cm, and

Z = 0.6 cm. The continuity equation of C* ions is
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ox?

, Npo ( 1x! £Xo, Iyl €Yo, Izl £Zy)
np(t=0;xy2)=4

— A

(elsewhere)
Niro '
T(OSISTP, Ixl £Xo, 1yl €Yy, lzl £Z¢o)

P
SCEIXN=Ng (151, —0<xyz <+e).

L

Note here A = —1, S # 0. The solution of this problem also includes two parts:

ny = npa(t s x,y,2) + ngp( 15 X,,2)
where
‘ Niro
nya(t ;s x,y,2) = -—8—'f( t;X,Y,2)
(0St <o0;—00<X,y,2<+)
. and

”

t
Jf(t—*t;x,y,z)dt
0

1

nip( 15 %,y,2) = Py

Nuo} (01T, ;-0 <X,)2 < 4o0)
T

J:f(t-—w;x,y.Z)d'c
0

(T, StSeo;—e0 <),z <+0°)

L

where the function f (¢ =T ; x,,2) is defined as follows

dny 22 o 2 | |
—_= + +Dqgy— ~Iny+8(t;x,y,z2
o [sz Dy PP ny =1 nyp +S(t5%.,2)

-54-.

(3.5.16)

(3.5.17)

(3.5.18)

(3.5.19)
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f(t-‘t;x,y.z)=e"("") X

@r x+Xo @ x-Xo »
I ~2\lb'2xit—'c) 24D, (1-1)

of e ] o zzte]]
L L 2JD2sz-T) ZVDzyil—T)

242
o 0

Z-Zo
“ zm] "”[ zm” '

where @ is the "error function" as mentioned before having the following simple

(3.5.20)

-

feature -

d(0)=0, D(e)=1
(3.521)
D(~x)==-D(x), V(—o)=-1

3 Nyo
If lx‘éxo,l)‘I(Yo.lZI(Zo. f-—-) [1"(—1)] =8, then nig — T

x 2% 2 x2 =Ny and nyp — 0 when ¢ — 0. This is just the "source region” as defined

in the initial condition. In the non-source region, i.. |x{> Xo, |1> Yo, |2|> Zo,
3 Npo . -
f=(1-1yY=0,s0ny, = 5 and nyp, — 0 when r—0. This means that the initial

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

N N
[xi=Xo. [yl=Yo, [2l=Z0, £ = (1-0 =1, n > —g=x1® = == and np =0

when ¢ — 0, which indicates that each quadrant only emits one eighth of Ny, the total
number of icns is relcased from eight quadrants in each pulse because: the cube is sym-

metric about the origin of coordinates.
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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-
tinuously 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 functicn 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:
nyy 32 32 32
—_= —+Dyy—5+Doypy—5 -Inp+S8Ct;xy,
E [ Do 52 TPy E tPun nyp =1 ny+S8(5x,,2)
ﬁ np(1=0;x7,2)=0 (- <X,y,z <+o0) (3.5.22)

Niro . t .
——sin | 1—{ (0<rS71,, Ixl SXp, Iyl SYo, 121 £Zp)
Tp Tp

S(f;x')’»z)z 0 (elseWhere)'

L

Note now we have A =~ [, § # 0, but ¢ =0, so n;;, =0, and ny; = nypp, i.c.

-

[
[f(r i-t;xy2)dn
0
1 Nno‘ (0S1<1,;—e0<X,y,2 < +0)
"ll(t;x,}'.z)= T} - ﬁ 1, (3523)
81 T,
[ flrt=tixy2)de
0
(Tp St1So0,—e0<X,y,z2<+)

where the functon f (1, t— T, x,y,2) is defined as

¢
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f(T'f-T;x,y,z)=sin[1t£—} e-10-1)
P

X+X0

L¢L2\/""‘D,,(—"":—x)] -

X_Xo x
2Dz (F=T) J

o[t ] o =¥ )
2Dy -0 ) (29D (- D)

o|_2tZo ch’ z-Zo (3.5.24)
szfp“‘zz""“(:—f“)‘ LZ\[_——"DZZU-':) ‘

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(cm), x=15,25, 4.7 (cm), with the parameters Dp,= Dogy= D=
9.7 (m?/sec) and Do, = Dy =141 (m?/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 profile 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 £ =0 but the other two models provide the source with
finite values, Njjo, at t = 0. As the view pnint 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.

It should be pointed out that from any one of the three models, as long as ¢ #0,
then ny(t; x,y,z) is non zero for any observation point no matter how far away from
the source region, i.e. the diffusion velocity is infinity. The reason for this puzzle is that

serde
il

cn we derive the diffusion equation (or say the continuity equation) the factor of the
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CIIL LIGHT INTENSITY VS TIME
THREE SOURCE MODELS
8
(a)
- x=15cm
Es. y=z=00cm
2
=%
Zo A ;2 R.\.
Q ~
0.8 100 2.0 W.0 0.0 9%.0 6.0 70,0 8.0 9.0 100.0
TIME FROM [NJCCTION (USI
8
(b)
: x=25cm
g3, y=2z=0.0cm
[
BR
Eo
g
° 0.6 10.0 20.0 3.0 .0 5.0 .0 700 8.0 $.0 100.0
TINE FRON (NJECTION (USH
8
(¢)
g x=47cm
<)
=° y=2=00cm
=1
°‘I).l 10.0 ”Z.O 0.0 ‘::,o .0 ;.0 l&) 8.0 9.0 .0
YIME FROM [HICCTION (USIH
QO delta function source /\ sinewave functon source
(0 squarewave function source

Figure 3.13 The comparison of the predicted curves of Cyj ion density from

the three mathematical models .
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perturbation velocity is not included. This is equivalent to assuming that the perturba-
tion signal can propagate infinitely fast.

Since the carbon diffusion is a 3-D problem, the Cartesian coordinates x —y — 2
are used which results in the error functions in the final solutions. If the problem is
axisymmetric about, say, the z—axis, a cylindrical coordinate 7 — 0-7 is usually
adopted which will result in some other special functions, such as Bésscl functions.

Finally it is necessary to discuss the numerical method to calculate the error func-
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 expression of the "complementary error" erfc (x ), which is defined as

erfc(x):l-—en‘(x):-:j-z_;! e dr (3.5.25)
with fractional error everywhere less than 1.2 x 10‘7, i.e.
i=9 .
efc (x)=uexp| —z2+ Y qu'| +e(x) (3.5.26)
i=0

le(x)|<1.2x1077  ( for any x )

where the definition of i, z and the coefficients are

r

z=|x|

1
= T4052

and
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ao =— 1.26551223
a, =+ 1.00002368
a, =+ 0.37409196
a3 =+ 0.09678418
a4 =- 0.18628806
1 as=+0.27886807
ag = 1.13520398
a; =+ 1.48851587
ag = - 0.82215223
ag =+0.17087277 .

.61 -
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CHAPTER FOUR
THE OBSERVATION AND DATA FITTING

4.1 Introduction

Pcrpcndicuiar (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 (B;=195(kG)) and high

(B, =3.5(kG)) toroidal magnetic field at the fill pressure 10 (mTor‘r‘). Diffusion

coefficient was obtained by observation of the Cj; and Cyy lines, involving a spatial

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

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 Dy, Dy for C™ ions) for the fitting of Cyy light signals, and
two more parameters (the parallel and perpendicular diffusion coefficients D3|, D3|

for C** ions) for the fitting of Cyy; light signals.

The fitting procedure for Cj; signals is that first 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 D || and D | 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 D, appears in the exponential part (see
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equation (3.5.11)) while D | is included in the denominator when we setx =y =0and

z # 0; therefore D || has more effect on the data than D | in this geometry. Then the

fitting of perpendicular measurement was done by using the values -of [ -;—-] and Dy

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

Cyr light, ihe values of D3| and Dzl were kept constant in the fitting of the dif-

1
I

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

measurement first, and then for the perpendicular one.

All of the three models, i.e. the delta function source model, the squarewave func-
tion source model and the sinewave function source model, were used in the numerical
fitting in each case. Since they all 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 all 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 (usec) of the 0.2 (usec) digitizer sampling period; and the fastest
characteristic time for the signal change is about 5 — 10 (isec) depending on the loca-

tion of the view point.

4.2 The Diffusion Coefficient Measurements

The Cj; light measurements along the radial and toroidal directions at low toroidal
magnetic field (B, = 1.95 (kG) ) and the theoretically predicted curves from the delta
function source model are shown in Fig.4.1(a) ana (b), respectively; and the case for
higher toroidal magnetic field ( B; = 3.5 (kG) ) is shown in Fig.4.2(a) and (b). Fig.4.3(a)
and (b) show Cyy light signals in the perpendicular and parallel directions at low ¢
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B-field, and Fig.4.4(a) and (b) for high B-field. In all of the numerical fitting, the ioniza-

tion time [-}—] is fixed at 30.0 (wsec) according to the electron temperature

(4—- 10 (¢V)) and density (1 -3 x 10" (cm™3)) in the HBT plasmas[18]. But in order

to get the best fit on the tail part of the data (e.g. when ¢ 2 50.0 (Wsec) ), [ %] has to be

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

We next present a list of the five adjustable parameters used in the numerical
fitting for each case at different spatial location in the plasma and different magnc‘u'c
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 magnetic

probe, Rogowski coil, etc..

e Case 1: for Cy light (shown in Fig.4.1(a)):
Low Toroidal B—field at B, =195 (kG ),
Along Minor—radial Direction: x = 1.5 cm, 2.5 cm, 4.7 cm and

y=z=00cm,

Dy = 14.0(m2/sec ),
Dy =9.5(m?/sec),

L-;—:?’O.O(usec).

A

e Case2: for Cy light (shown in Fig.4.1(b)):

Low Toroidal B-field at B,=1.95 (kG ), |
Along Toroidal Direction: z = 1.5 cm, 2.5 cm, 4.7 cm and

x=y=00cm,
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D2"=14.0(m2/sec),
1‘D21=9.5(m2/sec),

—1-=30.0(usec).
i

e Case3: for Cy light (shown in Fig.4.2(a)):
High Toroidal B~field at B, =3.5(kG ),
Along Minor —radial Direction: x = 1.5 cm, 2.5 cm, 4.7 cm and

y=z=00cm,

D2” =14.0 (m2/sec ),
ﬁDgl=5.5(m2/sec),

-;—=30.0(psec).

-

e Case 4: for Cy light (shown in Fig.4.2(b)):

High Toroidal B~field at B, =3.5 (kG ),
Along Toroidal Direction: z = 1.5 cm, 2.5 cm, 4.7 cm and

x=y=00cm,

,

D, =14.0(m2/sec),
I
1Dgl=5.5-'m2/sec),

-}—=30.,0(usec).

~

e CaseS: for Cyy light (shown in Fig.4.3(a)):

Low Toroidal B-field at B, =1.95 (kG ),
Along Minor—radial Direction: x = 1.5 cm, 2.5 cm, 4.7 cm and

y=z=00cm,
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i
Dy =140 (m?/sec ),
Djy| =9.5(m?sec),
{D3p=38(m?/sec),

D3| =33(m%Isec),

-]1—=30.0(usec).

.

o Case 6: for Cyy light (shown in Fig.4.3(b)):

Low Toroidal B-field at B,=195( %G ),
Along Toroidal Direction: z = 1.5 ..n, 2.5 cm, 4.7 cm and

x=y=00cm,

Dy =140 (m?/sec),
D, =9.5(m?/sec),
Dy =38 (m?/sec),
D3l=3.3(m2/sec),

A

—}-=30.0(psec).

-

e Case7: for Cyy light (shown in Fig.4.4(a)):
{High Toroidal B-field at B, =3.5 (kG ),

Along Minor—radial Direction: x=1.5cm, 2.5¢cm, 4.7 cm .. |

y=z=00cm,

~

Dy =149 (m?/sec ),
Dy 5.5 (m?/sec ),
D3 =38 (m?/sec),

D3| =2.0(m?/sec),

—A

%=30.0(_usec).

-70 -
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o Case 8: for Cyy light (shown in Fig.4.4(b)):

High Toroidal B —field at B; =3.5 (kG ),
Along Toroidal Direction: z = 1.5 cm, 2.5 cm, 4.7 cm .ad

x=y=00cm,

Dyj=14.0 (m?/sec),
Dy =55(m?/sec),
{ D3y =38 (m*/sec),
D3| =2.0(m?/sec),

—;—=30.0(usec).

.

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
ir Fig.4.5, and the perpendicular diffusion coefficients are presented in Fig.4.6 in the
same way. It should be pointed out that the diffusion coefficients obtained from the
measurements at distance 4.7 (cm) 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 pe:,cadicular diffusion soefficients for C* and C** ions are plotted versus

the toroidal 1nagnetic 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 diffvsion coefficients, D 3,
D3|, D3, and D3 |, are found to be independent of the location of the observation
point, as would expected if the diffusion rnodel is correct. Second, the dependence on
the toroidal magneatic field is observed only for perpendicular diffusion coefficients. The.
toroidal magnesic field may affect the parallel diffusion coefficient through the electron

temperature and density, out there is no evidence to show the direct dependence of the
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Dall (m?/sec) Dy| (m?® /sec)
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Figure 4.5 The parallel diffusion coefficients for Cyy and Cyy at different
radial and toroidal locations from the source point. Low B; is for
B, =1.95 (kG) and high B; is for B; =3.5 (kG).
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Figure 4.6 The perpendicular diffusion coefficients for Cpy and Cyyy at

different radial and toroidal locaticns from the source point. Low
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parailel 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 g?.iffusion coefficient can result in a visibly dif-
ferent curve. The fitting scnsisi.jwi;y /}déécr'eases as the observation distance from' the
source point increases. When the ‘viev)( pbint is 4.7 (cm) 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 thc 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), or some instability which can cause a sudden bulk

motion of the plasma into or out of the 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 (usec)) compared
with the characteristic diffusion tin.e scale ( 50 — 100 (usec) ). 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.

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

also cause a convective motion.
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Now we consider the carbon probe to be located at the origin of the staric coordi-
nate system O —xyz (i.e. the lab frame), while another coordinate system, say O’-x'y'z’,
is moving with the plasma at the convective velocity Vc(t). Since the convective velo-
city is much smaller than the speed of light (i.c. non-relativistic case), then, according
to Galilean rciativity, the transformation of time and spacclcoordinatcs between these

two systems is:

t=t’
The diffusion problem can be written in the system of either O —xyz or 0’-xy’z’ as fol-
lows: |
%n(:,?):p V2 (1,P)-An (4, P)+S(1,7) 4.32)
(in O—xyz system ),
or

-g; n(, P )=DV'2in(t,?)-An(,7)+S(,7) 4.3.3)
(in O’=x"y’z’ system ) .

Note here we have assumed tk at the diffusion coefficients are the same in both systems.

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

_q_[_@_]__f 3 a?'H 2 a?']
2" o9 | 97) | a7 o7 | a7 o7
I O T D
o7 | a7r) o2

A
Vi ——=
o7

(4.34)

Even though equations (4.3.2) and (4.3.3) have the same form, the source terms in
these two equations are different. In O —xyz system, the source is at rest me =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:
V 'source =vsource -vc = "'vc . (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:

e -At

1 X
8 n3/2 \DyiDyi\D;t

G(1,xy,2)=

’2 ’2 r2

X y z
- - - , 436
P 4D,t 4Dyt 4Dyt ‘ 4:36)

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 in the two coordinate

systems[25] (proof is omitted here):
n (L, P )=n(,P-V.1). (4.3.7)

This is generally true for all of t :e three models. Next, for simplicity, 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:

e -At

13/7 x
8 m°'" \Dxt\Dyt\D,t

n(t,x\y,2)=

(x =Vt )2 _ (y"'vc.yt )2 _ (z-V,,t )2
4Dt 4Dyt 4D,

exp| - (4.3.8)

When the convective velocity VC =0, then we have n (¢, x",y",2")=n (¢, x,y,2 ). Also

from equation (4.3.8), when| 7 | > |T/‘c 1|, the convective term is negligible, here |7 |is



CHAPTER 4. THE OBSERVATION AND DATA FITTING - -78-

the distance between the observation point and the source point, and ¢ is the characteris-
tic diffusion time. Since r2 = Dt, then we can express the criterion for the negligence of

convective effect as:
"
VAP [ -‘;’-] . 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 (m?/sec) for either D, (and Dy,

¥%
or low and high magnetic field cases, then the quantity { —?—] on the right hand side

of equation (4.3.8), for r = 1.5, 2.5, and 4.7 (cm), is 333.0, 200.0 and 106.0 (m/sec),

%
respectively. Taking the average value of [ -1-3—] = 200.0 (m/sec), then V, < 2 x 10*

(cm/sec) is required to neglect the convection flow in the minor-radial direction. This is
also means t.at the plasma should move, convectively, « 1.0 (cm) in 50.0 (psec),
which is the characteristic time sc:alc‘for the carbon ion diffusion. According to the
internal magxictic probe data, the toroidal magnetic field lines are stationary as to radial
motion during 50.0 (sec) time scale. Therefore, if the plasma flows, it would have to
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 magnztic

field will decay away in a diffusion time[28]:

4nop L
14= ——71——— (in CGS unir), (4.3.10)

where L is the characteristic length scale of spatial variation of E(choscn as the plasma
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radius L = a =5.0 (cm)); oy = L is the plasma conductivity across B The plasma

resistivity transverse to the magnetic field, 0, is given by the following formula[29]:

10_4 ZInA

= 1.04 X Qm 4.3.11
il T @V" (S2m) ( )
(in MKS Unit),
or
ZlnA
=1.16 x 10714 —=—— (second 4.3.12

(in Gaussian Unit ) .

When we choose T, =10 (eV), Z=1, and In A=10, then ny=37x 10713 (sec), the

magnetic diffusion time is:

L 4nL?
Td= )
nye

_ 47 x50 (cm?)
3.7 x 10715 (sec) x 9 x 1020 (cm?/sec?)

=9.43 x 1075 (sec) =94.3 (usec) .

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

velocity should be

a 50 \{Cﬂl)

T o S

T 14 9.43x107 (sec)
=5.3 % 10* (cm/sec) = 530.0 (m/sec) .

c

Howev:r, from the H o light measurement which will be discussed in chapter six,
the emis¢’ ity contour 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 cnough to affect the radial diffusion of carbon
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ions in the characteristic diffusion time scale.

The criterion to neglect convection when taking the measurement in the toroidal
direction is also V, < 2 x 10% (cm/sec) 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 D, still appears in the

(Veut 2 .
—————. This is easy to understand physically

exponential part through the factor —
since toroidal convection will carry away the carbon ions (in the toroidal direction)
from the volume located along the mincr-radial direction where the measurement is
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 II line[30]. It was found that,
typically, ‘thc toroidal flow motion is in the same direction as the plasma current at an
average velocity of V,, =V g = 106 (cm/seé), a small fraction of the plasma ion ther-
mal speed. This is much larger than the criterion value 10* (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 (pLsec).

In order to get a quantitative estimate of the convection effect, some 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 threé 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 V., = 0.0, 1.0, 10.0, 100.0, 1,000.0 and 10,000.0
(m/sec), and the radial convection velocity is V. , == 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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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
range of 10,000.0 (m/sec), the solution is nearly zero because the convection effect is
so strong that almost all of the carbon ions are quickly moved away by the convective
flow. Experimentally, we don’t observe this phenomena, so the plasma toroidal flow, if
it exists, must happen only in the early time of the discharge and should quickly decay

10 a very small value (lower than 100.0-1,000.0 (m/ sec) ).

4.4 Error Analysis

In obtaining the diffusion coefficients of carbon ions, several sources of error exist
not only in the measurement of the spectral emission from the jons but also in the

numerical fitting of the light signal. These errorr are discussed below.

(a) The uncertainty in determination the ionization time [ -}-} from C* to C*™* state.

The value of [ -}-—] used in the simulatdon was varied between 20 — 40 (usec). The

average duration times for the three pulses in the source discharge are 8.0 (usec),

16.0 (usec) and 18.0 (usec), all shorter than the value of [ -}-] . So during the early

time of the diffusion process this effect is not strong and only about 40 — 50 (usec) later

does the ionization process become more important through the factor e~". Variation in

[ -%—} can occur because of the the uncertainties in the plasma pararneters n, and T,

and thus D and D| are effected by the ionization rate. For example, when using the
formula from the corona model (see section 3.3) or the data for the ionization rate

coefficient as shown in Fig.3.8, the uncertainties in n, and T, will cause the ionization
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time to vary within a certain range; this range becomes larger especially when T, is
lower.

(b) The uncertainty in determination the distance from the carbon probe to the observa-
ton 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
plesma emission or from the PMT noise. This noise introduces uncertainty in the

numierical fitting procedure.

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 1mmodel can be written as:

= e T ex x2 +y? 422
=32 Dy P 4D, 1
=ri ( L X ,Y, 2, Tion.s D2 ) . (441)

Since ny; is the function of 1, X, , 2, Tion., and D 5, then the total derivative [31-32] of ny
is:

!

N e T exp _12+22+22 N
82 D%/2 (312 4D, ¢

Any =

-—’—-mw,,-iwz— L (xAv+yAy+2zAz)| . (4.42)
tonl T2 D, 2Dyt
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Note here we have assumed that Ar =0, i.e. the time delay caused by the electronics can
be neglected and the time measurement is accurate. The quantities ATy, , Any, Ax, Ay,
and Az are the uncertainties of the ionization time, the measurement of the light emis-
sion from carbon ions, and the spatiai resolution of the optical system. It is also
assumed that all of these errors are independent and uncorrelated. AD, is the uncer-
tainty of the diffusion coefficient resulting from all of the uncertainties discussed above.

Equation (4.4.2) can be rewritten as:

An AD
n__t ATigy, 3 2

nr Tion T2 D, ZDZ

(xAx +yAy +ZAz). (4.4.3)

Now we'use A* T, , A*ny, A'x, A"y, Az, and A*D, to denote the maximum absolute
error of the quantities T, , Ny, X, ¥, Z and D, respectively, then the maximum relative

error of the diffusion coefficient can be expressed as:

. A°D, 2 A‘n,,
0Dy= == At +
7Dy T3 [ Iz, * T
1 L 4 L4 *
+|z]a'z) |. 4.4.4
T (K818 +lz1a%) @44

When taking the measurement along the minor-radial direction, i.e. y =z =0, then
equation (4.4.4) is further simplified as:

A'D,

"D2=15,1

.

2 4 . A ni [xl .

_2 ATt + + A'x | (4.4.5)
3 lt?a,,_l 7 mgl 12Dt } |

Equation (4.4.5) indicates several issues. First, 8D is a function of time. When

time ¢ increases, 8"D, increases as ?,__IA Tion. and thus the uncertainty of the
'fum

A’ ny
ionization time becomes more and more important as time increases. Second, -I——I—
nir
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represents the ratio of noise-to-signal which is also a function of time, and becomes

- larger since the signal decreases as t increases. Third, Elﬁl—A x means that the
2!

closer to the source, the smaller is the relative error of the measurement. Also, a larger

diffusion coefficient results in smaller relative error since the diffusion process is much

I . )
——— is smaller as either the
\npr |

diffusion coefficient becomes larger or the observation point becomes closer to the

more dominant than other processes. The contribution

source. Finally, equation (4.4.5) indicates that when the maximum absolute error A’xis
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'Tion
=20.0 {isec) because this is the maximum uncertainty in the numerical fitting, A*x
=0.3 (cm) (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

*

An
t = 10.0 (usec), with —I—;—I]l- = 10% at this time. If the typical value of D is chosen as
|

D, =11.5 (m?/sec) as the average between D) and D, |, then we have the maximum

relative error of the diffusion coefficient obtained at location x = 1.5 (cm) is:

sp. . AD2 2| 10x20 .. _ 0.015x0.003
27D, 3 302 © O Zx11.5x10x 107
%[022+01+0195] 34.3% . (4.4.6)

Thus, in the best case (i.e. at x = 1.5 (cm) from the probe) the maximum relative error is
about *34.3%, and at x = 2.5 (cm) the error is about +43.1%. However, when at
x = 4.7 (cm), the maximum relztive 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 D5 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 1,,, , 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 t;,, should be the same for
D3 as for D;. Also, there is a similar noise-to-signal ratio for the measurements of Cjy
and Cyy light, so it is reasonable to conclude that D 5 has a similar experimental error as

D,.
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CHAPTER FIVE
CARBON ION DIFFUSION IN HBT

5.1 Introduction

In this chapter, we start our discussion with a classical transport theory which
describes particle diffusion in a cylindrical plasma, giving a simple derivation of the
relation between the perpendicular and parallel diffusion coefficients of carbon ions.
Then we made a modification to this reiation due to the toroidal geometry of the mag-
netic field, i.e. the neoclassical transport theory. We use these formula to fit the diffu-

sion data obtained in Chapter Four. Bohm diffusion is also discussed as a comparison.

Our impurity transport falls into the Pfirsch-Schluter (or hydrodynamic) regime for
low-temperature and high-density plasma, and a MHD 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[ -{1——] of impurity ions with plasma ions is large,
cp

and the mean free path (V;u ¢ Tcp) of the impurity ion is much shorter than the connec-
tion length, which is the distance between the inside region of good curvature 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 collision 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 Vi, o 1 SRy g, a carbon ion will
suffer several collisions with plasma protons before it finishes one banana orbit. So the
connection length does provide a basic length scale to distinguish the intrinsic proper-
ties of particle transport (see also section 5.3). The criterion for Pfirsch-Schluter region

is:
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Vihe Tp SRo q, (5.1.1)

where Vy, . is the thermal velocity of carbon ions, T, is the mean collision time
between a carbon ion and a plasma proton, R 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:

Roq
Tep S Vic =1.4x 10" T/T,_.'g'(e_T)— (sec). (5.1.2)

Taking T, = 5.0 (¢V), ¢ = 1.5 for the HBT plasma, then Tep S 9.4 (Usec). From chapter
three we know that at T, = 5.0 (eV), 1., = 0.4 (Wsec), 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 jons, with the number density n,, n, and n,, respectively; but the
carbon ion density is much smaller than the plasma density, i.e. n. <« n, = n,. 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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av,

dt

me ne =Zen (E+V,xB)=kT.Vn,-Ro,, (5.2.1)

where m, is the mass, Vc the velocity, Z the charge number and T, the temperature of
carbon ion, respectively. F and B are the electric and magnetic fields. The term -I?q, is

the friction force on the carbon ions due to the collisions with plasma protons, and can

be written as 'I?cp = Ne Mep Vep (V; "Vc ), where v, = -;l— is the collision frequency
cp

me my

between carbon ions and protons, and mg = ————
me +m,

=my is the reduced mass of car-

_ bon ion and proton. Since IVC | « IVpl so we have ﬁcp = —n.my Vep V;,. We further
assume that the collisions between carbon ions and protons are elastic, then the momen-
tum conservation will be hold and m, 7,, =—-m, Vc is true for each collision. So the
friction term can be approximately expressed as: ﬁm = Ne Me Vep Vc. Here, as an
approximation, we consider only the motion of carbon ions and neglect the motion of
protons. This is also equivalent to assuming that plasma protons form a uniform scatter-
ing background since protons can set up an equilibrium much quickly than carbon ions.
The reason for the simplification is that only under these assumptions can a simple for-
mula be derived which describes the relation between perpendicular and parallel diffu-

sion coefficients.

A more rigorous treatment for impurity transport in the minor-radius direction in
the Pfirsch-Schluter regime can be found in reference [34]. However, for the transport
of carbon ions in HBT plasma, the diffusion along the minor-radial direction is also

coupled with the one along the toroidal direction, and this is explained as below.

The diffusion process of carbon ions is governed by the continuity equation:

on,
—+V T =5, (5.2.2)

or,
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Ze vy B+ 9 By=se, 523

where ?c and S, are the flux and source of carbon ions, and perpendicular ( | ) and
parallel (||) are referred to the toroidal magnetic field. Here we have neglected the Hall
diffusion term which will b: explained soon. Since ? 1=-D| V.| n and ? A=
— Dy V.| nc, where D| and D) are considered to bc indepencent of space and time,

then the continuity equation can be written as:

on,
ot

=5=D V) *ne+D) V) ne. (5.24)

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 . is zero
because there is almost no local accnmulation of impurity ions along the toroidal direc-
tion. Another reason for V||2 n. =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 is; a pulsed point
source. Also, the HBT plasma is collisionally dominanted because of its low tempera-
ture and high density, and D) is in the almost the same order as D |, i.e. the parallel dif-
fusion is stronger than, but comparable with, the perpendicular diffusion. So, V), 2 p. is
not zero. Since the source releases a finite amount of carbon ions in each discharge, the

aensity contours of carbon ions will be a set of nested ellipsoids.

Return to equation (5.2.1), and choose the direction of B as the z—axis, and x— and

y— axes in the plane which is perpendicular to B. Since the collision frequency v, is

e d .
much larger than the characteristic time change rate a 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:

) on
ne M Vep Va=ZencE,—ch—5;c-+ZencB Vey » (5.2.5)
anc ’ .
Be M Vep Vc),:ZencEy—ch-é-}—-ZencB Ve » (5.2.6)
on,

n-mMm. Voo Ver=Z enc E; -k T, (5.2.7)

ox

Define the parallel mobility, 1, and the parallel diffusion coefficient, D), of carbon

ions as follows:

=42l (5.2.8)
m; Ve
and
kT,
Dj=——, (5.29)
Mme Vep

| then (3.2.5)-(5.2.7) can be rewritten as:

2 Dy dn 2 Ey
[1+(Qc1cp) ]Va=u|lEx—°—3?+(Q 'tcp) "E‘
kT. 1 on
- 2 -
(Q:%5) 7—% 3y (5.2.10)
Dy o n. E
[1+(€ Tcp) ]ch ll||E "'—'_a__(ﬂc. cp) vy
C
kT. 1 on ,
+(Q Tep) Ze; sti, (5.2.11)
Dy dn.
V,_.,=|,L“Ez——n——'-'a—2—. ‘ (5.2.12)

Where Q. = jZ;eJ_B_ is the gyrofrequency of carbon ions. We further define the perpen-

(o
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dicular mobility, u, the Hall mobility, |y, the perpendicular diffusion coefficient, D |,
1 : 1

and the Hall diffusion coefficient, Dy, of carbon ions as follows:

ad

= : 5.2.13
N T (et G219

K (€ Tep ) ‘
= , 5.2.14
(Rt ? (219
[ YRep—] — (5.2.15)

1+(Qc 1 )?
and

- DS t) (5.2.16)

(et )

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 eiectric field:

| . ‘ Ve K Ha O E,
Ty | =n| Vo | =n| -mum 0| | |, (5217
I Ve 0 0 W E,
ie.: |
T.=nV=n9F, (5.2.18)

or by the number density gradient of carbon ions themselves:

I- Fex Ve Dy Dy 0 Ven
. Tey| =nc| Vo | ==-n.| =Dy D O Vyne |, (5.2.19)
[_ Ie, Ve 0 0 Dy V,n.
ie.
?c=ch=—ncB'-vnc : (5.2.20)

Where‘-;f'ands)arc the mobility and diffusion coefficient tensors, respectively.

The only off-diagonal element in D'is the Hall diffusion coefficient, Dy, which is
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smaller than the transverse diffusion coefficient D |, since Dy = (€2; T ) D| when

-~ b . - . D
(QTp)x1l, Dy= > when (€215 )=1, and Dy= m when

( Q¢ Tcp ) > 1. The Hall diffusion is in the direction perpendicular to both Band V ng.
Since the carbon probe is a point source, then the Hall diffusion can happen in any
radial direction from the source on the plane which is perpendicular to the toroidal mag-

netic field.

Equations (5.2.10) and (5.2.11) can be combined into the vector form:

' Vine (1)
= B -D| —2 <P Voe+Vop). (5221
VersmBL-PL e g Ty (e o). 6220

Where VC,E and Vc,p are the ? x—Eand diamagnetic drifts of carbon ions, respectively,
defined as:

Vo= ExB

=7 (5.2.22)

and

—)

kT.Vn.xB
Vop=-——"——. (5.2.23)

Z.en B

Note in equation (5.2.23) we have assumed that T, is independent of the space coordi-

nate.
In equation (5.2.21), the first term y| El is the drift velocity of the carbon ion

driven by the perpendicular electric field, which can be estimated as k T./ a e where a

is the plasma minor radius. Since

B _ K
Ei=
1+(Q 1y ) L 2

[ ze [T zikT1,
T me Ve ae|  m ’

W E|= E,
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we get the numerical formula as:
[k ?l |=4.02x 108 Z, T, (eV} Tep (s€C) (ml/sec). (5.2.24)

Note here we have assumed that (€ o 2 ~ 1. If (Q¢ %, )% > 1, | E | will be
smaller than the value from (5.2.21). For Z, = 1, T, = 5 (eV)), since 1, = 0.5 (usec), we
[y ?1 |= 2.0 (m/sec).

\%
The second term in (5.2.21), =D L% , is the drift velocity by the density gra-
. . . . s . . . V_l_ n. 1
dient of carhon ions themselves, .e. the Fick’s law of diffusion. Since . ~ -E,
c

where L is the densi* -ale length, and L = 0.5 (cm) is a reasonable estimate for our

experiment, we have:

Virne, D)
D —t—t = (5.2.25)
|I-D| , I T
2 .
= ——-————-—-—5'0 (m 3/3“" =10° (m/sec) ,
5x107° (m)

which is much larger than |p| ?1, |; so the drift from the perpendicular electric field can
be neglected compared with the diffusion term.

The other two termas in equation (5.2.21), Vc g and 'V,_. , are the usual E xB and
diamagnetic drifts perpendicular to the gradients of the electric potential and number
density of carbon ions. These two drifts are slowed dowm by collisions with plasma pro-
tons since the drag factor

(Qc'tcp)2 _ 1
=
LO+(Q 1) 1.0+[1c_,,_

= -3 0

Q.

when v, — o The E x B drift can be calculated using the following formula:

EWVim)
V..rl= BT (misec) . (5.2.26)
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Since E = = 100.0 (V/m), then V g = 333.3 (m/sc.'). Multi-

kT, - 5eV
ae 50(m)-e

plying by the drag factor, the E x B drift is about 200.0 (m/sec), which is still smaller

than the diffusion velocity term and is therefore neglected. The magnitude of VC,D is

casily computed from the formula:

kT, (eV) 1
Venl= B(T) L (n)

(m/sec) . (5.2.27)

When we choose kT.=5(eV), B=03(T), asd L=05/cm), then V. p=
3.3 x 10° (m/sec), which is larger than the diffusion velocity. However, the "diamag-
netic drift" is a term which describes the fluid drift perpendicular to V n, and l_?), even
though the guiding centers of the carbon ions are stationary. So the diamagnetic drift is
not a convective flow and it doesn’t actually remove the carbon ions away from the

source volume in question.

A similar estimate can be made for equation (5.2.12) which describes the motion

of carbon ions along the toroidal magnetic field. Since

E,z[v“’"”}~ 100D __ _0.64(Vim),

2nR |~ 2rx0.250m)

Vin
ie.E, «E|,andso | E, « D) -J’[Tf- Therefore, the motion of carbon ions along the
(o

magnetic field is also dominated by diffusion rather than a drift from the toroidal elec-
tric field.

The product ( £ 1., )? is a very important quantity in the diffusion process of car-
bon ions. When ( Q. 1, )* < 1, the magnetic field has little effect on the diffusion
since the mean free path of carbon ion is much smaller than its Larmor radius. When
(Lee 1ep )? 3 1, the magnetic field significantly retards the rate of diffusion across B as
now thie Larmor radius is smaller than the mean free path of carbon ion and a collision
will happen only after several gyrations.
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Next are some numerical formulae for the calculations where the subscripts ¢ and

p denote the carbon ion and proton, respectively.

e (a): The Coulomb logarithm for mixed ion-ion collisions[35]:

=23 -In

Z.Z, (he + 1) [ n 22 ncz,%r}

(5.2.28
He Tp+ 15 T T, T, ,)

where |, = . 12 and W, = e 2 1 are the mass of carbon ion and proton expressed
My P m

in units of proton mass; T, and T, are the temperatures, Z. and Z, the charge numbers,
and n, and n, the number densities (cm'3) of carbon ions and protons, respectively.

Since n. <« n,, and we assume T, = T,, we have:

InAg=23-In

(3.2.29)

Z% n;,/’ (em™)
TY2 (eV)

The average value cfln A, is about 7-10 for HBT plasma (see Table 3).

Table 3: The Coulomb logarithm InA, of the carbon

ions at different plasma densities* and temperatures'

4 5 6 7 8 9 10
e e

Z.=1 | 8% | 930 | 957 9.80 10.00 10.18 10.34
1.0

Z.=2 | 7.58 7.91 8.18 8.41 8.61 8.79 8.95

Z.=1 | 861 8.95 9.22 9.45 9.65 9.83 v.99
2.0

Z.=2 | 723 | 7.56 | 184 8.07 8.27 8.44 8.60

Z.=1 | 841 8.75 9.02 9.25 945 9.63 9.79
3.0

Z.=2 | 7.03 7.36 7.63 71.87 8.07 8.24 8.40

* The plasma density is n, = n; = 1.0, 2.0 and 3.0x10" (cm ).
t The temperature variesas 7. =7,=T; =4, 5, ..., 10 (eV).
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e (b): The gyrofrequency of carbon ion:

Z.B (T
Q. =9.58 x 10 —f—zi-)— (radlsec) , (5.2.30)
c

where A, = 12 and Z_ are the atomic mass and the charge number of the carbon ion,

respectively, and B is the magnetic filed in Tesla (T).

e (c): The Larmor radius of carbon ion:
Since the thermal velocity of carbon inns on the plane which is perpendicular to B
is:

2kT, % ”
Vc.1= — =4,01x1 \/T‘C €Vy (ml/sec), (5.2.31)

(o4
then the Larmor radius is:

_ Vel _ (2kT.m, )%
Pe = Q.  Z.eB

(m) . (5.2.32)
AtT.=5.0(eV)and B = 0.3 (T), p. = 3.7 (mm) for Z. =1, and g, = 1.9 (mm) for Z, =2.

e (d): The collision time of the carbon ion with a proton:

AZ T2 (ev)

T, =3.91x 107 (sec) . (5.2.33)
i Z2Z% n, (cm™)In A,
e (¢): The mean free path of carbon ion:
3T, | %
Ay = Veun Tep = [ ""m_c"":'] Tep
; T2 (eV
= 6.65 x 101! : V) (m) . (5.2.34)

Z2 n, (cm™)1n A,

At T, =5(eV) and n, =2 x 101 (cm™3), 7"'~!p =9.2 (mm) fu: Z. =1 and 2.3 (mm) for
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Z, =2

o (): The (L Tep )2 factor:

B2 (1) T2 (eV)

(Q 7 )? =14x10° . 5.235
< Z2Z} Ao n2 (em™) (In A, )? 233
If we write n, =N, x 101 (cm™3) and B in kG, since A; = 12, Z5 = 1, then
) B% (kG) T2 (ev)
(Qc 1 )2 = 1.1667 (5.2.36)

ZIN2(InAg )

The value of (€2 1, )? 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 Z. =2 is about 1/4 of
that for Z; = 1 if we neglect the small variation in In A,. So for the HBT plasma,
(Qc e )? 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 n, =3 X 10 (cm™3).

e (g): The parallel diffusion coefficient:

1., 8k T, kT,
D= VC ave Tep = 3 gy =0.85 ";;— Tep - (5.2.37)

Where V. 4. is the average velocity of carbon ions assuming a Maxwellian distribution.

Using equation (5.2.33) D|| can be numerically expressed as:

T2 (eV)
Z2ZL A% ny(em™) In A,

D =3.2x 10" (m?/sec) . (5.2.38)

Since VA, =3.464, Z:=1, and also write n,= N, x 10" (cm™), then (5.2.30)

becomes:

T2 (eV )
D) =9.24 — (m®/sec) . (5.2.39)
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Table 4: The (€2.7¢p )2 factor of the carbon ions for different

plasma densities* and temperatures t atB, =2.0 (kG)

4 5 6 7 8 9 10
— e =

Z.=1 | 372 6.74 11.01 16.67 23.89 32.83 43.65
1.0

Z.=2 | 130 | 233 3.77 5.66 8.06 | 11.01 | 1457

Z.=1 1.01 1.82 296 448 6.41 8.80 11.69
2.0

Z.=2 | 0.36 0.64 1.02 1.54 2.18 298 394

Z.=1 | 047 0.85 138 2.08 2.97 4.08 541
3.0

Z.=2 | 017 0.30 048 0.72 1.02 1.39 1.84

Table 5: The (Q.1.,)? factor of the carbon ions for different
plasma densities* and temperatures * at B; = 3.5 (kG)
4 5 6 7 8 9 10
e

Z.=1 11.39 20.60 337 51.04 73.18 100.54 133.68
1.0 ‘

Z.=2 3.98 1.14 11.53 17.33 24.68 331 44,61

Z. =1 3.08 5.58 9.08 13.72 19.64 26.96 35.80
20 -

Z.=2 1.09 1.95 3.14 4.70 6.69 9.14 12.08

Z. =1 1.44 2.59 422 6.37 9.10 12.48 16.57
3.0

Z. =2 0.51 0.92 147 220 3.12 426 5.63

» The plasma density is n, = n; = 1.0, 2.0 and 3.0x10'* (cm™?).
t The temperature variesas T, =T, =T; =4, 5, ..., 10 (eV).
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As D) depends on Z; as 'z'lz_' then Dy = 4.0 D3| if we neglect the slow variation in
c

In Agp.

e (h): The perpendicular diffusion coefficient:

If (7 )? is about unity, then D | should be calculated using the equations
(5.2.15), (5.2.36) and (5.2.39). However, if (€. T, ¥ > 1, the following limiting form
will be adopted:

12
b Dby 3w
1= 2 - 2 - 2.2
1+(Qctcp) (Qc’tcp) c'rcp
1| 8 kT, 2k T,
3 ® m e vi _ Qip?
S Qi 2021, 2Q%1, 2Qit,’
ie. ‘
p2 |
D= . (5.2.40)
) Tep
%
2k Tc . . . . -
Where V. | = is the perpendicular (with respect to the magnetic field B)
Ql mc

velocity of carbon ion. Equation (5.2.40) shows that in a su'ongly magnetized plasma
the perpendicular diffusion is a random-walk process with a step length p., the Larmor
radius, rather than the mean free path Ay of carbon ion, since now p. < A,y. More
detailed calculations gives the following formula:

VA: n, (cm™)1n A,
B2 (T)\TZ (eV)

If the magnetic field B is in (kG), and write the plasma density as

(m?/sec), (5.2.41)

D) =228x107¢

n, = Np X 1014 (cm’3), then equation (5.2.41) can be expressed as:
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N, In A,

B? (kG)\T; (V)

An important feature of equation (5.2.41) is that D is independent of Z, the

Dl =7.89

(m?/sec), (5.2.42)

charge number of the carbon ions, except for the weak dependehce on Z,. in the

Coulomb logarithm In A.,. This can be explained from equation (5.2.40) since p% ~

—le- and T ~ -21-5— The Z.-dependence of D is cancelled out when the plasma is

c c

strongly magnetized because for higher Z. carbon ions, which have smaller Larmor

radius, the collision time between carbon ions and protons is also smaller, resulting in

2

the factor —Ec— unchanged. But this is not true for a weakly magnetized plasma since
cp

now several collisions between carbon ion and protens can happen during one gyration
of a carbon ion. Our carbon probe experiment belongs to this case and the Z-

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 E)ﬁeld lines are straight and uniform. There are
three length scales when we discuss the transport of carbon ions: the connection length
Rg g, the plasma minor radius @ and the mean free path of carbon ions Ag. The
approximation of uniform cylindrical geometry of the magnetic field, discussed in sec-
tion 4.2, is true as long as A, < a since now the temporal and spatial variations of the
magnetic field and other plasma parameters are slow and small compared with 1, and

Amgp. In the carbon probe experiment @ = 5.0 (cm) and Ampp 0.9 (cm) at T, = 5.0 (eV)

T2
and n, = 2.0 x 10" (cm ™), 50 Ay, < a. However, Apg, ~ “}}i which is highly depen-
(

dent on the temperature of carbon ions; e.g. Amgp = 4.0 (cm) ~a if we choose T, =

10.0 (¢V) and n, = 2.0 x 10" (cm™). When Ap ~ a, but < Ry g, the non-uniformity
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of the magnetic field due to the toroidal geometry can not be neglected because a car-
bon jon 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 Anp < Ry g, 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, Apg ~ Ro @, OF App > R g, the particle orbit
 effect of impurity ions, which are trapred 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], respec;ively, and will not be discussed here.

Rutherford[34] calculated 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:

1 a0
z; ! ‘Z(TilTi

c3\{op m op| 5 C2 0T,
+ - -, 5.3.1
X{[Cl C3] [ or nZ dr 2 C, i’ or ( )
where the subscripts i and / refer to the plasma ions (i.. the protons) and impurity ions,

. rB . (2m T:)"% .
respectively; ¢ = is the safety factor, and p; = ——————— is the Larmor radius

FFS

1" ==

of the plasma ion. The three coefficients, C;, C, and C, are functions of @, defined as
z?
n;

o=

,that characterizes the strength of the impurity effects. It is useful to compare

o with Z°, the Z —effective[41], defined as n, z'= > ng Z2, where the electron density
s

n, satisfies charge neutrality n, = ¥ ny Z,. In our carbon probe experiment, & ~ 0 since
S
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n < n, Cy =100, C3=221 o and C3 = 5.52 ; then

c% C,
Cy+—=| =1.00 and =%
Cs

= 0.4. The pressure and temperature profiles of the plasma protons can be approximate

as spatially constant because their gradient scales are smaller than that of carbon ions,

T, np K nc )
T - 37 J . (5.3.2)
P c -

Note here Ty, the 30 deflection time of protons by carbon ions, is different from Tep, the

then equation (5.3.1) can be written as:

2
_qzi’z__l_

re=
Tpe Z2

90 deflection time of carbon ions by protons. According to the theory of collision times
discussed in section 3.1, these two differ=nt deflection times can be calculated as fol-

lows.

e For 1p,.:

w

Since now the test particle is proton and field particle is carbon ion, x = "
) 4

3
2

% % %

m T,

[ mc ] [ TP ] — o when assuming T, = T,. Note here we have assumed
p c |

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:

Y 7372
AT, ‘
Z2 22 n . In Ay

5 = 1.015 % 107

eFor 1!

W,
Since now the test particle is carbon ion and field particle is proton, x = ;}i =
p

gl

Equation (3.1.23) gives:

IA
T,
—TL] — 0 when assuming T, = T, and for high-Z impurities.
P
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A T.TH

1., = 1.014 x 107 .
* Z2Z2 A% nyInA,,

The ratio of T, to T, i3:

e _| Ap Tp Ny
Tep | A, T. || n.

Since In Ag, =1n Ape accordirig to equation (5.2.28), then we have:

AR
PEl me || T, re

As the Larmor radius of protons can be expressed as:

In A,

ryw & (5.3.3)

Tep - (5.3.4)

p2 = 2mpyTp _
" (eB )

M| Tl 22 |
(=] (2] s s

me

2m, T, 2m, T, o2
2 “c
2m:Te | (Z.eB; )

then the flux of carbon ion in the minor radial direction is;

2 T, 0 ‘
IS =_q? [ .ﬂ”_] }i] [ .32:—] ) (5.3.6)
p .

Tep
Finally, the collisional radial particle flux of carbon ions can be expressed as[42]:

[NEO el ['FS 8P (5.3.7)
where
2
a__1/|_8 Pe dne
Fe=-1 [ 3n || T or (5.3.8)

is the classical flux driven by the perpendicular component of the friction force I—Q)CP (see
equation (5.2.1) ). The flux I"fs , 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 2P is the long mcan-frec-path (in the banana—plateau regime) contribution
to the neoclassical flux, driven by the pressure anisotropy associated with viscous
forces; this term is only important for low collisionality and can be neglected in our

case. Then equation (5.3.7) becomes:

- TYEO =1 4+TES

2
pc | 1| 8 o1 | 9nc
=—— = |+ ‘ : 3.
Tep 2[31:] q][ ar] (539
‘ ) ‘
Comparing with I"Q’EO = —wa a,:c] , we have the perpendicular particle diffu-

sion coefficient of carbon ions as:

2
DNEO =t£_c_ _;_[3_“1‘] +(,2] , (5.3.10)
cp ‘

Using equations (5.2.32) and (5.2.33), the numerical value of DYE is

N,InAy,
DYEO = 18.46 Bz(kg) ’;“’e ) (0.42+q%) (m%/sec),  (5.3.11)
\J c( ‘

where n, =N, X 10M (cm™3) is the plasma ion density. If we denote the perpendicular

diffusion coefficient in (5.2.42) as D | = Df, then (5.3.11) can be written as:

DYEO =Df' (098 +234¢%) (m?/sec). (5.3.12)

If we neglect the weak dependence on Z; in the Coulomb logarithm In A, D’on is

also independent of Z,, as well as Dj'_’ .

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 E x E)drift for a group of particles; this drift pattern resembles the motion
of a convective cell[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 E—field would be:

D 1 kT (5.4.1
Bokm = T B | (5.4.1)

which is scaled as 713— rather than ;1-2'. The numerical expression of the Bohm diffusion

coefficient is;

Daop = 0.625 £ 12500 | (5.42
Bohm = Y. B(kG) m se‘. )

The temperature in equation (5.4.2) is the plasma electron temperature. As the
thermal equilibration time of carbon ions is very short ( < 1.0 (usec) ) compared with
the characteristic discharge time of the HBT plasma ( ~ 200.0 (isec) ), it is reasonable

kT
to choose T, = T,. Then we use Do ppm = -11?; -"e—B;E- as the Bohm diffusion coefficient of

carbon ions to describe the impurity diffusion process driven by the microscopic

fluctuations cf an electric field rather than by the Coulomb collisions.

5.5 Discussion of Carbon Ion Diffr:ision in HBT

The diffusion coefficients obtained under different approximations are summar-

ized below.

o Whenl,, «a <Rgq:

For (0. 1., AR

Dy = (for Z.=1), (5.5.1)

and
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5 GorZe=n), (552

where the subscripts 2 and 3 refer to Z, =1 (C™ ions) and Z, =2 (C** ions), respec-

tively, and D 2| and D 3| are given from equation (5.2.39).
For (Q, T, )2 »
D{ =Dy =Dy, (5.5.3)

where Dj_’ is given in equation (5.2.41). Note equation (5.5.3) is independent on Z,.

o When A,y ~a <Rg q:
'The neoclassical diffusion case, given in equation (5.3.12):
DB = DF' (098 +234¢%) (m?/sec).
Note here Don is also independent on Z,..

The fill prcssufe of hydrogen gas is 10 mTorr in all of the carbon probe shots. The
CO, interferometer measurements give the average of line-integrated electron density
as 8.0 8.5 x 101 (cm™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 X 1014
(ecm™3), and the averaged ionization degree is ~ 100% (see also Chapter Six for details).
The only uncertainty is the electron temperature 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 (isec), at which the carbon probe was
fired, is less than 10 (eV) from the Thomson scattering measurements in the old
chamber. Therefore, in the fitting of the data of the diffusion coefficients, we keep the
electron density fixed at n, = 3.0 x 10 (cm™3), but let the carbon jon temperature T,

(here we have assumed T.=7,) be varied within a certain range, eg. T.=
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4.0-8.0 (eV).

Fig.5.1 and Fig.5.2 are the fits of D3| and D3 |, respectively, according to (5.5.1)
and (5.5.2). The best fit for both D3| and D3 is obtained at the combination of n, =
3.0 x 10" (cm™3) and T.=4.0~-5.0 (eV). Taking the average of T, = 4.5 (eV), then the
parallel diffusion coefficients of D 3| and D 3| can be calculated using equation (5.2.39)

as.
4.5%2 2
Dy =9.24 =154 (m%/sec),

2l 12 % 3.0 % 8.59

and
5712
Dy =924 246 (m2isec).
2°%x3.0x7.2

Comparing with the averaged measurements of Dj =14.0 (m?/sec) and Dy,
= 4.0 (m2/sec) (see Fig.4.5), there is about 10 — 15% difference between the measured
and calculated values of D )| and D).

In Fig.5.3 and Fig.5.4, the fits are made using the classical and neoclassical diffu-
sion coefficients Df and Don , respectively. From Fig.5.3, even including the 3: 34%
to £43% error bar, the fit of Df is still not good at the same plasma parameters used in
the fit of Fig.5.1 and Fig.5.2, ie. n,=3.0x 10" (cm™3) and T, = 4.0~ 5.0 (V). A
better fit can be obtained at n, = 1.0 x 1014 (cm"3) and T, = 4.0 - 8.0 (eV), but this
violates the electron density measurements. This indicates that our HBT plasma is not
strongly magnetized since (€2 T, )2 is in the order of unity. In Fig.5.4, the curves
from the neoclassical prediction wa are far away from the measured data at n, =
3.0x 10" (cm™3) and T, = 4.0~ 8.0 (eV). A best fit can be obtained at n, = 0.5 x
10" (cm™) and T, ~ 50.0 (¢V), 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 A, < a and the toroidal effect is not important during each gyra-
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tion of the carbon ion.

Also, comparing the fits of Fig.5.1-2 and Fig.5.3-4, the effect of the charge number
Z. is quite obvious; because of the high collisionality of the HBT plasma, the diffusion
of the carbon ions is a 2-D problem. Only in a low collisionality of a plasma, can the
Z.-dependence be neglected and the diffusion of impurity ions be treated by a 1-D

model.

The Bohm diffusion is plotted in Fig.5.5 as a comparison with the classical and
neoclassical diffusion. At the same parameters, i.e. n, = 3.0 x 1014 (em™3) (of course
Dgoam doesn’t depend on n, or Z.) and T, = 4.0 — 8.0 (eV), Dgopn is smaller by ~ 5
than the values of D5, D3 |, D{ and DY0.
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Dy,

Dy = o
2. (Q,,,)?

n, = 3.0x 10" (cm™)

D,, = 14.0 (m* sec)
(from the measurement)

? O High B, for Cpy
@Q
N
&
d“ a
~ ‘-é O
®,

I ' | ! I
0.00 1.00 2.00 3.00 4.00 5.00

B¢ (kG)

Figure 5.1 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, = 3x10™(cm™) and T, = 4~8(eV) .
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6.00— 5
D. = 3l
U1 (@r,)?
n, = 3.0x 10" (cm™)
5.00 D3|| = 4.0 (mz/sec)
(from the measurement)
4 . 00—t~ | X Low B, for Cpy

0 HighB, for Cy

0.00 i I 1 l 1 ] I | I l
0.00 1.00 2.00 3.00 4.00 5.00

B; (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, = 3x10™(cm™) and T, = 4~8(eV) .
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B¢ (kG)

Figure 5.3 The fit of the measured perpendicular diffusion coefficients
using the curves predicted by the 1-D classical transpoit theory for

both the C*and C** ions at n, = 3 x 10 (cm™>) and T, = 4~8
(eV)
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D | (m?/sec)

DNEO = D (0.98 +2.34¢%)
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1 T, =50 eV
7 ‘ - T,= 60 eV
10.0- A T, =170 eV
i T, = 8.0 eV
- &
7 .57
5.0

QO High B, for Cy K Low B, for Ciiy
1 A LowB forCq 0 HighB, for Ciy
O . O 1 I ] I | I LB I LD I
0.00 1.00 2.00 3.00 4.00 5.00
B: (kG)

Figure 5 4 The fit of the measured perpendicular diffusion coefficients
using the curves predicted by the 1-D neoclassical transport theory

for both the C*and C** ions at n, = 3 x 10" (cm™) and
T, = 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 n, = 3 x 10 (cm™) and
T,=4-8(eV) .
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CHAPTER SIX
Hy LIGHT MEASUREMENT

6.1 Introduction

H o light (hydrogen Balmer alpha‘, 6,563 A ) measurement plays a very important
- role in determining the behavior of plasmas in the edge zone, that is, near the wall, In
this region neutral hydrogen, either H or H,, exists and influx of these neutrals along
the minor radius can be obtained by the measurement of H , light emission. The influx
can be used to calculate the recycling time of hydrogen between the wall and the
plasma which relates to the study of plasma ion lbsses due to charge exchange with the
neutrals. The profile of H 4 light emission can also provide a way to obtain the shape (or
the cross-section) of the plasma boundary, which should be found in the region where

the H, emissivity is lower than its peak value on the edge.

In this chapter some physics of the production of Hy 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 H,, Light Production

In the edge region, plasmas are usually characterized by low electron densities
(<101 (em™3) ) and low temperatures ( < 50 (eV) ), and different molecular effects,
such as ionization, charge exchange, excitation and radiative decay, and dissociation,
can all influence the particle and energy transport at the edge[45-46]. The entering
hydrogen molecules H ; are mainly lost in three parallel electron-impact reactions:

e+H,—>H"+H+e  (dissociative excitation) (6.2.1)
e +H,—>H" + H* +2¢ (dissociative ionization) (6.2.2)
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e+Hy—>H3 +2e (ionization) | (6.2.3)

where H* denotes a product atom which may, or not, be the source of H, emission.
Further electron impact collisions may be needed to form more excited atoms, such as

the following reactions

e+H,—>H" +e (atomic excitation) (6.2.4)
e+H{—>H" +H, (dissociative recombination) (6.2.5)
e+H;—>H' +H, +e (dissociative excitation) (6.2.6)

Other collisional processes, such as radiative recombination, dissociation of H*
ions, and charge exchange can be neglected becausz 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 H, photons produced per incoming
molecule. More detailed analysis[47] shows that with less than 30% overall error, the
composite H 4 photon yield per molecule is f ~ 0.05 (photons/ molecule ) in the range‘
of electron temperature T, = 10 ~ 100 (¢V). It should be pointed out that the electron
collision times ( ~ 1078 (sec) ) for low density plasma are much longer than the charac-
teristic decay times of most excited atomic states, ¢.g. the lifetime = 1078 (sec) for
n=3 - n=2 and =0.16 x 107 (sec) for n=2 — n=1 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 H, light emission is also
collected by the wide angle Nikkon (f/2.0, 28 (mum) ) camera lens and focused on 1-D
optical fiber array. Now the sliding 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. Thc
light signals are transmitted to the Jarrel-Ash monochromator (Model 82-000) througﬁ
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 mondchromator, i.e. the level of cross-
talk among these channels can bé 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 ﬁom
the monochromator was coupled to four photomultiplier 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 H, 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 € ( r ), which is a function of radius r
only, is located on the z-axis in a cylindrical coordinate system. The measurement of
€ (r) in the experiment, see Fig.6.2, is the integrated signal along a chord (say, in the

x-direction) as follows:

R
I(3)=[edr=2[ L0

(6.4.1)

rd

sincex2+y?=r2andd x = - xr . The integral / (y ) is a function of y, the position of

a chord along which the integral measurement is taken. Abel inversion[49] gives the

following formula for the derivation of € ( r ) according to the chordal integral / (y ):

R
1l d(y) 4
)= — : 6.4.2
e(r n! 5 T (6.4.2)
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I(y)

Fignre 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 the chordal integral / (y ) and its first

dy)
dy

order derivative will result in large error. Second, in our experiment, the chords

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 / (y) = jC(r, 9)e(r)d.xrathcrt.han](y)=je(r)dxas
used in equations (6.4.1) and (6.4.2). The quantity { (r, 8 ) is the weighting function of
the plasma emissivity by the camera lens and describes the optical géometry pfopertics
of the lens system. Finally, € (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.



CHAPTER 6. H 4 LIGHT MEASUREMENT ‘ -123 -

6.4.2 Improved Abel Inversion

First we assume that the contours of the emissivity ‘are 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 possibl~ 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
outermost zone to satisfy the continuous variation of emissivity, however, later on 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 H, light emissivity we first define the signal vector ?le and the

emissivity vector Ble [50-51]. Then the inversion can be expressed as
© -
Swxt (P, 1)=Aysw - Bysa (P, 1) (6.4.3)

or in the matrix form as

Si] [an aw ...aw| [D;
S2 az axn - - - an| |D2

=l D ) (6.4.4)
LSN apy Gp2 " " Gpp Dy

J L J L .

where ?NXN is the so called mapping matrix and N is the number of channels or zones.



CHAPTER 6. H o LIGHT MEASUREMENT -124 -

i=1,234
j:],Z,"',(L,'/AI)

Figure 6.4 The geometry for the improved Abel inversion.
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Here both the signal and emissivity vectors are functions of space and time, and the
inversion matrix may or may not be the function of time. Then the emissivity vector can

be obtained by solving the set of N linear equations:
- “_
D1 = ANy '?le (6.4.5)

whcrc?ﬁ,lw is the so called inversion matrix which is the inverse of(Z;;xN. 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[SZ-Sé]. A sufficient condi-
tion for the convergence of the iteration is that the mapping matrix ?NxN must be
strictly diagonally dominant, in the sense that the magnitude of each diagonal element
of (Z’lev is larger than the sum of the magnitudes of all the other elements in the sarp<
TOW, i.C.

|| > f‘, laijl (i,j=12,..n) (6.4.6)

ui

In our experimental arrangement this requirement is catisfied.

Now the question is to find the expression for each element, a;; (i,j=1,2,..N), of

matrix Ay.w. Define the volume emission rate of H light as:

number of photons (Ag —>Ag +AR)
3 6.4.7)
cm” - second - sr

D(7P.t)=

where Ay =6,563 A. Since the Jarrel-Ash Ebert Spectrometer has a 1,200 (line/mm)
replica grating which delivers a nominal spectral range of 2,000A to 8,000 A with

linear reciprocal first order dispersion of

1:!":: throughout this entire range, then AA =

1’2’;‘ x 259.0 (wn) = 4.7 (A ) where 259.0 (m) is the width of the output slit in the
monochromator. The dispersive characteristics of the grating spectrometer is that the

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 slit and the solid
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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 + 104 (since AA=4.7A) from Ay_= 6,563 A4, and is |

completely negligible compared with the H 4 light intensity.

The signal received in the i * channel (or chord) now can be written as:

Si (P t)=Na [[[D (P, 1)dQ(P){(P)aV
Vi

_ number of photons (Ag = Ao +A L)
- second '

(6.4.8)

The integral is taken over V;, the whole volume of the i* chord. The distance between
the plasma midplane and the lens (Zg = 33.0 (cm) ) 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 djp,,
= 11.0 x 600.0 (Wwn) = 0.66 (cm), (6.4.9)

so the field of view of the chord is considered as a cylinder with the volume

V= -‘11— 7 d2L; where L; is the length of the i ** chord.

The solid angle at point 7 in the field of view subtended at the observation point

by d S, the aperture area of the camera lens, is dQ(7 )= ST Also as
dS « | P12, 50dQ (7 )=dQy = constant and calculated as
2
dQy =45 = 134 emy 415107 (or) (6.4.10)

Z3  [33.0(cm) )

The quantity T,y indicates the total transmissive coefficient of the optical system

which is much less than unity and dependent on the total loss in the system. 1,5y Will
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be discussed in detail in next section. The weighting function § ( 7 ) is measured in the
following way: we move a light source along each chord and measure the output signal
level from a PMT every Al = 1.0 (cm). 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 ;eading of the whole measurements. Finally
L (7 ) is re-normalized to unity. Note that if the lens is replaced by a collimator
¢ (7 ) will be unity everywhere.

The whole volume of each chord is divided into 29 ~ 30 sections, depending on its

location, with the volume

AV=-‘1T1td2A1

= 11; 3.14 (0.66 cm )* (1.0 cm )2

=0.342 (cm )3, (6.4.11)

and the weight factor { ( 7 ) is assigned each section, but differs from section to sec-

ton.

After these assumptions and discussions, equation {6.4.8) now can be reduced to

tie following approximate expression:

Si(Pt)= Mot dQ [[[D (P 1)L (P)dV
Vi
N,
= Mot A AV Y, Dim Cim (6.4.12)

m=1

L;
where i is the chord index and m is the section index. Note here N; = 2—'-1— is the total

number of sections in the i*# chord and V; = N; AV. The matrices D;, and {;, are the
corresponding values of D and { in the m'* 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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N N Ny
Y Dinlin=3 ( X Gin)Dj, | (6.4.13)
=1 1

j=l m=1

where D; is just the emissivity vector as defined before. Note here that N is the total

number of zones (or channels, chords) but N;; is the total number of sections in the i th

Ny
chord occupied by the j *h zone, and the term Y. Cim denotes the summation of weight
m=1

factors {;, over the sections occupied by the j* zone in the i* chord. Now equation

(6.4.12) can be written into the following form:

N N;; .
Si(P)= Y [MowdAV T, Lim 1D; (7, 2). (6.4.14)
j=1 m=1

Comparing with equation (6.4.4):
finally the general expression of a;;, the element of the mapping matrix, can be written

as:

N‘}
a;j = Niotal dQO AV Z Ct'm . (6.4.16)

m=1

6.4.3 Numerical Simulation of the Inversion

Now we shall discuss some numerical values for the inversion. As we know that
the quantity M, is the total transmissive coefficient of the whole optical system due to

the optical loss and can be factored as follows:
Niotat = Nif. X Nplasma X Nglass X Niens X No.f. X
Nfm. X Nmono. X Nm.f. X NpMT - (6.4.17)

The first factor in the above equation, n; ¢ = TV 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]

Mo1-r 1M (6.4.18)

ng - n;
TN'=[1—'( f ‘)2
n,+n;

where R and T, depending only on the refractive indices n, and n;, are the reflective and
transmissive coefficients for a single interface respectively, and N, =10 is the total
number of interfaces in the whole optical system. Note equation (6.4.18) is symmetric
about n, and n; and n; = 1.0 is chosen for air. Next are some numerical values of these

coefficients for different n,:

n=15: R=4.0%,T =96.0%,T" =66.5%,
n=1.6: R=53%,T=947%, T"' =58.0%,
n=17:R=61%,T=933%,T" =500%, (6.4.19)
n=18: R=82%,T=918%,T" =427%,
n=19: R=9.6%,T =904%,T" =36.3%.

A

-

In our inversion the average value of n, = 1.8 is chosen for the optical fibers and camera

lens used in the observing system.

The factor Npuaema is the transmissive coefficient of plasma and (1~ MNpiagma ) 18
the loss of H y light due to the absorption of plasma itself. However, the plasma is opti-
cally thin and absorption can be neglected, so i’\p,a,,,,a = 100%. Similarly, Mg, is the
ransmissive 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 T gq5 = 100% as
the dimensions of these pieces of glass are very short compare with the total optical

path and also they are highly transmissive.

Niens 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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2 Bl =2 1" [ ’i_fl—/a?] =28° (6.4.20)

as for f/# = 2.0. Then the corresponding solid focusing angle is

Qs =T 182 (Opens ) =0.195 (7). (6.4.21)

For optical fiber, the total acceptance angle, 2 6., is denoted by the numerical aper-

ture which is deﬁncd as

NA.=28,7 =2sin" (\nf —n} ) (rd). (6.4.22)

AsNA.=04(rd), so 8,y =11.5° and the solid acceptance angle of the optical fiber

i dQens =X tg2 (11.5°)=0.13 (sr ), and M.ns can be estimated as

_dQr 013 (sr)
Nilens = =
dQms  0.195 (s7)

=66.7% . (6.4.23)

The transmission coefficient of optical fiber is given by:

o X

Moy, =10 10 (6.4.24)

where a is the artenuation factor in the unit dB/km and is the function of light
wavelength. For A= 6,500 A, o= 10 (dB/km), so for a 10 (meter) long optical fiber the
transmissive coefficient is
~10x0.01
Mos. =10 10 =977%. - (6.4.25)
The factors of T, and Ny 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 6,55, = 3.36° and the acceptance solid

angle is

)8
= —-=0.011 : 6.4.26
TS (sr) ( )

Qmono .
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First we have M, = 100% because dQpmon,, « dQ, .. Next, since the cross-section

area of the optical fiber A S, ;. is larger than the opening area of the input slit A Sy,

then we have
_ I Assli: v deono]
Nrm =\ &%,7. a0, J
= 63.5% X 8.36% = 5.3% . (6.4.27)

A big loss exists when light transmitted from the optical fiber into the monochromator,

but on the output end the light will be totally collected by the optical fiber.

The internal transmission of a spectral line through the grating spectrometer
depends on 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 M mon,. = 100%.

The factor Npyr describes the light transmission between the fan-out structured
optical fiber and the PMT’s. It is a good approximation to set Npyr = 100% sincé 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:

Niotat = 42.7% X 66.7% % 97.7% % 98.2% X 5.3%
=145% . , (6.4.28)

. . L
The element of the inversion matrix A N,lw is

N,','
a;;=145%x 1.41 x 102 x0.342x ¥ i
=1
N,'j "
=7.0x107° ¥ {im. (6.4.29)

m=1
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It is useful to write down the dimensional equation of the inversion:

3 (6.4.30)

cm” - second - sr

| photons | _ . 3. 1.p.
S'[second] ajj[cm” -sr]-D;

| photons jl

If we want the volume emission rate in all directions the 4r factor should be applied to

the inverted D ; 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 efficiency
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]:

05 = ox123§.5x100 o [

# of electrons] ’ (6.4.31)

photon
where A is the wavelength of incident photons in (nanometers), and © is the cathode
radiant sensitivity in (4/W). The typical photocathode spectral response characteristics

are shown in Fig.6.5(b) and the curve #113 is the one that we used. For Ay,

= 656.3 (nm), 6=25x 10> (A/W) and Q.E. = 4.72% (electrons/photon).
The voltage signal from the A/D converter is

2mV
V= 4.32
s CounIXNC(t) (6.4.32)

2mV
count

where is the sensitivity of LeCroy~2256 digitizer and N, (¢ ) is the number of

counts. The sampling period used here is 200 (nanosecond). Since the termination
resistance is R = 10° (Q) in the amplifier circuit, the photoelectron current at the anode

is
Vs p
ia(t)=—}—2-=2.0Nc(t)x10' (A) (6.4.33)

which can be related to u:= electron flux at the anode by



CHAPTER 6. Ho LIGHT MEASUREMENT «134 -

ia (1)

e~ flux at anode = ———

- 13 # of electrons
1.25x 10*° N, (t)[ ~cond ] . (6.4.34)

Since the gain of the PMT is G = 3.5 X 105 so the electron flux at the cathode is

e~ flux at anode
G

=357 x 105N, (1) { # of electrans } . (6.4.35)

e~ flux at cathode =

second
Finally, the incident photon flux in the i" channel can be obtained by

e~ flux at cathode
Q.E.

3.57x106Nc(x)[

Si(1)=

# of electrons] «

second
1 photons
4.36
[ 0.0472] #of electrons} 4 (6.4.36)
ie.
S (1)=7.57x10" N, (1) [ P—"—‘i’f’—"i] . (6.437)
second

6.5 Influxes and Recycling Tiine 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 hydrogen molecule. A boundary layer exists between the
plasma and the neutrals. The thickness of this layer can be estimated either by
Mayer = VH, * TH,-e Where vy, is the thermal velocity of these cold neutral (which can
be assumed to be at room temperature) and Ty, is the mean collision time between
hydrogen molecules and plasma electrons, or by the peak region of Hy emissivity

which we will find in next section. As the interaction with plasma electrons is the main
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mechanism for the loss of Hy, 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 rate for electron collisions with H, which
includes all of the possible reactions from (6.2.1) to (6.2.6) by plasma electrons, isl
<ov>=60x 1‘0'9 (cm3 /sec) at the plasma density n, = 3.0 x 1014 (cm‘3). Since at

room temperature ( Ty, = 300°K ), the thermal velocity of H is: -

3k Ty, |12
vy, = [ - ’} =1.93 x 10° (cm/sec) (6.5.1)
H, :

then the mean collision time is:

THy-e = ',,';‘Zlo_v?
= =167 (sec) . (6.52)
The thickness of the boundary layer is:
Mayer = VH, * TH e
=1.93 x 10° x 1.67 x 107 =0.32 (cm) , (6.5.3)

which is much smaller than the average plasma radius @ = 5.0 cm. This is the lchst
limit for the thickness of the layer because the constant electron temperature profile is
aséumcd. When we include the effect of temperature gradient at the edge region, then
the lower temperature will result in smaller collisional rate and longer collision time,
and Ay, will be larger according to equation (6.5.3). As we have only four channels of
signal and the width of these zone varies from 1.0 (cm) to 3.0 (cm) (see Fig.6.3), the
resolution in this invefsion 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, Iy, a one-
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dimensional (in the minor-radial direction) local influx of H, is defined as follows (see
Fig.6.6):

number of H , entering into plasma

I, = . 6.5.4
’ cm? - second ( )

AZ #of H,

F=—
cm-. sec
—
— ? dz
a

»- R
W —
s | dr

Figure 6.6 The geomeiry used to calculate the inward minor - radial H,
flux .

This used to calculate the interchange process of H, at the edge region. Compare with

the definition of H y light emissivity:

_ number of H o photons

D= (6.5.5)
cm?> - second
and
number of H
Dol 2 oo o My (6.5.6)
f 0.05| cm” - second

where f=0.05 ( H photons | H,) is the composite H ¢ yield per hydrogen molecule
discussed in section 6.2, the relation between the minor-radial influx of H4, I',, and the

H 4 light emissivity, D, now can be expressed as:
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n=lip s |
L= jv | F (6.5.7)

where S =2 ma -2 Ro =4 n? a Ry is the totai surface area of the plasma at the aver-
age boundary layer r = a and at the average position R = R. The integral is taken over
V,, the entire plasma volume.

Sincc the influx can also be written as I', = ny, - v;;, where ny, and vy, are the
density and thermal velocity of neutral hydrogen molecules, respectively, then ry, can

he obtained by the following equation:

ng, =

D ;3 .
SszjJ’jfdv (6.5.8)

From the assumption of toroidal symmetry, the volume integral can be &ansfoxmed into

a surface integral over the plasma cross-section S, (as shown in Fig.6.6):

Ufi}dBvﬂnRojsf Pf—dez. (6.5.9)

Combing with § =4 72 a R, we get:

1
r,_“afjs{ DdR dZ . (6.5.10)
and
1
dR 6.5.1
"Hy = 21tafw1z j.g'[D . ( b

Since all of the plasma electrons come from the ionization of neutral hydrogen
molecules and each H, can give two electrors when fully ionized, the eﬁecnve particle

lifetime or recycling time for H, in the discharge can be obtained as:

Tp = (6.5.12)
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where V =2 t R  a? is the total volume of the plasma and 7, is the volume averaged

electron density defined as follows:
Fe== ][] ned®v. (6.5.13)
vV v,

Then %p, in seconds, is:

an, na’fn,
T, = = .
P 4L, 2[[DdRaz
S

(6.5.14)

6.6 Hg Light Emission in HBT

The H 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 A5 is calculated. In
order to ger a general poirt of view on the emissivity profile 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 H, light emissivity (in 4x solid angle) at four different zones is shown in
Fig.6.7(b). In Fig.6.8(a), the inward flux of H, is obtained from the cross-sectional
integral 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 from the outside and one from the

inside of the plasma.

The line-integrated electron density measurements from the CO; 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 of neutrals in the top and bottom
regions of the vessel, the derivation of plasma density in the central region using the

total length of the vacuum vessel L, e = 28.4 (cm), is only the averaged electron den-
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(a)

(b)

Figure 6.7 (a)The four chordal measurements of H light emission; (b)The

inverted H, emissivity in four zones. This is the parallel bias

casc
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C02 Interferometer System Vertical Chord Measurements.
Line Integrated Density v.s. Time
21-AUG-89 Shot # 6 r = 4,00 cm Toroidal anglie = -90.0 deg.
Data file « SYO:AUG21.A89;6.

(a)

Time (uS)

Time (uS)

250,

Plasma current
0CT 31, 1989, Shot ¢# 8

(b)

12,5 Unit 3 (KAmps)

10.0

T (Microse

n i (
|lv'v1—v|lw—1vr1 T TVlﬁ‘Il|ll1ll\‘v!¥lr1'll‘VVlv‘V
. 2&Rﬂf 50. \115? 190. 125, 150. 175. 200. 225. 250.

Figure 6.9 (a) The line integrated electron density from the CO,

interferometer; (b)The total plasma current from the Rogowski
coil. Both for parallel bias case at pressure 10 mTorr.
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sity along the vertical chord of the measurement. As the line integrated electron density
is
[ n dl =8.5x10" (cm™2) (ar 10 mTorr), (6.6.1)

then the averaged electron density is

[n al

= =2.98 x 10" (em™3) . (6.6.2)
Lvessel

ne

The effective plasma radius a used in equation (6.5.14) should be considered as

the averaged radius of the zone on which the H, light emissivity reaches its maximum

6.0+3.0
2

side the boundary layer can be calculated as follows using cquau'dns (6.5.11):

value. For parallel case g = = 4.5 (cm). Then the neutral density of H4 out-

I, 2.8x108 (H,/cm?/sec)
Vi, - 1.93 x 10° (cm/sec)

ny, =

=1.45x 10'3 (H,/cm?). (6.6.3)

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 corresponding recycling time, according to equation (6.5.14), is:

_an.  45x298x10"
4T,  4x28x10'®

Tp

= 1.205 x10™* (sec ) = 120.5 (usec) . (6.6.4)

This is comparable with the observed characteristic time of discharge. We can compare
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T, with 7, the energy confinement time estimated by the following equation[18]:

Wp

1E =

P , (6.6.5)
2
lp Vloop—"'i_;(wp""ilp )

where W, is the total plasma energy, /, is the total plasma current, Vi, is the plasma
loop voltage, and /; is the internal inductance measured from the internal megnetic
probe. A minimum of T can be obtained from equation (6.6.5) by setting d—dT =0.1In
Fig.6.9(b), at t = 135 (usec), the plasma current /, = 6.3 (kA) and is almost constant, so

-EdT = 0 is satisfied. The total plasma energy can be calculated as:

W, =

o |w

(kT +kT;)R, V,=3kT, 7, V,, (6.6.6)

where V,=ma% - 2nRo=2n2a’ R, is the total volume of the plasma. We choose
a=45 (cm), k T,=4(eV), Vigp = 10.0 (V), and 7, = 2.98 x 10'* (cm™), then W, =
5.53 (J) and ¢ = 87.7 (usec). Since T, = 1.37 1, the recycling of the hot plasma ions
with cold neutrals from the walls could be an important mechanism for the loss of
plasina energy. Of course, electron heat conduction and the impurity radiation loss[58)
could be 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 H
light at 10 (mTorr), respectively. Fig.6.11(a) is the flux of H, and Fig.6.11(b) shows

two 3—D plots of the emissivity profile at different viewing angle.

In the reverse bias case, the averaged radius of the zone for the peak value of the

2.5+3.5
2

are calculated as follows:

emissivity is @ = = 3.0 (cm). Then the neutral density and the recycling time
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(a)

(b)

Figure 6.10 (a)The four chordal measurements of H light emission; (b)The

inverted H emissivity in four zones. This is the reverse bias

case .
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C02 Interferometer System Yertica! Chord Measurements.
Line Integrated Density v.s. Time

RFI window fis 100. usS to 106. us
31-0CT-89 Shot # 13 r « 0.00 cm Toroidal angle = -90.0 deg.
Data file = SYD:0CT31.A89;13.

NoONwn
WMmouwnuowm

[ BN S RV EEN N o]
o wOoO wo

Plasma current
0CT 31, 1989, Shot # 13

(b)

Unit 3 (KAmps)

5
10.0+
]

5~

0..

T fcrosec)

Irvlr]‘v_“rrl'[vlvv’vllv‘—rllvvllvrv]lﬁﬁ'vlvvvvm
50. 75. 100. 125. 150. 175. 200. 225. .

U ST

Figure 6.12 (a) The line integrated electron density from CO,

interferometer; (b) The total plasma current from Rogowski coil.
Both for reverse bias case at pressure 10 mTorr.



CHAPTER 6. H o LIGHT MEASUREMENT ‘ 147

I, _ 20x10" (Ha/cm?/sec)
ve,  1.93x10° (cm/sec)

ny, =

=1.04 x 10 (Hy/cm?). . | (6.6.7)
Now as the line integrated electron density is (see Fig.6.12(a) ):
[ ne di =84 x10Y (¢cm™2) (at 10 mTorr ), (6.6.8)

then the averaged electron density is

jn, dl

n, = =2.8x10" (em™3), (6.6.9)

essel

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:

.= an, 30x28x10M
PT AT,  4x20x10'®

= 1.05 x10™* (sec) = 105.0 (usec) . (6.6.10)

This is also comparable with the discharge time. If we choose a = 30 (cm), kT, =
4 (eV), f,= 2.8 % 10" (ecm™>), and Vioop = 10.0(V), but I, = 7.5 (kA) at r= 130.0
(usec) (see Fig.6.12(b) for the current profile), then W, = 2.3 (/) and 1 = 30.5 (usec).
So we have also 1, = 3.44 1¢. Therefore, the recycling of the plasma ions with cold

neutrals is less responsible for energy loss in the reverse bias case.

6.6.3 The Prwsufe Effect

So far, all of the calculations are for the 10 (nTorr) pressure of hydrogen gas. We
have also measured jne dl and the H 4 light emissivity at 20 (mTorr) and 30 (mTorr)
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pressures. It is found that f n, dl depends almost linearly with the fill pressure. How-
ever, the H 4 light emissivity, as wéll as the neutral flux I';, only weakly depends on the
pressure. This means that the density of the neutrals in the top and bottom rcgioné of the
vessel is almost the same at different gas pressure while the averaged electron density

1, changes with the fill pressure. As a result, when the pressure increases, the particle

an
(ie. the proton) recycling time 1T, (T, = TI::—) also increases (n, increases but I,

roughly keeps constant).

The energy confinement time Tz 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 case of reverse bias shots. In table 6 there is no good data for the shot
at 30 (mTorr). All of these shots are obtained at the low toroidal magnetic field (B, =
2.0 (kG)).

The pressure in these tables is obtained from the ionization pressure gauge. Sin;c
the pressure gauge was located in an extended tubing attached to the vacuum vessel and
the piezoelectric valve is véry sensitive to the discharge of capacitor banks, the real
- value of the fill pressure 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 T, = (1.2 ~ 1.37) ¢ for different fill pressure. This
means that the recycling of hot plasma ions with the cold neutrals from the walls is an
important mechanism fof loss of plasma energy at different fill pressure for the parallel
bias case. In table 7, 7, = (3.3 ~ 3.5) ¢ 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 récycling time and energy confinement time

at different fill pressure (parallel bias case)
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P n, ny, T, LA L, B, T T
(mTorr) | (cm™) (em™) | (Halem?ls) | () | ®A) | (G) | (us) | (us)
10.0 2.98x10" | 1.45x10" 2.8x10' 553 | 63 | 195 | 1205 87.7
20.0 4.75x10" | 1.71x10"% | 3.3x10'® 875 | 65 | 20 1619 | 1346
Table 7: The particle recycling time and energy confinement time
at different fill pressure (reverse bias case)

P n, ny, r, W, L, B, T, e
(mTorr) | (cm™) (em™) | (Halem?is) | () | () | *G) | (us) | ()
100 | 280<10° | LOWIOP | 20<10° | 23 | 75 | 195 | 1050 | 305 |
20.0 4.75x10* | 1.30x10" 2.5x10'8 39 9.5 | 2.0 142.5 | 41.0
30.0 1.07x10'% | 1.55x10'3 3.0x10" 88 | 107 | 198 | 2675 | 819

["p

The ratio of l_ = in HBT plasmas is comparable with the results obtained in
E .

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 (protoné). Since
the quantity of ( €. T, )? is in the order of unity and the mean free path of the ca;bon
ion is much smaller than the plasma radius, the plasma in the vicinity of the carbon
probe can be approximated as & cylinder contained by a uniform and straight magnetic
field. The transport of the cafbon ions released from the discharge of the carbon probe

is well interpreted by a classical transport theory in a 2-D geometry.

The enhancement of the carbon ion transport due to the Pfirsch—Schluter effect is
not observed because the mean free path of the carbon ion is much smaller than the
plasma radius, as well as the connection length. Therefore, the modification of the clas-
_ sical transport theory, i.e. the neoclassical transport theory, is not appropriate for the

explanation of carbon ion transport.

A 2-D fluid model is used to describe the diffusion of carbon ions which are
released from a pulsed point source located at the magnetic axis of the plasma. We find
that the ionic charge (Z,) affects both the parallel and perpendicular diffusion
coefficients. Therefore, it is neccssary' to distinguish the diffusion coefficients for the
carbon ions at different ionization state. It is found that D), is almost the same order as
D, ie. fhe parallel diffusion is stronger than, but comparable with, the perpendicular

diffusion because of the low temperature and the high density of the plasma; then the

14
b
. .

density contours of the carbon ions are a set of nested ellipsoids.

Convective effects can be neglected when the convection velocity |V, | «
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The numerical simulation, inciuding the plasma bulk motion, shows that up to 500.0
(m/sec), radial convection flow will not affect the diffusion process to a measurable
degree; a similar number is true for the toroidal diffusion as well. However, when the
torbidal convection velocity is 1,000.0 (m/sec), there should be an obvious effect on
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 10,0001.0 (m/sec), the
solution of the fluid equation for the carbon ion density is nearly zero because the con-
vection effect is so strong that almost all of the carbon ions are 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 H 4 Light Measurement

The H light measurements are made for both cases of parallel and reverse bias
shots. We found a zone (the boundary layer) of enhanced H, emission at 7o =4.5 (cm)
for the parallel bias case, and 7y = 3.0 (cm) for the reverse bias case. The thickness of
the layer is about 0.5 - 1.0 (cm), as expected, and is much smaller than the plasma
radius a. We calculated that at 10 (mTorr) fill pressure, th‘g particle recycling time is
T, = 120.5 (psec) for the parallel bias case and Tp = 105.0 (usec) for the reverse bias
case. Comparing with the estimate of the corresponding energy confinement time
Tg = 87.7 (sec) (parallel bias) and tg = 30.5 (usec) (reverse bias), we have 1, =
(1.4 ~ 3.5) 1¢. Hence the recycling of the plasma ions with cold neutrals from the walls
can be an important mechanism for the loss of plasma energy. Of course, impurity radi-
aton and electron heat conduction also contribute to the reductioﬁ of the energy

confinement.
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APPENDIX
THE OBSERVATION OF AN INSTABILITY USING THE
CARBON PROBE TECHNIQUE

The carbon probe technique can also provide a way for the oBservation of a
macroscopic plasma instability. Fig.A.l is the measurement of Cj light at Ar=
2.0 (cm) from the center line of the carbon probe, obtained in the old vacuum chamber.

The toroidal magnetic field, for this shot, is B, = 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, 1= 10.0 (mzlsec). The first envelope of
the Cy; light started at about ¢ = 80.0 (iusec) and this is caused by the plasma ablation.
The second cnvelopc, started at 7 = 153.0 (usec), resulted from the discharge of the car-
bon probe fired at t = 151.0 (usec). This envelope includes the three pulses of the
source discharge, which finished before ¢ = 195.0 (psec) (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 (usec), 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

y ={ Dy %-__; 10.0 (m?/sec) A (A1)
<= 77 (200.0 - 150.0 ) x 1075 (sec) )

= 500.0 (m/sec) ;

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,

Vs, should satisfy the following condition:
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u '
Vp 2 | (A2)

where D | is the radial diffusion coefficient of the carbon ions and ¢ is the time interval
between the start time of the carbon probe discharge and the time at which the instabil-
ity ®cum. Typically, the speed of a MHD instability is in the order of the Alfven speed
Vi (V4 - 10° (m/sec)); so we have no trouble with this technique to measure the
macroscopic MHD instability because the diffusion is much 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 ¢ = 200.0 (psec) under the same
operating condifions 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 H, 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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