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Abstract

Paramagnetic Spin-up of a Field Reversed Configuration with
Rotating Magnetic Field Current Drive

Andrew Maxwell Peter
Chair of the Supervisory Committee:
Professor Alan. L. Hoffman
Aeronautics and Astronautics

A transverse Rotating Magnetic Field (RMF) can drive toroidal current and
sustain the poloidal flux of a Field Reversed Configuration (FRC) through the
application of a (v,xB;) Lorentz force on the electrons, where v, is the axial screening
current and B, is the radial component of the RMF. The torque applied by the RMF
will eventually be transferred to the ions through resistive collisions. In the absence of
any drag force, the plasma will rapidly spin up in the ion paramagnetic direction,
negating the current drive and possibly becoming rotationally unstable. A multi-chord
Intensified Charge-Coupled Device (ICCD) spectrometer has measured the ion rotation
profile via the Doppler shift of impurity line radiation in the Translation, Confinement,
and Sustainment (TCS) experiment. The plasma is observed to rapidly spin up in the
ion paramagnetic direction to a rigid rotation frequency of about @y = 7x10* s}, less
than 15% of the typical RMF frequency o = 0.5><106 s'. Neutral deuterium is observed
to have no rotational velocity, and had been proposed as a mechanism for preventing
synchronous spin-up of the ions. The neutral density and resulting charge-exchange
and ionization rates have been calculated from an array of absolutely calibrated Do
detectors. The typical neutral fraction of about 2% of the plasma density is several
times too low for ion-neutral collisions to balance the applied torque. Other possible
braking mechanisms are shorting of the radial electric field needed to confine
paramagnetic ions, and viscous drag. Assuming axial and azimuthal symmetry and
pure deuterium, viscous wall drag is found to be insufficient to slow the plasma as well.
Viscous drag could be significant if the edge plasma has high impurity content or is

spatially non-uniform.
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Chapter One

Introduction

Thermonuclear fusion has the potential to be a nearly unlimited energy source
with no greenhouse gas emissions and little nuclear waste. For two light ions to fuse
into a single heavier one, the reactants must collide with sufficient energyAto overcome
their electrostatic repulsion. For éxample, the deuterium-tritium fusion cross-section
becomes sufficiently large to make a favorable reactor only at an ion temperature of 10
keV (100 million degrees centigrade). Such high temperature ions cannot be confined
by material walls; instead, magnetic fields can provide the necessary confinement. A

fundamental consequence of the Lorentz force (F =gqvxB) is that charged particles

are restricted to orbit around magnetic field lines. If the magnetic fields are designed
such that they form closed flux surfaces inside the vacuum vessel, then the plasma will
be magnetically confined, only contacting the walls through diffusion across the field

lines.

1.1 The FRC and RMF Current Drive

- Of the many magnetic confinement schemes, the Field Reversed Configuration
(FRC) is one of the most innovative and attractive from a reactor viewpoint. It has a
simple linear geometry, a hatural divertor for fusion products, and is very efficient.
Conventionally, FRCs have been formed by the Field Reversed Theta Pinch (FRTP)
technique, using high—\}oltage capacitor banks to shock heat the plasma to high
temperatures. However, FRTP formation is limited in three ways. Technologically, the
plasma size and enei‘gy are limited by the high voltage and fast switching required by
this formation method. Second, FRTP formation involves an axial implosion, so the
quality of the resulting FRC is highly sensitive to the symmetry and timing Qf the
formation. Finally, because of the simple closed geometry there is no way to
inductively sustain the plasma current and the FRC resistively decays away after

formation.



Rotating Magnetic Field (RMF) current drive can potentially remove these
limitations. In this method of current drive, a transverse magnetic field is applied in
addition to the larger axial field and is rotated azimuthally in time. Simply put, if the
electrons are magnetized in the rotating magnetic field while the ions are not, then only
the electrons will follow the field as it rotates, driving toroidal plasma current. If this
toroidal current drive matches the resistive decay rate, then the poloidal flux will be
constant and the FRC can be maintained in essentially steady state. If the RMF current
drive is stronger than the resistive loss, then the poloidal flux can actually be increased;
in this manner, FRCs can be formed from a preionized gas directly by the RMF without

the need for shock heating or pulsed high-voltage capacitors.

The purpose of the Translation, Confinement, and Sustainment (TCS)
experiment is to study the physics of RMF current drive in an FRC. The TCS
experiment can be operated in two distinct modes. In the RMF formation mode, an
FRC is formed in the sustainment section using RMF current drive alone. This mode-
completely avoids the difficulties associated with FRTP formation, although it is
limited by the few megawatts of input power that the RMF supply can produce. In the
second, translated mode, a more energetic FRC is formed using the high-voltage FRTP
coils in the formation section. Because these coils can supply gigawatts of
instantaneous power, the plasma can be rapidly heated through the radiation barriers to
high temperature. The FRC is then translated into the sustainment section, where it is
expanded to the lower density necessary for efficient current drive. RMF current drive

is then applied with the goal of sustaining the hot FRC.

One potential drawback of RMF current drive is that it puts a net torque on the
FRC. At first, only the electrons respond to this torque and toroidal current is driven.
Eventually, this torque will spin the ions as well through resistive collisions with the

electrons. Ion azimuthal velocity negates the current drive and may lead to rotational



instabilities. Because the ions are rotating in the same direction as the electrons, this is
ion paramagnetic rotation and is in contrast with the usual ion diamagnetic rotation
associated with conventional FRCs. Previous RMF experiments have relied on a large
neutral background and wall viscosity to provide the necessary drag on the ions to
prevent them from spinning up. In the future, however, the importance of neutral drag
will diminish as.experiments reach higher temperatures, have longer confinement
times, and employ more wall-conditioning techniques to lower the neutral background.
In order to maintain current drive in steady state, these experiments may require an
opposing torque to be applied, either by neutral beams or counter-rotating magnetic
fields. It is hoped that additional braking mechanisms may be relied upon as well, such
as end shorting of the radial electric field and viscous momentum transfer to the wall or

~ open field plasma.

Besides lowering the current drive efficiency, plasma rotation also tends to
drive rotational instabilities, particularly the n = 2 rotational flute. This mode often
develops in TCS when the plasma radius is compressed inwards from the wall. The
mode can degrade the plasma performance by locally ablating the quartz vacuum wall,
introducing silicon and oxygen impurities into the plasma. Rotational inStability is
often observed in conventional FRCs due to diamagnetic rotation. In previous
experiments, multipole fields have been used to stabilize these modes. It is hoped that
the same stabilization techniques can be applied to paramagnetically rotating inodes

driven by the applied torque of the rotating magnetic field.

Clearly, a detailed understanding of the various forces acting on the ions in an |
RMF-driven FRC is crucial. This research aims to understand the complex forces
acting on the ions and how these forces reach equilibrium. In order to accomplish this,
a multi-chord intensified charge-coupled device (ICCD) spectrometer has been
installed on TCS. The ICCD spectrometer cém determine the plasma rotation profile

from the D"oppler shift of impm'ity line radiation. To quantinythe importance of neutral



drag, an array of Da emission detectors allows a determination of the background
neutral density. A global power balance calculation using bolometric, interferometric,
and magnetic measurements is used to verify the neutral density calculation. Plasma
rotation often leads to rotation instability. The mode structure of the n=2 flute is
studied using visible-light tomographic reconstruction, and the mode frequency is

compared with the actual plasma rotation frequency.

1.2 Dissertation Overview ;

This paper is organized in the following way. Chapter two describes the general
properties of the field-reversed configuration, including equilibrium and stability.
Chapter three introduces the physics of rotating magnetic field current drive. Simple
analytic expressions for the penetration of a rotating field into a plasma column are
presented. This model assumes that the ions do not rotate in the toroidal direction. As
this constraint is relaxed, a simple two-fluid model that neglects the RMF azimuthal
force directly on the ions is developed. This model predicts that the plasma rotation
will reach a steady-state value when the electron friction balances the drag forces on the
ions. Chapter three concludes with a review of previous RMF research. Chapterr four
summarizes the TCS experiment, including the RMF supply and the general
diagnostics. Chapter five focuses specifically on the ICCD Doppler spectroscopy
diagnostic. This chapter describes the experimental setup of the ICCD spectrometer,
the calibration techniques, and the deconvolution and spatial inversion methods.
Results from this diagnostic are presented in chapter six. Chord-integrated velocity
profiles and inverted emission and rotation profiles are presented. Within the accuracy
of the diagnostic, the plasma rotation is found to be rigid. The dependence of the
rotation on RMF frequency, plasma density, and applied torque is examined. The
rotation rate is also compared with the n = 2 mode frequency and the two are found to
be synchronous. In chapter seven, the background neutral density is calculated from
neutral Dol emission. Two impdrtant momentum loss mechanisms, ionization and

charge-exchange, are examined. A global power balance is used to validate the neutral



density calculation. Radiation is seen to be the dominant power loss
mechanism. Chapter eight estimates the applied torque on the FRC and compares it
with the neutral drag torque. This includes charge-exchange, ion-neutral elastic
collisions, and fueling. Ion-neutral interactions are found to be insufficient to explain
the relatively low ion spin-up observed in TCS. Viscous drag to the wall is estimated,
although only limited measurements of the edge plasma parameters are available. If the
edge plasma is pure deuterium, viscous drag to the wall is insufficieht to slow the
plasma. Viscous drag could still be significant if the edge plasma has high impurity
content or is spatially non-uniform. In Chapter nine, the simple model of ion rotation
first presented in Chapter three is expanded. The relative importance of the RMF force
directly on the ions is examined using a two-fluid model solved for a fixed field. End-
shorting of the radial electric field is also considered as a possible drag torque on the
plasma. Chapter ten summarizes the findings and projects them for future experiments.

Finally, statistical error analysis is presented in appendix A.



Chapter Two
The Field Reversed Configuration

The field reversed conﬁgurationi, or FRC, is an elongated ring of azimuthal
plasma current confined by an axial magnetic field. It is distinct from other magnetic
confinement geometries in that it is a prolate compact toroid with little or no toroidal
field. The FRC has a simple cylindrical geometry with no walls or coils linking the
“hole” of the plasma torus, as in a tokamak. This simple geometry along with inherent
high beta and a natural divertor make the FRC attractive as a potential fusion reactor.
Unfortunately, it is also one of the least studied magnetic geometries, primarily because
MHD theory predicts it to be unstable to the internal tilt mode”. Experimentally this
mode is not observed™, possibly because of kinetic effects or two-fluid effects with

sheared flow".

Previous FRC experiments"i have reached total temperatures greater than lkeV,
densities of the order of 10*' m>, and energy confinement times as long as 300 us.
However, these experiments have been limited by the flux lifetime of the FRC.
Because the FRC is a compact toroid, magnetic induction cannot be used to drive and
sustain toroidal plasma current and the FRC decays away resistively. It is this
limitation and the need to produce higher-flux FRCs that has led to the present research

in'RMF current drive.

‘This chapter will introduce the terminology and general properties of the field
reversed configuration. Sec. 2.1 describes the FRC equilibrium, geometry, and rigid
rotor model. Sec. 2.2 addresses the MHD stability of the FRC, particularly rotational
stability.



2.1 Equilibrium

The simplest way to introduce the field reversed configuration equilibrium is to
describe how one is formed by the conventional field reversed theta-pinch (FRTP)
method. The FRC is formed in a cylindrical vacuum vessel so it is customarykto use
cylindrical (1,0,z) coordinates. A uniform axial maghetic field, or bias field, is created
in the vacuum chamber usin'g'solenoida] theta-pinch coils. A gas is then pre-ionized in
the axial magnetic field. This pre-ionization plasma is cold but sufficiently cond\icting
to be “magnetized”; that is, the axial magneticy field is frozen into the plasma. The
current in the theta-pinch coil is rapidly reversed, reversing the external magnetic field
as well. This change in magnetic field creates a toroidal electric field in the plasma

according to Faraday's Law (VXE =-0dB,/dt). The electric field drives a toroidal

current in the plasma that traps the original reverse bias field. The plasma current ring
is then compressed off of the walls by further increasing the external magnetic field.
As the plasma is radially compressed, the reverse bias field lines connect with the
external magnetic field lines to form closed poloidal field lines. Plasma within these
closed field lines is magnetically confined. The FRC then contracts axially until an
axial pressure balance is reached. The axial field coils are now shorted with a
“crowbar” switch. Since the L/R time of the shorted coils is long compared to the
lifetime of the FRC, the coils effectively act as an axial magnetic flux conserver for the
duration of the experiment. As mentioned above, without a current drive method the

azimuthal plasma current will resistively decay aWay.

A schematic of a fully formed FRC is shown in Fig. 2.1. Shown are the coil
radius r, the vacuum wall radius ry, the separatrix radius r; (defined as the radius of the
last closed poloidal field line), and the field null radius R. The basic geometric property
of an FRC is the ratio of the separatrix radius to the coil radius, denoted as xs =r/r,.
The FRC is a flux-excluding object; its presence comprESses the axial magnetic field

from the vacuum value B, to the excluded value Be given by B, = B, [a-x%). It is this |

magnetic field compression that provides the plasma confinement.
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VFigure 2.1: The Field Reversed Configuration. r. = coil radius, r,, = vacuum wall

radius, ry = separatrix radius, R = magnetic field null radius.

The plasma pressure is a flux surface quantity ( p= p(y/)) and is constant along
a field line. The separatrix radius and the field null radius are then simply related by
r =v2R. The overall efficiency of the applied magnetic field at confining plasma

pressure can be found by assuming that the FRC is sufficiently elongated so that the
magnetic field lines are straight (no curvature) at the axial midplane. Defining 3 as the
ratio of the plasma pressure to the magnetic field energy density, the “avérage beta

relation” is expressed as:

2

( p) X '
p)= =1 - -+, 2.1
)= B /24, 2 @1)
While pressure is equivalent to the energy in the plasma, it is the poloidal flux that

determines the energy confinement. The poloidal flux @, is the “trapped” or closed
magnetic flux from the geometric axis out to the field null, which must also equal the

flux from the null to the separatrix:

‘R ; 7,
@, =-[27rB,(r)dr = [271B,(r)dr . 2.2)
0 R
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A given x, and B, do not uniquely detérmine the poloidal flux. The azimuthal
current distribution must also be specified. One such current distribution model, the
rigid rotor profile, assumes that the ions are stationary while the electrons rotate as a
rigid body, i.e. j, =—en (r)wr, where ® is the rigid rotation frequency. With the
further assumption that the plasma temperature is uniform, | this yields the self-
consistent magnetic field profile B,(«) = B, tanh(Ku), where K is a fitting 'parameter
and u is the dimensionless radial coordinate u = (r/ R)? ~1. The plasma pressure
profile is-then p(u) = pMSechZ(Ku) , where py, is the maximum pressure at the null, set
by the external field p, =B”/24,. The rigid rotor profile yields a poloidal flux
®,=0.61x, (#R’B,). The rigid rotor profiles are shown in Fig. 2.2 for a typical K

value of 1.5.

08
0.6
0.4
0.2

P(r) / Prmax

-0.2
-0.4
-0.6
-0.8

B(r) /B,

Figure 2.2: Rigid Rotor Profiles. Normalized magnetic field and plasma pressure are

shown for K = 1.5 (corresponding to x; = 0.89), typical for an RMF -sustained FRC.

2.2 Stability
The FRC has proven to be remarkably stable. This is most evident in the TCS

translation experiments, where an FRC is translated super-Alfvénically into the
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confinement chamber. After multiple reflections off of the end cones, the FRC
converts a large fraction of its kinetic energy into thermal energy. The FRC recovers

from these violent reflections to form a stable, quiescent equilibrium.

Stability is examined using the MHD model. The tokamak nomenclature for
ideal MHD mbdes is us¢d, with n and m being the toroidal and poloidal mode numbers,
respectively. The FRC is neutrally stable to the m = 1, n = 0 axial shift, but this
“Roman Candle” shift can easily be stabilized with modest end mirrors. MHD theory
predicts the FRC to be unstable to the m =1, n = 1 internal tilt mode?. However, this
mode has been absent in experiment. One of the leading theories for the apparent
stability of this mode relies on Finite Larmor Radius (FLR) effects*. This is quantified
by the kinetic s parameter, defined as the number of ion gyroradii between the field null

and the separatrix. Specifically,

S

r] rdr 23)

2 1.0:(1)
where p; is the ion gyroradius. The Large s Experiment7 (LSX) was designed
specifically to investigate the stability of FRCs at high s values. LSX successfully
formed high-quality FRCs with s values as high as four. The apparent stability of the
FRC to the internal tilt mode even at such high s values is still not completely resolved
~ but is not the subject of the present research. In the present experiment, TCS plasmas
are typically formed with s of the order unity, (depending on ion temperature) and have
a lifetime of up to 2 ms, limited by the charging capacitor in the RMF circuit. The TCS

plasmas are therefore assumed stable to the internal tilt mode.

The only MHD modes observed in modern FRC experiments are the rotational
instabilities. The m = 1, n = 1 wobble saturates at finite amplitude and is typically not
destructive. The m = 1, n = 2 rotating flute, however, can be destructive and was the
limiting factor in early FRC experiments. The centrifugal force per unit volume of a

spinning fluid is simply
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[ =pQ%r, (2.4)
where p and Q are the fluid density and rotation frequency, respectively. The

centrifugal pressure is then the integral:
f L 02,2 |
p.= | furdr==pQ%, @.5)
0

Rotational modes, then, are a type of pressure-driven instability. Research at Osaka
University demonstrated that the centrifugal pressure can be balanced by magnetic
pressure applied with multipole fields®. The n = 2 rotational instability has been shown

to be suppressed using this techniqueg.

To determine if a given rotation rate will lead to instability, a small initial

disturbance & is expressed as a Fourier mode

i~

£ =) on 2.6)
where the complex mode frequency has been split into a real part @ and an im’aginary
part representing the growth rate y. The change in system energy W due to the
disturbance can then be calculated. If the energy change is positive, then the mode will
be stable; if the change in energy is negative, then the disturbance releases free energy
and the mode will grow. Ideal MHD theory predicts that for any m = 1, n = 2
disturbance the growth rate is always positive and the mode is unstable. However,
when kinetic’ effects are included in the analysis, the n = 2 mode is only unstable
beyond a threshold value of ion rotation frequency, or Q. This is often related to the

ion diamagnetic drift frequency ,, by the ratio o= Q/Q,, .

The diamagnetic drift is a fluid drift not present in single-particle equations.

The fluid momentum equation is

mn[%;—+(v-V)v]=nq(E+va)—Vp | 2.7
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where drag terms due to resistivity and neutrals have been neglected. The total
derivative on the left-hand side of the equation may be safely neglected provided that
the fluid drift velocity is smaller than the thermal velocity. Taking the cross product
with B, the diamagnetic drift velocity is then

__VpxB

Vp =

e 2.8)

This is a real fluid drift due to pressure gradients even though the particle guiding
centers are stationary. The actual ion rotation in an FRC depends on the boundary
condition of the radial electric field. For example, when an FRC is formed via the
FRTP method, it is assumed that the electrons initially carry all of the diamagnetic
current and that the ions remain stationary. Then an inward radial electric field

E = 19 29

en Or

develops to confine the ions. A different situation occurs if this electric field is shorted
at the boundary condition (a conducting wall, for example). Then the ions must carry
their own diamagnetic current and will rotate at the diamagnetic drift frequency. This
fréquency can be calculated if the pressure profile is known; for example, the rigid
rotor ion diamagnetic drift frequency is

K Tlev]
R*[cm] B[kG]

Q. [s7]=4x10° (2.10)

The effect of the electric field on the radial component of the ion fluid equation will be

examined more closely in Sec. 9.2.
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Chapter Three
Rotating Magnetic Field Current Drive

Rotating magnetic field (RMF) current drive is a non-inductive method of
driving toroidal plasma current, i.e. it does not rely on transformer action. A transverse
magnetic field is rotated azimuthally in time by phasing the alternating current in a pair
of dipole antennas apart by 90°, as shown in Fig. 3.1. The simplest physical picture of
RMF current drive is that the electrons are magnetized in the transverse field, and thus
rotate synchronously with the RMF. The ions, on the other hand, are not magnetized
and remain stationary. This has often led to the simple requirement that the angular

frequency of the RMF be chosen such that @, « w < @,,, where @, and @, are the

ion and electron cyclotron frequencies in the transverse field. It will be seen below that
this simple picture is not physically accurate but is useful as a first approximation of

how RMF current drive works.

driven electron current ‘\ 1. rotating field B,

o e

RMF antenna / S D\ 1§ o RMF antenna
I,=lcosat | \/V , yy 22> | 1, =1 sinot

B, field coils —

Figure 3.1: Rotating Magnetic Field Current Drive

This chapter will present a more physically accurate model of RMF current
drive in an FRC. In Sec. 3.1, the relevant Ohm’s law will be made linear by assuming

that the electrons rotate as a rigid body and that the ions are immobile. Although this
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may not be entirely accurate, the solution will capture the basic physics of partial
penetration of the RMF. To calculate the depth of RMF penetration into the FRC, the
applied RMF torque is balanced with the resistive torque subject to equilibrium
constraints. - In Sec. 3.2, the issue of ion rotation is addressed through a much simpler,
fully-penetrated RMF model. A steady-state solution for the ion azimuthal velocity is

found where the electron-ion friction balances the various drag forces.

3.1 Fixed Ion Model

This section will self-consistently solve for the current distribution and resulting
magnetic field profile created in a plasma cylinder subject to a rotating magnetic field.
The problem consists of solving the appropriate form of Ohm’s law. The problem will
be made tractable by assuming that the idns are stationary and the electrons rotate as a
rigid body. The same results can be obtained with the less restrictive constraint that the
ion azimuthal velocity is zero and that the ion axial oscillation is purely inductive (out
of phase with the B, oscillation). For simplicity, however, the following analysis will

assume stationary ions.

As a starting point, the full electron equation of motion is

e e el

nm DD‘;" =-ne(E+Vv,xB)-Vp,~nmu,(v,~v,). 3.1

To form a single-fluid Ohm’s law, assume that the ions are a fixed background of
neutralizing charges. The convective derivative on the left-hand side of Eq. (3.1) can
be safely neglected if electron inertia is small compared to the RMF and resistive

forces: (Dv, /D) = w < @), v

ce? e ?

where hereafter @, =(eB,/m,) is the cyclotron
frequency in the vacuum transverse field unless otherwise specified. Since we will
only be solving the axial and azimuthal components of Ohm’s law, and the pressure
gradient in an FRC is purely radial, the Vp, term can be neglected. Defining the scalar
resistivity 7 =m,v,,/ne’ and the current densityj=-nev,, Eq. (3.1) can then be

written as a single fluid Ohm’s law
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T
E=7nj+—(jxB) 3.2)
ne

where the first term is the resistive term and the latter term is the Hall term. Writing
the electron momentum equation in this way allows the balance of these two terms to

be explored.

Hugrass'® has shown that in the presence of a rotating magnetic field of the

form

B =B, cos(wt —0)F + B, sin(wr —6)8, 33)

the quantities v, Ve, jr, jo, Bz E:, and Eg can be expressed as infinite sums of odd
harmonics, while v;, j;, By, Be, and E, can be expressed as sums of even harmonics.
Neglecting all terms of second order and higher, then only a steady component will
remain of the odd terms while a simple oscillating component at frequency ® will
remain of the even terms. For example, the resulting velocity field then consists of a
steady radial and azimuthal part and an oscillating axial comiponent. With this in mind,
we can now express the (steady) azimuthal and (oscillating) axial components of

Ohm’s law as:

o1y
EB = ”ljﬂ +-n-e-<-]zBr>+ VerBz

| (34)
E.=nj,~v,B,~ —(jsB,)
z (4 . er ne
where the brackets represent a time—average over an RMF cycle:
2njw
e 3.5
27: 27r j' =0 G-3)

The azimuthal component of Ohm’s law determines if the poloidal flux of the
FRC is growing or decaying. For an FRC equilibrium, j, is negative and the resistive
term leads to decaymg poloidal flux. This can be balanced by the azimuthal RMF force

due to the (j,B,) Hall term. Thus, it can be seen that the picture of the electrons being
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“tied” to the RMF as it rotates is not physically correct. Instead, the change in
transverse field induces an oscillating axial electric field according to Faraday’s law.

Since we are neglecting electron inertia, the electrons oscillate in this electric field
exactly in-phase, or “resistively,” with B,. It is the Lorentz force (VZB,) that drives the
azimuthal current. However, the axial electric field also depends on the resulting
azimuthal current because of the (j,B,) term in the axial equation; this makes Ohm’s

law coupled and nonlinear.

The radial flow terms have been retained in Eq. (3.4) because we are
anticipating only partial penetration of the RMF into the FRC. Equilibrium on inner
field lines will then require an inward radial flow. It is unclear whether this radial flow
is electron flow or also includes ion flow. For the remainder of this simple analysis, the
équations will be linearized by neglecting radial flow and assuming that the electrons

are rotating as a rigid body: j, =-new,r. Eq. (3.4) then simplifies to

1,.
E, =7, (-new,r) +-’;( j.B.) a6

E = A J,torB,

Let us first consider the familiar case of RF penetration into a metal. In metals
and plasmas alike the resistivity is low, but for different reasons. Metals have a high

v,and a high density n. Plasmas have a similar resistivity at much lower density
because v,is also much lower. In metals, therefore, the Hall term is negligible
compared to the resistive term Because nis so large. Another way to express this is
E=n[j+(@./v.)ixB]. (3.7)
In metals, the “magnetization” parameter ¥ =(a, /v, ) <1 and Ohm’s law is purely
resistive. This leads to the familiar resistive skin-depth & for penetration of an RF
field into a metal conductor, & =(2n/ ,uoa))l/z. An axial screening current limits the

field penetration and there is no azimuthal current drive.
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In the opposite extreme of high temperature plasma, the electrons are

magnetized in the RMF field. The Hall term then becomes significant in Ohm’s law.

The ( sz,> Hall term creates a steady ponderomotive force in the azimuthal direction,

driving an azimuthal current not present in the resistive limit. Because the electrons are

nearly synchronous with the RMF, the relative frequency @, = w — @, between the two

is small and the RMF can penetrate much further into the plasma. This is quantified by
an effective skin depth
’ y2 ,
§* = (—-’LJ ~ 5 (3.8)
Lo )

which can be much larger than the resistive skin depth.

, The solution to Eq. (3.6) was first found by Jones and Hugrass'' and later
applied to the FRC by Hoffman'?. The electric and magnetic fields are modified Bessel

functions
20 1 (‘/Zkr )

= B

E=Tr I, (Vika)

2 (i
5O T 1, (Vva)
1, (\/szr)

B,(r)=i| B -2——LB,

I, (\/sza)

(3.9)

where By, is the vacuum field strength, a is the plasma column radius, and k = \/5/ o*.

The solutions for various values of ka are plotted in Fig. 3.2 and Fig. 3.3



18

ka=1
0.8

06 ka=3 /

0.2 [ ka = 5 //

W

15

o0
2.
&

#

e

0

€

051

o oz
r/a
Figure 3.2: RMF Amplitude Profiles.
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Figure 3.3: Magnetic Field Lines for Various Values of ka. (a) ka=2 (b) ka=5 (c)
ka=10 (d) ka=20
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The RMF penetration depth 8* will reach an equilibrium value when the net

RMF torque balances the resistive friction torque. The applied RMF torque per unit

length is

T = 27:]( Jj.B.)rdr=T, ([z—iia(i‘“—)J (3.10)
0
where T and f(ka) are given by
22
T, =275, (3.11)
Hy
o i B i)
ber, (ka) + beij(ka)

The applied RMF torque thus scales as B’ , and depends on the degree of penetration,
represented by the function f(ka)/ka. The resistive torque is
¥ A e
= 3dr =1 2 | Ze
T,=2r Janmea)er dr _(w] ~T, (3.13)
where y=a, /v, is the magnetization parameter in the RMF and A=a/d is a
penetration parameter. The two torques are plotted in Fig. 3.4 for various values of

@,/w. For large A, there can be three solutions to Ty, =7, . The lowest crossing is

not shown and is of no interest. The other two crossings correspond to “partial” and
“full” penetration cases. Analytic work by Hoffman'?, and further numerical work by
Milroy™®, has shown that for the case of an FRC in a flux conserver, the partially
penetrated case is stable even if the RMF can supply enough torque to go over the
“peak” in the resistive curve and reach the fully penetrated case.’ This partially
penetrated solution is particular to the equilibrium constraints of an FRC in a flux
conserver, as follows. Assuming that the temperature remains constant, as more RMF
torque is applied than needed for the partially penetrated equilibrium, the FRC expands
radially, contracts axially, and increases in density. The resistive friction increases
even faster than the RMF torque, returning the equilibrium to-the partially penetrated
solution. The opposite occurs when the RMF torque decreases; the FRC shrinks
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radially, expands axially, and decreases in density. This process can only be fully
modeled numerically. For most RMF-driven FRCs, the equilibrium ka will be large.

In the large ka limﬁ, the following approximations apply:

E = Eé‘*exp(r—aJB

r o )
E
o
(3.149
a r—a
BgzZ\/:exp( < ij
r )
. -24/ 8" d
Tenr = (1 e )"a"To
0.4
/|
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T ’/ /l !
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Figure 3.4: Normalized RMF and Frictional Torque. Plotted for typical TCS values of
A=20 and y/A=+2

The RMF current drive efficiency is characterized by the parameter ¢, defined
as the ratio of the driven toroidal current to the maximum possible current (if all

electrons were rotating at ®):

= 2B, /u,

O.5<n> ea)r;2 ' (3.15)

The maximum achievable temperature is at { =1, dictated by pressure balance to be

T /B, =12.5(8) fer? | (3.16)
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In practice, the plasma temperatufe in TCS is lower than the maximum achievable

temperature because of impurity radiation losses.

For the FRC flux to be in steady state, the azimuthal electric field must be zero
everywhere. Since the RMF does not penetrate to the internal field lines, an inward

radial flow provides a v, x B, Lorentz force to balance the resistive drag on the inner

field plasma. This radial flow could be sustained through circulation at the ends of the

FRC, which extend beyond the RMF antennas, or by ionization of particles which are

then driven inward by the {v_xB,) RMF force. Schematics of these two flow patterns

are shown in Fig. 3.5. In numerical simulations performed by Milroyl3, pressure is
forced to be a flux surface quantity and a radial flow develops as shown in Fig. 3.6. In
these simulations, the ion azimuthal rotation has been forced io zero. It is not clear
whether this would be a fluid flow or simply an electron flow; in the latter case,
oppositely directed toroidal fields would de\)elop at the ends of the FRC. Future

experiments are planned for the TCS upgrade to search for evidence of toroidal fields.

Swirling flow Neutral ionization

Figure 3.5: Possible Radial Flow Patterns.
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3.2 Free Ion Model

The previous model solved for the penetration of a rotating magnetic field into a
plasma column by assuming stationary ions and rigidly rotating electrons. To study the
forces acting on the ions and the resulting ion motion, a much simpler model is used.
Rather than self-consistently solving for the field strength, the field is assumed to be
given at a specific radius. The two-fluid equations can then be solved. These equations
are inherently coupled; in this section, various assumptions are made to decouple the
electron and ion equations in order to find a steady-state solution for the ion azimuthal
velocity. In Sec. 9.1, a nonlinear least-squares numerical solver is used to find

solutions for the fully coupled two-fluid equations.

Assume that the RMF field at a specified radius is given by some fixed value:

B =B, cos(wx —0)F +B,sin(wt~60)0+B S . 3.17)
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Hereafter any term with a tiide is an oscillating quantity, represented as a complex
quantity and multiplied by & For example, |

. B=Bi-iB0+B3. BT
Using Faraday’s law (VXE =-dB/dr) and neglecting anyA axial derivatives, the
electric field is found to be

E=E (ryr+ ra)l;’,é\ . (3.19)

The electron and ion fluid equations of motion, including the effects of neutral

collisions (V,) and fueling (s), are

(4 Yeei

nm DDV; =-ne(E +‘ve><B)-—Vpe —nm,, (v, —v,)—nmu,,v, —m,sv,
(3.20)

Dy,
nm, —b—t-'— =ne(E+v,XB)-Vp, +nmy, (v, - v,)—nmy,v, —msv,

It is assumed that the neutral particles involved in the momentum transfer and fueling

have no directed velocities. The convective derivative in cylindrical coordinates is

Dv_ v, . v, Vv, )2 oV, Voo .o~ )a ,
——=—lpt|y L4 4| v, —-i-2V +iwv, |z. = (321)
Dt r r r : :

r r
For reference, the components of (vxB) for the fields given above are

(vxB) =(VBBZ —(x?zég))f +(<vz1§,>—v,1§z)é+(v,‘1§0-—vais,)zt. (3.22)
Because this model neglects second order modes and higher, then whenever two

oscillating quantities are multiplied together only the steady time-averaged component,

denoted by angle brackets { ) and defined in Eq. (3.5), remains. Now, assuming that

Vp is strictly radial, the ion momentum equation can be explicitly written as
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g: m,(v" ai;’r v,ng,,) (( > )+meve,(veg—v,.,,)—m,.v,.g (vm +—Z—)

Zim (za)v -—l-Y;—V +v, %ﬁ-)—e(E +v,B,-v,B, )+mevﬂ (V,=V,)-m¥, (v,.n +-’S;)
(3.23)

To understand some of the basic physics behind these equations, we will first

expand upon the assumptions ‘made by Hugrass"). Neglect the radial velocity and the

friction terms in the ion axial equation. This is justified if electron and neutral friction

forces are small relative to the RMF force:

(v, +v,, +5/n)
(2

<<1. (3.24)

This has the important effect of decoupling the ion and electron axial equations. The
jon axial velocity also becomes independent of the azimuthal velocity, allowing the

simple solution

m.

-

7 =—ir?: :{er Jsin(a)t ~0). (3.25)

Note that the ion axial velocity lags E, and B; by 90 degrees. This is intuitive; a
frictionless mass oscillates inductively when subject to a periodic force. The ion

azimuthal equation (again neglecting radial velocity but keeping friction terms) is

0= e<,\7izl§ >+m U, (Vg = Vig ) =1, (0, +5/n) v, (3.26)

The (f/izl},) term is the RMF azimuthal force directly on the ions. Using our purely
inductive solution (3.25) for the axial velocity, this drive term is zero. The ion rotation

speed is then a balance between friction with faster electrons and drag with stationary

neutrals. Defining the ion-electron momentum collision frequency v, =(m,/m,)v,;,

the ratio o of the ion to electron azimuthal velocity is

a=e - (H(_“_m_f_s/ﬂ) (3.27)

v, v,

ie
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where Vi, is the charge-exchange momentum transfer frequency and s is the ionization
source rate. Although this model is not applicable to FRCs because it does not self-
consistently solve for the equilibrium, the result in (3.27) is still useful. Aslong as the
RMF does not exert a significant azimuthal force directly on the ions, then the ion

rotation speed must be a balance between electron and neutral friction.

The particle confinement time is defined as

rE——
N s—dnldt

it

(3.28)

In steady state, dn/dr =0, and thus Eq. (3.27) can be expressed in terms of the particle

confinement time

(22

a= (1 + MJ_l (3.29)
e
From this equation, one can see why ion spin-up has received so much attention. As
machines improve, having fewer neutrals and longer confinement times, the drag terms
diminish and the ions will reach an appreciable fraction of the electron rotation

velocity.

The previous analysis found the steady-state ion azimuthal velocity. To
estimate the spin-up time, we must solve a linear first-order differential equation

describing the force balance between electron and neutral friction:

400 =0,
dt

where v* is the net ion momentum transfer frequency, in this model consisting of

(0, -w.(®))-v'w0), (3.30)

v*=v, +1/7, . The solution to Eq. (3.30) is

-1
wi(t)za)e(H-z—)j) (1-e), (3.31)
D

ie

where the spin-up time constant Ty, is defined as
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r, =(v, +v*)". (3.32)
The addition of neutrals lowers the steady-state ion rtotation velocity but makes the

spin-up time to  this lower velocity shorter.  Typical values in TCS are

v, =~1x10* s and v*=4x10" s, leading to a spin-up time of only 20 ps.

3.3 Review of Previous RMF Research

There has been considerable theoretical research on RMF current drive. The idea
of using a transverse rotating magnetic field to drive azimuthal electron current was
first explored by Blevin and Thonemann'* in 1962. They solved the relevant Ohm’s

law E =nj+(jxB)/ne by neglecting the resistive term and solving for the hall

current. This approach was pursued further by Jones and Hugrass'' in 1981, who
considered the effect of the two terms in Ohm’s law separately. They found a resistive
solution by assuming that the 1j term dominates with the hall term as a small linear

correction. This solution is characterized by partial penetration of the RMF to a depth

& greater than the simple resistive skin depth §. They also considered a second case
where the hall term dominates and the resistive term is a small linear correction. This
solution leads to full penetration of the rotating field and near-synchronous electron. In
1982, HUgfasslo expanded upon the fully-penetrated solution to allow for ion rotation.
In 1983, Hugrass and Jones"? solved for the particle trajectories in a fully-penetrated
RMF and found that the particles can indeed have closed orbits. In 1986 Hugrass'®
considered the effect of higher-order harmonics in the rotating field produced by

realistic antenna geometries. He found that field errors can significantly degrade the
current drive efficiency. In 1989 Bellan'” solved for the particle orbits in a fully-
penetrated RMF using Hamiltonian-Lagrangian analysis and found that the electrons
are confined in a potential well, while the ions are confined to the conventional FRC
flux surfaces. In 1996 Ohnishi'® expanded the fully-penetrated two-fluid model of

Hugrass to include the effects of radial flow. He considered the particular case of
central fueling at the field null. In 1998 Hoffman'® considered the effect of a fully-

penetrated RMF on an FRC, with B, > B,,. In the same year, Clemente™ proposed an
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interesting scheme of counter-rotating magnetic fields, one of which would drive the
electrons and the other the ions, as a solution to the problem of ion spin-up. In 1999
Milroy21 presented the first two-dimensional numerical solution for RMF current drive

in an FRC, although this first work assumed a fixed, unifor'm ion density. This first

simulation found complete RMF penetration for ¥, =1.124 [1+.12(/1—6.5)'4:[. This

simulation was improved13 in 2000 to a fully two-dimensional MHD model, including
the effects of a flux conserver. The model also includéd some quasi-three-dimensional
effects typical of the FRC equilibrium, such as the avefage B condition and the
equilibration of pressure along a flux line. This model assumed that the n =0
componeni of the ion azimuthal velocity was zero (no ion spin-up), and eﬁforced an
arbitrary temperature clamp to’fagree with experiments. However, this simulation was
very successful in predicting the partial penetration of RMF into an FRC even when

y>v.. A second improvement22 of this code in 2001 included an edge density

pedestal to look at the effects of wall out-gassing. The RMF is found to apply a strong
radially- inward force, but if the wall fueling rate is sufficiently high then the RMF
loses its drive. The numerical models agree well with an analytic model of RMF
current drive in an FRC subject to equilibrium constraints, presented by Hoffman'? in
2000. In 2001 Steinhauer® considered a viscous momentum sink for the ions using
classical (Braginskii) shear viscosity as an explanation for the observed rotation results,
and in 2002 he proposed end-shorting of the radial electric field as an ion braking

mechanism®*.

Unfoftunately, there has been considerably less experimental research on RMF
curreht drive. The majority of research in the 1980°s was performed in a series of
rotamak experiments at Flinders University, Australia. This research is summarized in
a review paper by J ones™. The rotamak is a spherical compact toroid with no external
flux conserver. The RMF is fully penetrated and drives toroidal current until the
plasma separatrix reaches the wall. The physics of neutral particles and wall

interactions are very important. These experiments reached toroidal currents of over 10
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kA with input RMF power of 300 kW at 0.5 MHz. Electron temperatures were
typically ~35 ¢V. A similar experiment was performed at UCLA in the RACETRACK
device®®. A weak, 10- kW, 485-kHz RMF was applied along with an axial field to form
a rotamak-type FRC. Again, there was no effective flux conserver. The first real
RMF-driven FRC in a flux conserver was created in the STX experiment at the
University of Washington27. This had a 60-kW IGBT supply that generated a 20-G
RMF field at 350 kHz. The RMF was observed to penetrate only to the field null even
though y>y,. STX reported T, = 40 eV, cold ioﬁs, a very low separatrix density, and

a flat field profile at the null that is inconsistent with the rigid rotor model. These
results were explained by Hoffman’s analytic work and Milroy’s numeric model that
include the unique eQuilibrium constraints of the FRC. However, the STX experiment
had difficulty maintaining current drive in steady-state. This may have been because of
three-dimensional flow effects. The RMF antennas were relatively long compared with
the length of the flux conserver énd may have inhibited the development of a steady

radial flow pattern.
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Chapter Four
The TCS Experiment

The goal of the Translation, Confinement, and Sustainment (TCS) experiment is
to study the physics of RMF current drive, in both pre-existing FRCs as well as RMF-
formed FRCs. The TCS experiment® is an improvement over previous RMF current-
drive experiments in that it has a multi-megawatt RMF power supply, has a large flux
conserver radius (47-cm), and has the capability to form a high-quality conventional
FRC in a separate chamber and then translate it into the RMF section. The physics of
the plaSmas formed in the TCS device are less donﬁnaied by wall interactions, neutral
particles, and impurities than in previous RMF current-drive experiments, although it

will be seén that these effects still play a significant role.

This chapter describes the TCS experimental setup. Sec. 4.1 briefly describes the
TCS coil set and vacuum vessel. The RMF power supply, built by Los Alamos
National Laboratory, is described in Sec. 4.2. Sec. 4.3 summarizes the diagnostics on
TCS, with the exception of the Doppler spectroscopy diagnostic which will be
presented in Ch. 5. Emphasis is placed on how these diagnostics will contribute to the

study of plasma rotation.

4.1 The TCS Device

The TCS experiment consists of three sections, as shown in Fig. 4.1. The
formaﬁon and translation sections are built from the LSX/mod device used in the TRAP
expeﬂmentszg. The formation section is used to form high-temperature FRCs using the
conventional’FRTP technique. The translation section then compresses and accelerates
the FRC into the larger sustainment section. After several reflections, the FRC reaches
a stable equilibrium in the sustainment section but has expanded to a much lower
density. Rotating magnetic field current drive is then applied in ’,an attempt to sustain

the poloidal flux. Additionally, the TCS experiment can be operated in an RMF startup
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mode, where the formation and translation sections are used solely as a preionization
source for the sustainment section. In this mode, the RMF system drives enough
toroidal current to reverse the bias field and form an FRC in the sustainment section

from scratch, avoiding the FRTP technique altogether.
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Figure 4.1: The TCS Device and Coil Set

The formation section is a 40-cm diameter quartz vacuum tube surrounded by
eight 46-cm diameter axial field coils. All coils are individually powered by 43-kJ, £25
kV high voltage modules from the original LSX experiment7. A high temperature FRC
can be formed using the conventional FRTP technique. Using the “slingshot”
programmed formation technique, a typical FRC with 5 mWb of poloidal flux and

density of 10*! m’> can be formed in a one tesla axial magnetic field.

The translation section is a 27-cm ID quartz vacuum tube originally used in the
TRAP experiment. Three 30-cm diameter 3-turn coils are independently powered by
similar high-voltage modules as in the formation section. The initial temperature in the
formation section is converted into kinetic energy during the ytransit, but conservation of
enthalpy dictates that most of the temperature is recovered after the first reflection in

the sustainment chamber’.
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The sustainment section is a 2.5-m long, 80-cm diameter quartz vacuum vessel.
The quartz tube consists of two 1.25 meter sections joined in the center by a plastic ring
covered with a thin layer of stainless steel with ports for midplane diagnostics. The
quartz tube is surrounded by twenty 47-cm radius 56-turn coils. The center 14 coils are
connected in parallel to act as the main flux conserver and are powered by a 4-mF, 10-
kV capacitor bank. Three coils on each end of the center flux conserver are connected
in parallel and serve as an independenﬂy programmable edge field. Each end of the
sustainment tube tapers down to 27-cm diameter via 45¥degree conical sections made
of stainless steél bonded to ﬁberglass. The upstream end attaches to the acceleration
section while the downstream end terminates in a stainless plug tube. Each cone has a
single 35-cm radius mirror coil, while the downstream plug has four 40-turn plug coils
connected in parallel. Early on in the translation experiments, it was noticed that the
reflection of the FRC off of the downstream mirror and stainless steel cone introduced a
large humber of impurities into the plasma. To minimize this problem, a tantalum
insert has been placed over the downstream cone. Even with the addition of this insert,
translated FRCs still pick up silicon impurities through interaction with the quartz

yacuum vessel.

The TCS device does not have any wall-conditioning capability with the
exception of a helium glow-discharge system. However, since the quartz tube walls are
non-conducting, it does not appear that the glow-discharge is effective at removing
adsorbed gases. Additionally, the TCS device does not have a pre-ionization source in
the sustainment chamber. Even when operated in RMF-startup mode, preionized gas
must still be introduced from the formation section. These two factors make precise
control of the particle inventory impossible. The neutral density in the confinement

chamber will be estimated in Ch. 7.
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4.2 RMF System

A transverse rotating magnetic field is created in the TCS sustainment section
by a set of four Helmholtz-type saddle antennas, as shown in Fig. 4.2. These antennas
are 7.62-cm diameter copper pipes that run horizontally exterior to the axial field coils
at a radius of 54-cm. This arrangement effectively generates a dipole field, but
minimizes the field errors in the vacuum chamber. The analytic vacuum field solution
for the TCS antenna system is shown in Fig. 4.3. The RMF antennas are 1.5 m long,
considerably shorter than the 3-m confinement chamber to allow for three-dimensional
flow effects at the ends of the FRC. The antennas are hooked up in pairs, with each
pair having a combined inductance of 1.6 uF. This antenna arrangement can generate
a vacuum field of 6.4 G/kA of antenna current; the field is typically 40-60 Gauss. The
plasma resistance dominates the circuit resistance in determining the decay of the

antenna current, limiting the pulse length to about 2 ms.

The RMF antennas are powered by a multi-megawatt tube-driven RF supply
built by Los Alamos National Laboratory”'. A 200-uF main capacitor bank is charged
before the shot, typically to 14 kV. A waveform generator in the control room then
sends a train of voltage pulses to a deck of Eimac triodes. These triodes control a set of
six parallel Machlett 8618 magnetically beamed triodes that switch the current through
a 1:1 air-core transformer primary. The transformer secondary is connected to a tank
circuit, which consists of RF capacitors and the RMF antennas. By varying the amount
of capacitance, the tank circuit can be tuned to oscillate at the desired frequency. TCS
has been operated over a range of RMF frequencies from 258 kHz (w=1.6x10° s to
81 kHz (w=5x10° s). At lower frequency, the circuit impedance wL is lower and
stronger transverse fields can be applied. The RF tube system can deliver a maximum

of ~5 MW of absorbed power to the plasma.
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4.3 General Diagndstics

The TCS experiment has a set of 39 excluded flux arrays at various axial
locations along with several measurements of the external field B.. These allow
determination of the excluded flux radius, equivalent to the separatrix radius if there is
no open field-line pressure, at each of the loop locations. Of course, this is an average
value of the separatrix at each axial locationy; rotational modes can cause the local
separatrix to exceed the average value. The FRC length, volume, and total energy are

also calculated using the flux array.

The plasma temperature in the RMF-formation mode is low enough that the
magnetic field profile can be measured directly with an internal magnetic probe. The
probe is inserted radially at the axial midplane. The probe contains 31 individual flux
loops, all oriented in the same plane. The loops are wound inside a thin electrostatic
shield enclosed in a beryllium oxide tube 42-cm long and 3-mm in diameter. The
probes are spaced at 2-cm intervals from =0 tor =20 cm radius, and at 1-cm intervals
from r = 20 to r = 40 cm. The probe has a time resolution of 100 ns. The probe can be
rotated to measure either the axial or toroidal field or a combination of both. The
magnetic field profile is used to reconstruct the plasma pressure and current density

profiles.

A double-pass heterodyne Mach-Zender CO; interferometer is located at the

axial midplane and measures line-of-sight electron density j_rw n,(r)dl at zero impact

parameter. Based on previous FRC experience, the total temperature is assumed to be
uniform throughout the plasma. With this assumption, the total temperature can be
deduced from the interferometer and internal magnetic probe data, as described in Ch.
; , ;

A floating double Langmuir probe is located at the axial midplane and is

inserted a few cm into the plasma. The probe jacket is beryllium oxide while the probe
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tips are made of tungsten wire. The probe typically measures ion saturation current,
which is used to measure the edge electron density. Although the probe voltage is not
swept during a shot, the probe bias can be changed shot-to-shot to estimate the electron
temperature.' This information is used extensively in interpreting the emission

diagnostics.

TCS has two wideband silicon photodiode bolometers® that ideally detect all
incident photons from line radiation as well as plasma bremsstrahlung emission. The

bolometers, both located at the axial midplane with zero impact parameter, measure the

chord-integrated total radiated power j_rw P, (r)dl. Individual impurity lines are

measured with three photomultiplier-tube monochrometers. A Jarrell-Ash 0.5-meter
visible spectrométer views the plasma at the axial midplane with zero impact
parameter. This spectrometer typically monitors Si III emission at 455.262 nm. Two
ultraviolet spectrometers are lens-coupled to the plasma near the midplane at zero
impact parameter. A McPherson 0.3-m monochrometer typically monitors O III
emission at 326.53 nm from the colder RMF-startup plasmas and helium-like C V
emission at 227.089 nm from the hotter translated plasmas. An Acton 0.2-m
rhonochrometer monitors C III emission at 229.687 nm. Although none of the
monochrometers are absolutely calibrated, they can be used in doping experiments to
estimate the impurity content of the FRC. The Si III signal in particular is a useful
indication of whether a rotational mode has caused wall contact and ablation of the

quartz tube wall.

The TCS experiment has several arrays of visible light diagnbstics at the axial
midplane, as shown in Fig. 4.4. A radial array of eight Do (656.103 nm) detectors
views the plasma in 5-cm increments from y = 0 to y = 35 cm impact parameter. The
system is absolutely calibrated to give (chord-integrated) photons/mzls. As described in
Ch. 7, the chordal measurements can be Abel-inverted to find the neutral emission

profile. From this, the neutral density, ionization rate, and charge-exchange rate can all
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be calculated. A 34-chord tomography system is also installed near the axial midplane.
Visible light collected by the system passes through a pair of gel filters with a bandpass
of 500-600 nm. This region of the spectrum is relatively free of impurity line radiation
and is hoped to be dominated by plasma bremsstrahlung emission. The tomographic
data is inverted using a modal algorithm, where the structure is limited to a few radial
and azimuthal modes. Ideally, this is representative of the plasma density profile,
althbugh impurity line radiation may contaminate the signal. Actual spectra taken
through the filters indicate® that the ratio of continuum bremsstrahlung radiation to
impurity line radiation is only about 44%, so the tombgraphic inversion is not used to
determine the plasma density profile in this thesis. However, it does provide an

excellent picture of the rotation mode structure and frequency.

Figure 4.4: Visible Light Emission Arrays. (a) 8-chord D-a array. Light is collected
by 12-mm diameter f/3.5 collimating lenses, focused onto fiber optics, and passed
through a 10-nm wide filter. The system collects both D- o and H-o emission. (b) 34-
chord visible light tomography array.
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Chapter Five
Doppler Spectroscopy Diagnostic

Doppler spectroscopy is a standard diagnostic used to measure the ‘parallel‘
velocity of a radiating species. If a radiating particle is moving relative to an observer,
then the radiation wavelength and frequency will appear Doppler shifted to the
observer. The Doppler effect equation for non-relativistic (v < ¢) motion is |

MY oso, 5.1
A c

where AA is the shift in observed wavelength from the rest wavelength Ao, v is the
velocity of the emitter relative to the observer, c is the speed of light in the medium,
and O is the angle between the velocity vector of the emitting particle and the observer's
line of sight, as shown in Fig. 5.1. Since the natural wavelength of bound-bound
transition line radiation for most plasma impurities is known with great precision, the
line-of-sight drift velocity of these impurities can be deduced from the shift in observed

wavelength of the line radiation.

oo wm e e o me mn on me e e e e e W

Observer Radiator
Figure 5.1: The Doppler Effect

There are several complications when making Doppler spectroscopy
measurements. First, only neutrals and ions with bound electrons emit spectral line
radiation; therefore, the Doppler effect cannot be used to determine the velocity of fully
jonized atoms or free electrons. The majority species in TCS is deuterium, which for
the most part is fully ionized inside the separatrix. In order to study plasma rotation,

spectral lines from partially ionized impurities such as carbon or silicon are used
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instead. These heavier impurities may not have the same drift velocity or temperature
as the main plasma species. This concern will be addressed in Sec. 6.1. Second,
spectroscopy is inherently a chord-integrated measurement. As with all such
'measurements, the data must be spatially inverted to obtain a radial profile. Finally, all
spectrometers have imperfect optics. Aberration and coma broaden a spectrally narrow
line. The spectrometer output for an input delta function is the instrument profile,
sometimes referred to as the point spread function (PSF). Deconvolution is the proéess
of removing the instrument function from the experimentally observed spectrum. The
data presented in this thesis has been both spatially inverted and spectrally

deconvolved, as described in this chapter.

To measure the ion azimuthal velocity, TCS is equipped with a multi-chord
Intensified Charge-Coupled Device (ICCD) spectrometer. This takes a snapshot of the
- spectral distribution of line radiation at a single point in time but at six chords, allowing
determination of the spatial profile of the plasma velocity. This chapter summarizes the
experimental setup of the ICCD spectrometer, as well as the calibration, deconvolution,

and spatial inversion techniques used to analyze the data.

5.1 ICCD Spectrometer

The Intensified Charge-Coupled Device (ICCD) spectroscopy system used on
“TCS will be described in this section, although more detail can be found elsewhere™.
A two-dimensional CCD chip provides both spectral and spatial resolution. The system
can effectively resolve line radiation down to about a tenth of a pixel on the CCD. For
a line at 500 nm this corresponds to 0.0025 nm, equivalent to the Doppler shift of a
particle with 1.5-km/s velocity. The system has a reasonable efficiency over the range
from 200 to 800 nm. The maximum gain is about 80 digital counts per photoelectron.
A 25-us exposure usually yields a good signal-to—noise ratio. Spatially, the system can

collect light from six chords simultaneously.
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Electromagnetic radiation emitted from the plasma is collected and collimated
by 12-mm diameter, 42-mm focal length quartz plano-convex lenses. A fiber optic
bundle is placed at the focal length of each lens. Each fiber bundle consists of seven
individual 200-um diameter UV fibers. At the input end of each fiber bundle, the seven
fibers are in a hex-close-packed geometry, as shown in Fig. 5.2, to maximize the
collecting area. At the output end, the fibers are randomly ordered into a single vertical
line. This geometry allows the narrowest entrance slit to the spectrometer possible.
The CCD chip is large enough to image all six bundles simultaneously. An example of
a raw image of the C-III line at 229.687 nm is also shown in Fig. 5.2. The horizontal
dimension on the CCD is converted to a wavelength while the vertical axis is the

imaging axis along the slit height.
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Figure 5.2: ICCD Fiber Optic Bundles and Raw Image. (a) Fiber bundle geometry at
the light input end. (b) Fiber bundle geometry at the light output end. (c) Raw ICCD
image of the C-III line at 229.687 nm in inverted grayscale.
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" The six fiber bundles typically view the plasma near the axial midplane. The
fibers have been arranged in a variety of fans, as shown in Fig. 5.3. For detailed
velocity profiles, the fibers are positioned in a radial array, in 5-cm increments from y =

10 to y = 35 cm impact parameter.
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Figure 5.3: ICCD Fiber Optic Array Layouts. (a) Symmetric fan used for chord-

integrated velocity measurements. (b) Radial fan used for Abel inversion.

The spectrograph in the ICCD system is an Acton Research SpectraPro 500i
Czemy-Turney type spectrograph. It has a focal length f of 500 mm and an aperture
ratio of £/6.5. The spectrometer slit is typically 25-um wide. Toroidal mirrors in the
spectrometer provide the necessary horizontal (spectral) accuracy while maintaining
sufficient vertical resolution to image six fibers simultaneously. The spectrometer has a
stepper-motor controlled turret that holds three different 68 x 68 mm gratings. This
allows both high spectral resolution and wide range because different gratings can be
used for lines in different wavelength ranges. For Doppler effect studies, two high
dispersion gratings are used, both with 1800 g/mm. One is a ruled grating with a blaze
wavelength of 500 nm; the other is a holographic grating with a 250-nm blaze
wavelength. Both gratings have a nominal dispersion of 0.9 nm/mm, equivalent to

0.022 nm per pixel and an 11.5-nm field of view.
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A Princeton Instruments PI-MAX 512RB camera is located at the exit plane of
the spectrometer. This camera contains a photocathode, microchannel plate (MCP),
tapered fiber bundle, rear phosphor, and CCD chip. Incident photons are converted into
electrons by an 18-mm diameter Gen-II photocathode with a relatively constant
quantum efficiency of about 10% from ultraviolet wavé]ength"s through the visible
spectrum. Thé MCPisa slightly conducting glass plate with hundreds of thousands of
6—'um pores that can provide a maximum gain of about 560 electrons per incident
ph@toelectron. The intensifier also acts as a very fast shutter. The intensifier is gated by
switching the accelerating voltage bétween the photocathode and the MCP, as well as
by bracketing the voltage across the MCP. Bracketing gives the intensifier a nearly flat
on/off ratio of about 10”:1, even for high-energy incident photoné in the UV that can
pass through the photocathode and strike the MCP directly. Because of this high on/off
ratio, no mechanical shutter is needed. The rear phoSphor is typ'é P43 (Gd,0,S:Tb)
with a decay timé (down to 1%) of 3 ms. Light from the rear phosphor is brought to the
CCD chip via a 1.27:1 reducing fiber-optic bundle. The CCD is a Thomson 7895
square :array with 512 x 512 imaging pixels. The CCD pixel size is 19 pum, but because
of the tapered fiber optic coupling, the spectrograph sees an effective pixel size of
24;13 um. The effective field of view focused onto the CCD chip is then 124 x 12.4
mm. The CCD well capacity is 450,000 electrons per pixel. A thermoelectric cooler
keeps the CCD at a stable ——2‘0°_C to reduce the CCD daﬂc current to a nominal value of

eight electrons per pixel per second.

. The PI-MAX camera is controlled by a Princeton Instruments ST-133A
controller. This unit contains an A/D converter for the CCD array output as well as a
Programmable Timing Generator (PTG) that gates the intensifier. The PTG has a
nominal insertion delay of 25 ns. The ST-133A also controls the inténsiﬁer gain and
the grating stepper-motor. A 16-bit, 100-kHz digitizer converts the CCD well charge to

digital counts, with one count equaling about seven electrons. The data is pre-



42

processed by Roper Scientific Winspec software that arranges the CCD data back into
its geometric order and applies basic grating equations to create a wavelength scale.

Final processing is performed with MATLAB.

The ICCD system has not been absolutely calibrated. Based on the
manufacturer specifications for the fiber optics, the gratings, and the photocathode35 ,
the total system sensitivity versus wavelength can be estimated, as shown in Fig. 5.4.

By using different gratings, the spectrometer has a reasonable efficiency from 200 to
800 nm.
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Figure 5.4: ICCD Total System Sensitivity

5.2 Calibration
The first step in processing the raw ICCD image is to create a wavelehgth scale.

The wavelength calibration is based on the Czerny-Turney grating equation:
A =—k%(sina+sin,6’) (5.2)

where k is the diffraction order, n is the number of grooves per mm for the grating, ol is

the angle of the incident beam relative to the grating normal, and B is the angle of the
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exit beam, as shown in Fig. 5.5. o and P are related to the inclusion angle y, which is a
property of the grating, by y=/f—«. The wavelength at the midplane of the CCD
chip can then be written solely as a function of inclusion angle and the rotation angle of

the grating y:
2 . /4
A=— =1 : 53
knsml//cos(zj (5.3)

To find the wavelength at a location other than the CCD midplane, thé focal length f,
and the detector angle 5, must be taken into account. Both are determined through a
calibration process that involves looking at spectral lines from a known source, sﬁch as
a mercury lamp, at different locations on the CCD. The focal length is calculated to be
within a few mm of the nominal value of 500 mm, while the detector angle has been

aligned to within oné degree of perpendicular. The equation for the wavelength at any

point x on the CCD is then
Alx)= —lgn—{sin (1// -—12/—) +sin (w+%+ f(x))} (5.4)
where the angle & is related to f and 8 by the formula
xcosd
ta = —— 55
ng f +xsind (5-3)

The next step in calibrating the raw image is to correct for the instrument
curvature induced by errors in the aspheric mirrors. Line radiation from a stationary
calibration source should appear as a perfectly vertical line on the CCD. In reality, the
line radiation is bent in varying amounts along the vertical imaging axis, forming a
curved image. Since this error is of the same order as the Doppler shift being
measured, it must be corrected for. The curvature correction factor is generated as
follows. An image of a known calibration line is obtained from a calibration lamp.
The peak wavelength of each row is found from a Gaussian fit. A second-order
polynomial is then fit through the peaks. If there were no curvature effects in the

optics, then this fit would be a perfectly straight vertical line. The curvature varies with
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wavelength so the process is repeated for different calibration lines. A typical

curvature fit is shown in Fig. 5.6.
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Figure 5.6: ICCD Instrument Curvature. Fit shown is for the Hg I line at 404.656 nm
viewed with an 1800-g/mm 250-nm blaze grating.
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Ohce the curvature has been removed from the image, the data for each fiber
bundle can be averagéd in a process called binning. The row numbers for each fiber
bundle image are identified as a region of interest, or ROL Once the rows for each ROI
are determined, the columns are “binned” or summed and averaged, producing a single
spectrum for each ROL There are typically six fiber bundles and thus six ROISs, so the
binning process reduces a 512 x 512 image into six individual spectra, each with 512

points on the wavelength axis.

If the curvature correction is applied back to the calibration images, a nearly
perfectly vertical image should be produced. A comparison of binned spectra produced
with and without the curvature correction is shown in Figure 5.7. In the data produced
without curvature removal, the spectra are clearly shifted. The lower set of data, with
the curvature calibration applied, are not only centered but also are narrower, because

the curvature within each ROI has been removed before binning.
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Figure 5.7: Binned Calibration Spectra. (a) Hg 1 line at 404.656 nm binned without

the curvature correction. (b) Same line but with the curvature removed before binning.
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5.3 Deconvolution
Even with the instrument curvature removed, line radiation is still broadened
due to finite slit width and optical imperfections in the grating and mirrors. The output
spectrum for a perfectly narrow delta function input is called the instrument function or
point spread function (PSF). An input spectrum F is convolved with the instrument
function G, resulting in the observed output spectrum H:
H(A)=F)*G(A). (5.6)
The process of inferring the input spectrum F from the known instrument function G
and the observed spectrum H is deconvolution. Several deconvolution techniques were

attempted, and will be described briefly.'

v The simplest method attempted was analytic deconvolution. Assume that the
instrument function G can be modeled by a simple analytic function such as a Gaussian,
Lorentzian, or Voigt function. A Gaussian function is of the form

G(A) = A exp(~22/2); z Eif-%, (.7)
' 3
where A, is the peak intensity, A, is the central wavelength, and Aj is the standard
deviation. A Lorentzian function is of the form
A
c=2 4L (5.8)
T (A-4) +A
where A; is the area under the spectrum, A; is the central wavelength, and Aj is the
half-width at half-maximum (HWHM). A Voigt function is a combination of the two.
Similarly, if the input spectrum F is also assumed to be one of these analytic functions,
then the deconvolution can be performed analytica11y36. Unfortunately, the instrument

function is not well-modeled by any of these analytic functions, as shown in Fig. 5.8.
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Figure 5.8: ICCD Instrument Function. Instrument function for Hg I line at 405 nm

compared with Gaussian and Lorentzian functions having the same FWHM.

The second method attempted was Fourier deconvolution. Taking the Fourier

transform JF of Eq. (5.6) yields
F(H) = FEFG). (5.9)

The input spectrum is then found by rearranging and taking the inverse transform F !

F=F" [%gﬂ (5.10)

This method is sensitive to noise in the spectrum. Even using a Weiner filter’’ to
minimize the effect of high-frequency noise, a satisfactory result could not be obtained
with this method. A possible reason is the poor signal-to-noise ratio in the wings of the
spectrum, particularly as kthe exposure time is shortened and single-photon statistics

become important.

The final method attempted and finally adopted was to restrict the input
spectrum to be a pure Gaussian, given by Eq. (5.7). Different input Gaussians are
convolved with the known instrument function and compared with the observed output
spectrum. The process is repeated until the coefficients A;, Az, and A; are found that

result in the minimum least-squares error between the calculated output spectrum and
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the observed spectrum. The error between the actual data and the convolved Gaussian
is computed using a weighting function w as shown in Fig. 5.9 with a half-width of 4c.
This weighting function lowers the relative importance of the error in the wings of the

spectrum, where the signal-to-noise ratio is low.

1

2 05¢

o
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Figure 5.9: Weighting Function for Least-squares Fit

5.4 Abel Inversion »

The ICCD system mzikes chord-integrated measurements of the emission
spectrum. The line-of-sight spectra must be spatially inverted in order to obtain the
local emission and velocity profiles. The system has only six viewing chords, too few
to make a good analytic or spline fit. Instead, the data is spatially inverted using a shell

model.

Following the notation of Bell*, assume that plasma is axisymmetric and is
divided into j radiat zones, as shown in Fig. 5.10. Each zone is assumed to have a
uniform emission €; and rotational frequency ;. The path length Ly; for sightline i with

impact parameter y; through shell j is given by:
fori<j: Lij=2,y%, -y —2{»} -

fori=j: Lij=2,/yf.+l—y,.2 (5.11)

fori>j: Lij=0

0; is defined as the angle between chord i and the tangent of shell j. The apparent

Doppler shift (v 4 / c)cos 6, is then constant along sightline i through shell j as long as

j; is uniform. The measured brightness B; is related to the emission profile g; by
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B=3Lg,. (5.12)

J

Eg. (5.12) can be inverted to obtain the emission &; from the measured B;:

g:qu. | (5.13)

Figure 5.10: Abel Inversion Geometry. Only four chords and shells are shown for

clarity. The actual experiment has six chords and six shells.

The brightness B; is found by integrating the observed spectrum and does not
require deconvolution. Before inverting, the brightness is corrected by the relative
transmission of each fiber. The transmission through the .qua,rtz tube at varying impact
parameters must also be considered. Approximating the quartz wall as a flat plane,

then the transmission angle 8 through the quartz can be related to the incidence angle
6, by Snell’s law n,sin@, =n,siné,, where n; is the index of refraction of vacuum

(and air) and n, is the index of refraction for quartz, as shown in Fig. 5.11. The
transmission for light polarized in the parallel and perpendicular planes relative to the

quartz is
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T =1- n, cos @, —n, cos G, :
! n, cos @, +n, cos 6,

R (5.14)
n, cos@ —n,cosb,
T, =1-
n, cos @ +n,cosb,
The transmitted intensity, shown in Fig. 5.12, is then given by
1
I, =.2.(T"2+Tf)1m. (5.15)

My
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Figure 5.12: Quartz Transmission. Intensity transmission is plotted versus impact

parameter y normalized by the wall radius r,,.
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The ion temperature in TCS is often low enough that there is no significant
Doppler broadening of the impurity line radiation. In this case, deconvolution is not
necessary and the velocity profile can be obtained via a matrix inversion as well. The
apparent velocity u;, found from the Doppler shift of the centroid wavelength of the

observed spectrum, is then

Bu, =3 MeV, (5.16)
J

where M; = L, cos@; . This can be inverted to obtain the local velocity v;

> M;'Bu,
V= — (5.17)

&

The velocity inversion thus depends on the emission inversion; any errors in the

emission inversion will propagate into the velocity inversion.

When the observed line radiation is broader than the instrument function, either
from Doppler broadening or turbulent broadening, then the simple matrix inversion
scheme presented above is inconsistent with the deconvolution method presented in
Sec. 5.3. The deconvolution method assumes that the input spectrum for each chord is
a purée Gaussian distribution. If the shells viewed by a chord are rotating at varying
frequencies, then the actual input spectrum will be a sum of Gaussians, each with a
different Doppler shift. The inversion scheme is modified slightly to take this into
account, as follows. Instead of solving for all shells simultaneously, the shell properties
are solved for individually starting with the outermost shell. The spectrum from shell
= n, where n is the total number of chords and shells, is assumed to be a pure Gaussian
and can be deconvolved as in Sec. 5.3. The emission has already been obtained

through Abel inversion and puts a constraint on the deconvolution:

V2mAA =€, (5.18)
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The contribution of the spectrum observed by chord n-1 from shell n can then be
estimated by convolving the Gaussian distribution for shell n with the instrument
* function for chord n-1:

HA) =F_,(D)*G,(A) . (5.19)
The calculated spectrum is subtracted from the observed spectrum for chord n-1. The
remaining spectrum must have come from shell n-1 and can be deconvolved to solve

for £,, and @, ,. This method is then repeated for each successive shell.
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Chapter Six

Ion Rotation Measurements

The experimentally measured azimuthal velocity of various plasma species is
presented in this chapter. The bound-bound transition lines used for Doppler shift
measurements are summarized in Table 6.1. Lines from neutrals as well as impurities
of varying mass and ionizatidn state were studied. In Sec. 6.1, the Doppler shift of
these lines is presented without spatial inversion. Chord-integrated velocity
measurements may not provide the true rotation profile but are useful for comparing the
edge rotation velocity of different species. The ion temperature is estimated in Sec. 6.2.
In Sec. 6.3, the spectra are spatially inverted to obtain local emission, velocity, and ion
temperature profiles. In Sec. 6.4, a rigid rotation fretluency is fit to the chord—integrated
velocity profile. The rotation frequency is then plotted against different plasma
parameters‘ such as RMF frequency, field strength, and antenna length. The effect of
RMF antenha length is examined in Sec. 6.5. Finally, in Sec. 6.6, the plasma rotation is

cornpared with the n = 2 rotational mode frequency.

Table 6.1: Spectral Lines Used for Doppler Effect Measurements

Specics Wavelength Atomic Mass | Ionization Energy

(nm) (AMU) (V)

Do 656.103 2 13.6
D 486.003 2 13.6
Hel 388.865 4 24.6
Hell 468.570 4 54.4
cI 229.687 12 47.9
om 326.533 16 54.9
Si I 455.262 28 33.5
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6.1 Chord-integrated Velocity

The chord-integrated velocity for various neutral and ion species is presented
here. These results are obtained without a spatial inversion. Therefore, these results
may not represent the actual velocity profile. Only through a spatial inversion can
slight differences in rotation frequency at dimmer, inner radii be detected.
Nevertheless, these chord-integrated results are a useful way of comparing the edge

rotation velocity of various species without the complications of spatial inversion.

Chord-integrated velocity profiles for the C-III impurity line at 229.687 nm,
viewed in third order, are shown in Fig. 6.1 for two repeatable shots. The collection
optics have been positioned in both a symmetric fan and an asymmetric fan, as shown
in Fig. 5.3, for comparison. The results are similar, proving that the inferred rotation is
not due to a systematic error in the curvature calibration. Another proof of the Val'idity
of the calibration is shown in Fig. 6.2, a comparison of the ion rotation of C-III 229-nm
radiation viewed at both first order and at third order (689.061 nm). These orders are

viewed by different gratings with independent calibrations, yet the results are the same.
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Figure 6.1: Chord-integrated Carbon Azimuthal Velocity. C-III line at 229.687 viewed
at third order (689.061 nm) at t=600 us with RMF frequency w=0.5x10° 5.
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Figure 6.2: C-1II Velocity Viewed at Different Orders. C-III 229.687 nm line viewed
at first order and third order at t=1000 us. RMF frequency w=0.5x1 s

Carbon is a minority species in the deuterium plasma, with a typical impurity
fraction of a few percent”. A key question is how well the carbon impurity
corresponds'with the motion of the bulk plasma. The plasma majority species is fully-
ionized deuterium, which does not emit bound-bound line radiation and cannot be used
for Doppler effect studies. There is promising evidence thaf carbon is a good tracer for
the deuterium plasma motion. In Fig. 6.3, C-III azimuthal velocity is compared with
both heavier and lighter ion species to see if ion mass has any effect on rotation. Si-III
is typically' present in TCS due to ablation of the quartz vacuum wall, and has an
ionization energy similar to carbon. Silicon has an atomic mass of 28, more than
double that bf carbon at 12. A comparison of the rotation profiles in Fig. 6.3 indicates
that carbon and silicon rotate synchronously. Further evidence that all plasma species
rotate at the same speed comes from operation in pure helium. Helium has an atomic
weight of 4 and has two electrons so it may not fully ionize. He-II has an ionization
potential of 54.4 eV, higher than the C-III ionization energy. Comparison of the

rotation proﬂles of C-III and He-1I also show synchronous rotation.
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Figure 6.3: Chord-integrated Rotation of Various Ion Species. Doppler shift of C-LII
x3 (689.061 nm), Si-II (455.262 nm), and He-II (468.570 nm) lines for 0=0.5x10° 5™.

No Doppler shift is observed for the chord-integrated line radiation of neutral
species, shown in Fig. 6.4. Do, and DP lines from neutral deuterium atoms and neutral

He-I radiation from pure helium operation show no significant azimuthal rotation.
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Figure 6.4: Chord-integrated Rotation of Various Neutral Species. Data obtained from

He-I (388.865 nm), Da(656.103 nm), and D (486.003 nm) lines for w=0.5x10° s
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6.2 Ion Temperature

Determination of the plasma total temperéture is relatively easy in FRCs
because they are high B and the total temperature can be calculated from pressure
balance, as describéd in Sec. 7.1. The ratio of the electron temperature T, to the ion
temperature T; will be very important for the power balance and torque balance models
to follow. HoWever, with the limited‘diagnoﬁics on TCS it is difficult to determine T,
and T;. Presently, TCS does not have a Thomson scattering system to determine
electron temperature. A double Langmuir probe has been developed for TCS, but the
voltage cannot be swept during a shot because of RMF pickup. Instead, the DC bias
across the probe tips can be varied from shot to shot, and an estimate of the electron
temperature can be made from the variation of the ion saturation current. Results for a
series of repeatable shots are shown in Fig. 6.5. The electron temperature seems to be
roughly half of the total plasma temperature.
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Figure 6.5: Electron Temperature from Double Langmuir Probe. Langmuir probe

data (blue line) is from a series of repeatable shots. RMF frequency = 0.72X1 o s,

The neutral temperatufe can be obtained from the Doppler broadening of the

Balmer o line (656.103 nm) of neutral dcuterium; The Da. line is preferable to Dp
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(486.003 nm) because Df} is also Stark broadened. Interpretation of the Do spectrum is
difficult because TCS contains a significant fraction of hydrogen. The HOL line is at a
slightly different wavelength (656.285 nm) and the two lines overlap. The neutral
temperature has been obtained using a Gaussian deconvolution as described in Sec 5.3
with the following modifications. Instead of a single Gaussian, a double Gaussian (one
for Da, one for Ho) is convolved with the instrument function and compared with the
observed spectra. The separation between the two Gaussians is fixed at 0.179 nm,
implying no relative drift between the two isotopes. The temperature of the two
isotopes is also assumed equal at each radius. The H:D fraction and the neutral
temperature are allowed to vary with radius. At this point, the data is not spatially
inverted. A typical observed spectrum and the cbnvolved fit are shown in Fig. 6.6.
Early in the discharge shown in’ Fig. 6.7, the total plasma temperature is found from
pressure balance to be about 50 eV. The neutral temperature profile, shown in Fig. 6.8,
varies from ~25 eV at the center of the plasma to ~7 eV at the edge. The H:D fraction
also varies, from a low of 17% at the center of the plasma to nearly 30% at the edge,
presumably due to outgassing of the walls. Later in the discharge (t=1300 ps), the
plasma has developed a n=2 instability and the hydrogen fraction is much more uniform
(~18%). The total plasma temperature has decreased to ~27 €V, and the neutral

temperature, shown in Fig. 6.9, has decreased to a more uniform value of ~8 eV.
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Figure 6.6: Do Spectrum and Convolved Fit. Black dots: observed spectrum. Red line:

convolved double Gaussian fit.
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Figure 6.9: Neutral Temperature Profile at t=1300 ys.

59



60

The ion temperature should be obtainable from the Doppler broadening of
impurity line radiation. ~ Surprisingly, nearly all the C-III and Si-III spectra collected
are as narrow as, or even narrower than, the instrument function for calibration lines at
similar wavelengths. These impurities should be in rapid thermal equilibrium with the

deuterium plasma, as given by the classical ion-ion thermal equilibrium time:

32
T, =5.5x10" meT) erﬂT”) [s] (6.1)

: memﬂ Z,ZgngInA 4
where all quantities are in cgs units except temperature, which is in eV. Coxhputing the
C*2 - D*! equilibration time with Tp=15 eV, Tc=1 eV, np=1x10"* cm?, and nc=2% np
yields a short equilibration time of 1 us. If the bulk plasma ioﬁs have any significant

temperature, then the carbon impurity should be in thermal equilibrium. Although

Doppler broadening is diminished for heavier impurities by Jm and the “instrument
temperature,” or instrument-induced broadening, for the C-III line is about 20 eV,
additional broadening for ~15 eV carbon should be discernable. Several possible
explanations for the lack of Doppler broadening in the carbon spectra are proposed.
One, the ion temperature could truly be cold, although this is not indicated by the
Langmuir probe or the neutral temperature measurements. Two, bremmstrahlung
continuum radiation often dominates the emission in the wings of the line spectrum.
When this background radiation is subtracted, the resulting line spectrum appears
narrower. Third, the instrument functions obtained from Hg and Cd lamps may also be
slightly pressure broadened or temperature broadened and may not represent true delta
function inputsy. Four, the number of photons collected in the wings of the spectrum is
small for these low density, low temperature plasmas, especially when the exposure
time is short (less than 50 us). Finally, errors in calibration, curvature removal, and

deconvolution may simply overwhelm the slight ~10 eV temperature broadening.

6.3 Rotation Profile
In the previous section, chord-integrated Doppler shift results for various

plasma species were presented. Although the ion rotation profile appears to be that of a
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rigid rotor based on these results, a spatial inversion must be performed to prove this.
As described in Sec. 5.4, a “peel” ,method' of Abel inversion has been developed that
deconvolves the asymmetric instrument profile from the measured spectra by assuming
that each shell radiates with a Gaussian distribution. For this method to be successful,
however, the measured spectra must be broader than the instrument function; otherwise

the deconvolution will fail. Furthermore, if the velocity profile is anything but rigid

rotor it must lead to apparent broadening of the chord-integrated spectra.

As described in Sec. 6.2, spectra for C-1II and Si-Ill do not typically show any
significant broadening. A handful of shots have been obtained where the 6bserved
spectra for all chords are broader than the instrument function. Fig. 6.10 shows plasma
parameters for two such shots. These plasmas exhibit a mild n=2 distortion even
though the separatrix is near the wall. These plasmas therefore do not strictly satisfy
the inherent assumption of axisymmetry required for an Abel inversion. Nevertheless,
an inversion and deconvolution is attempted. The error associated with the non-

axisymmetry will be calculated in Appendix A. -
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Figure 6.10: Plasma Parameters for Shots 4430 and 4438. Red line: shot 4430.

Black line: shot 4438.
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The chord-integrated spectra have been spatially inverted and deconvolved
using both the peel method and the simple matrix inversion technique described in Sec.
5.4. In Figs. 6.11 and 6.12, inverted profiles for the C-III line at 229.687 nm viewed in
third order are shown. Both results are taken at t = 600 ps with a 25 ps exposure. The
RMF frequency ® = 0.52x10° s, the bias field By = 66 G, and the total temperature T,
= 32 eV are the same for both cases. In Fig. 6.11, the vacuum RMF field strength By, =
50 G and the average electron density <n¢> = 1.3x10® m?. In Fig. 6.12, the RMF field
is higher at B, = 65 G, resulting in a higher density <n.> = 1.7x10" m?. Despite these
differences, the results are similar. The top graph in each figure shows the chord-
integrated brightness data as black points, and the Abel-inverted emission profile as a
blue line. In Fig. 6.11 the emission is peaked at the null, while the higher-density shot
shown in Fig. 6.12 has a much broader emission profile. In the middie graph, the
chord-integrated velocity profile is shown as black points, the matrix-inverted velocity
profile is shown in blue, and the deconvolved velocity profile is shown in red. The
deconvolved results indicate that the plasma may not be truly rigid, but rather that the
plasma near the geometric axis rotates more slowly. Finally, the bottom graph shows
the deconvolved temperature profile in red, along with the instrument temperature for
each chord as a black point. The plasma total temperature is shown as a dashed line.
The carbon ion température is roughly equal to half the total temperature, although the
temperature resolution below the instrument temperature is poor. The inverted spectra
from each shell are shown in Fig. 6.13 in black, along with the convolved Gaussian fit
for each shell in red. From the close agreement, it can be claimed that although the
inversion and deconvolution may not be a unique solution, it is certainly a valid

solution.
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Figure 6.11: Inverted C-III Profiles for Shot 4430. Data from C-III 229 nm line at
third order. (a) black dots: chord-integrated brightness. Blue line: matrix inverted
emission. (b) black dots: chord-integrated velocity. Blue line: matrix inverted velocity.
Red line: deconvolved velocity. (c) black dots: Instrument temperature. Red line:

deconvolved temperature.
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Figure 6.12: Inverted C-III Profiles for Shot 4438.
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Figure 6.13: Inverted Spectra and Convolved Fit for Shot 4438. Black line: inverted

spectra. Red line: Convolved gaussian fit. Dashed line: rest wavelength Ao.

Inverted profiles obtained from the Si-III line at 455.3 nm for similar plasma
conditions are shown in Fig. 6.14. The emission profile is very similar to that of C-III
and roﬁghly follows the plasma density profile. The velocity profile, however, is quite
different in that ions at the edge (35 cm) are rotating more slowly than plasma further
in.. This could be due to the fact that Silicon is introduced at the plasma edge due to

wall ablation, and because of its large mass takes longer than carbon to spin up.



65

x 10
~ 5la) ' et éhot4489—‘
o S t=1000 ps
3 i R -
w
0 L i i ) 1 i ]
30 ¥ ) L L} L) L]
z 2:® -
& wp (WMM ]
= 0
-10 1 I i I} L
2DD b(c) N R T T ¥ ]
3
L ' . ’ . 1
0 --.-30_*21.] ......... I——':—:q ................. SRR CEPPPED %"“.‘Z{T‘T‘
0 5 10 15 20 25 30 35 40
r{cm)

Figure 6.14: Inverted Si-IIl Profiles for Shot 4489.

6.4 Rotation Frequency

In Sec. 6.3, the ion azimuthal velocity profile was seen to be very close to rigid
rotor. Ions near the geometric axis may be rotating more slowly, but the error bars in
the spatial inversion are too large to make a definitive claim of this. In order to
compare the ion rotation for different plasma conditions, the ion velocity profile is
assumed to be rigid rotor and the chord-integrated velocity is fit to a rotation frequency
1)

v,(N=or. (6.2)

The time evolution of the carbon ion rotation frequency is shown in Fig. 6.15
for a series of repeatable shots with RMF frequency @ = 0.52x10° 5. The ICCD
camera can only take a single exposure during a shot, so each data point was obtained
from a different shot, triggered at a different time. C-III does not begin radiating until t
=300 ps, by which time it has already spun up to the steady-state value of w; = 6.5x10"
s, or 12.5% of the RMF frequency.
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Figure 6.15: C-III Rotation Frequency for @ = 0.52X1 0° 5. All data taken with 50-us

exposure.

The time evolution of the carbon ion rotation frequency is shown in Fig. 6.16
for a series of repeatable shots with higher RMF frequency ® = 0.72x10° s'. Carbon
again reaches a steady-state rotation frequency of w; = 6.0x10* s, or 8.5% of the RMF
frequency. At this drive frequency, however, the spin-up behavior is slightly different.
Early in the discharge the impurity ions are rotating even faster, up to nearly o; =
9.0x10*s™ at t = 200 ps. Either a higher RMF torque is applied early in the discharge
or else the drag torque is lower. The reasons for the slowdown of the ion azimuthal
velocity will be examined more carefully in Sec. 8.3 where a torque balance will be

carried out.
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Figure 6.16: C-lII Rotation Frequency for w = 0.72x1 0° 5. All data taken with 100-

Us exposure.

The plasma spin-up is different at the highest RMF frequency (x) = 1.62x10% s,
The ion rotation is much slower at w; = 2.5x10* st or only 1.5% of the RMF
frequency. The antenna impedance L is higher at this RMF frequency, and the
applied field B, is lower, under 30 G. Thus, the applied torque and the plasma density

are much lower. The torque balance will be examined more carefully in Sec. 8.3.
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Figure 6.17: C-IIl Rotation Frequency for w= 1.62x10° s”'. All data taken with 100-

Us exposure.



68

The ion rotation is plotted versus RMF frequency for a wide range of bias and
RMF field strengths in Fig. 6.18. Contrary to what one might expect, the plasma
rotation is actually slower at higher RMF frequencies. This trend is even more

pronounced when the ratio of the ion rotation frequency to the RMF frequency o, [ is

plotted versus the RMF frequency. At low RMF frequency (0=0.5x10° "), the ion
rotation ranges from 10% to 18% of the RMF frequency, while at the highest RMF

frequency (0=1.6x10% s) the ion rotation is only 2% of the RMF frequency.
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Figure 6.18: C-1II Rotation Frequency vs. RMF Frequency. t=600-1200 ys.
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In the limit W, << ®, where @ is the ion cyclotron frequency in the rotating
field, the RMF torque is not applied directly to the ions but rather drives the electrons.
If the poloidal flux is steady-state, then the azimuthal electric field must be zero
everywhere and the electron azimuthal velocity is steady-state. The applied torque on

the electrons must be balanced by electron-ion resistive drag. The ion azimuthal
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velocity will reach a steady state when the resistive torque balances the drag torque on
the ions, as examined in Sec. 8.3. The scaling of the ion rotation frequency with these

torques can be crudely estimated here. The applied RMF torque depends on the field

strength B2 and the penetration depth 8* accordmg to the analy’uc expression

* 22
Toe = (1—e-2“/5’ )g—n; =258 (6.3)
a My
;02
Numerically, the penetration depth has been found® to vary as — ~0 862 Fh The
a

applied torque will then be approximately equal to

é»o .2 '
TRMF 0.86=—— yR =T (6.4)

The ion rotation is plotted against the applied torque, as shown in Fig. 6.19. At the
highest RMF frequency, the applied torque is small because B, is low. Even if the
antenna impedance could be lowered and By, at high frequency could be raised to match
the field strength at lower frequency shots, the applied torque would still be lower
because the penetration depth would be smaller. The fact that the ion rotation does not
scale linearly with the applied torque at lower RMF frequencies means that the drag

torque is increasing as well.
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Figure 6.19: lon Rotation Versus Applied Torque. RMF frequencies are shown as
different colors. All rotation data for C-IIL.
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The drag torque due to ion-neutral collisions will roughly scale as

in LS

T, =—’25(S,.,,)m.w.r4 | 6.5)

where the neutrals are assumed stationary and <S,.n> is the average ion-neutral

momentum transfer rate. Assuming that ion-neutral collisions are the sole ’drag
mechanism on the ions, then the ion rotation frequency is found by balancing the
torques:
o = 4 Bj) éVO.Z
A (Sin>mi';2/10.6 '

6.6)

At this point in the analysis, (S,.”) is unknown, although it will be calculated from the

neutral Do emission in Ch. 7 and a much more thorough torque balance will be

performed in Ch. 8 including ion viscosity and particle loss.

Continuing with the assumption that ion-neutral drag is the sole braking
mechanism on the ions, the required ion-neutral collision rate can be calculated from

Eq. (6.6). Defining the ion-neutral collision rate as
(Sin} =Ml <0’V>m (6'7)
and using a total ion-neutral colﬁsion rate coefficient of (av)m =2x10" m*, the

required neutral density to provide the necessary drag can also be calculated, plotted in

Fig. 6.20 versus the plasma density. The required neutral density would be about

) of about 5x10% m3s.

2x10'8 m'3, resulting in a momentum transfer rate (S,.,l
Neutrals can immediately be ruled out as the sole ion braking mechanism from a simple
estimation of the required power to sustain a neutral density this high. Assuming that
the ionization and charge-exchange rate coefficients are roughly equal and that the
plasma volume is approximately 1 m’, the required power to sustain an ion-neutral
collision rate of this magnitude is about 8 MW, much lérger than the input power

(calculated in Sec. 7.4). This will be shown conclusively in Ch. 7, where the neutral
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density will be independently calculated from the Do emission. A more thorough

torque balance including profile effects and ion viscosity is presented in Ch. 8.
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Figure 6.20: Required Neutral Drag and Neutral Density. Assumes that neutral drag

is the sole ion braking mechanism.

The ion rotation velocity also appears to scale with the plasma density, as
shown in Fig. 6.21. An initial proposed explanation for this was that the total particle
inventory is fixed. As the plasma density increases, the neutral particle density
decreases along with the corréSponding neutral drag torque. This line of reasoning is
seen to be faulty, however. As seen in Fig. 6.20, the required neutral density is roughly
a constant, independent of the plasma density, while the ion-neutral collision rate scales
linearly with plasma density. The reason for the apparent correlation of ion rotation
with plasma density is that they both depend on the RMF field Bm. Balancing the
applied torque and the resistive torqué, the driven plasma density scales linearly with
the RMF strength, given by the empirical formula
0.01B,, [mT]

n,, [1020 m~3] = (Q)’f )VZ

, 6.8)
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as shown in Fig.6.22. Assuming that the neutral density and ion-neutral rate coefficient

are constant, and substituting ney, for By, in Eq. (6.6) yields the following relationship

CU,- n, 4'0.2
w 1 (ov), mA* ©2)

The ion rotation will appear to scale with plasma density if the neutral density is fixed.

0.20
0.18 | o
0.16 | o *% SR
0.14 | ° 0% ool o ‘® o
. ® $°° i ®
3 0.12 + ® ® ¢ ® ® : ® ® o @
'5_ 0.10 + o o o ® ® e
@ By
0.08 | e 8 °°
0.06 + & % o ® 0.52x108
® 0.72x108
0.04 @ 0.96x108
0.02 - @ . : w.1.62x108
0.00 ' . : .
0.0 0.5 10 15 20 25

<ng>[10'¥ m9)

Figure 6.21: Apparent Scaling of Rotation with Plasma Density.
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6.5 Effect of RMF Antenna Length

‘A series of experiments with varying RMF antenna length was performed on
TCS. Three different antenna lengths were used: 0.7 m, 1.0 m, and 1.6 m. Typical
plasma conditions for the three antenna lengths are shown in Fig. 6.23. Despite
considerable variation in the antenna length, the plasma conditions are similar. The one
variable that clearly varies with antenna length is the FRC length, which is always
about 20-30 cm longer than the RMF antennas. The FRC length automatically adjusts |
to be slightly longer than the antennas, presumably to maintain the circular flow pattern

necessary for steady-state operation.
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- Figure 6.23: Plasma Properties for Various Antenna Lengths. Black line: 1.6 m (shot
10204). Blue line: 1.0 m (shot 10363). Red line: 0.7 m (shot 10503).

The resulting ion rotation measured from the Doppler shift of C-II line
radiation for the various antenna lengths is shown in Fig. 6.24. There does not seem to
be any correlation of ion rotation frequency with RMF antenna length. This can be
understood from Fig. 6.25, a plot of the total applied RMF 'torque for the different
antenna lengths. The two short antennas (0.7 m and 1.0 m) both apply the same total
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torque, even though By, is nearly identical. This implies that the penetration depth for
the 0.7 m antenna case has increased and the torque per unit length is higher. The
opposite is true for the lorigest antenna (1.6 m) case, where the total applied torque is
| actually lower (although By, is lower as well). The penetration depth is smaller, as seen
in Fig. 6.26. It is clear that the total applied torque does not scale linearly with antenna
length, as one might expect. Instead, as the antenna length is shortened, the RMF

penetrates the plasma further and applies more torque per unit antenna length.
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Figure 6.24: Ion Rotation for Various RMF Antenna Lengths. Rotation data for C-111.
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Figure 6.25: Applied Torque for Various RMF Antenna Lengths.
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Figure 6.26: Penetration Depth for Various RMF Antenna Lengths.

6.6 Rotational Instability

The n=2 rotational instability often develops in the TCS plasma when the
separatrix is compressed to more than a few centimeters from the wall. The mode is
observed by chord-integrated diagnostics such as the interferometer, monochrometers,
and bolémeter. Typical results from these diagnbstics' are shown in Fig. 6.27 for an
FRC that developed a rotatibnal instability. A tomngaphic reconstruction, shown in
Fig. 6.28, proves that thé iﬁstability is indeed the n=2 rotational mode,‘frotating in the
ion paramagnetic direction (the same direction as the RMF). ' This is in contrast to
conventional FRTP-formed FRCs, where the n=2 mode is observed to rotate in the ion
diamagnetic direction. The tomographié reconstruction has been limited to three radial

and three toroidal modes.
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Figure 6.27: Plasma Parameters During Rotational Instability.
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Figure 6.28: Tomographic Reconstruction of the Rotational Instability. Time advances
in 10 us intervals from left-to-right, top-to-bottom. Reconstruction limited to 1=3
radial modes and n=3 toroidal modes. ICCD viewing chords are shown as white

dashed lines.
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The rotation frequency of the mode structure is calculated from the power
spectral density (PSD) of the chord-integrated brightness measured by a
monochrometer viewing the C-III line at 229.687. The PSD shown in Fig. 6.29 was
obtained using a fast Fourier transform (FFT) with a window of 256 ps, providing a
spectral resolution of +980 Hz. Also shown is twice the carbon rotation frequency,
obtained from the Doppler shift of the same C-III line. The plasma rotation frequéncy
has been doubled to compare with the mode frequency because the chord-integrated
diagnostics see two oscillations for every mode rotation. Several things can be inferred
from this figure. First, the plasma rotation ahd the mode rotation are nearly
synchronous. Second, the plasma is rotating well before the rotational instability
develops. This either is an indication of the growth time of the mode (at least 450 us),
or else that the plkasma was wall stabilized early in time and only became unstable as
‘the separatrix radius moved inwards from the wall. Third, the ion rotation and the
mode frequency both slow with time. This is because the applied torque decreases as
the antennas are loaded and the RMF tank capacitor ﬁngs down.
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Figure 6.29: Power Spectral Density of the Rotational Instability. Orange points: Ion
rotation frequency x2 to compare with the n=2 mode frequency. Shot 8631.
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The plasma rotation frequency and the n=2 mode frequency are systematically
compared in Fig. 6.30. This data was obtained from manybdifferent shots, with varying
plasma conditions and RMF frequencies. The mode frequency was obtained from the
peak of the power spectral density of the interferometer signal, with a spectral
resolution of + 980 Hz, and ’has been divided by two since the observed mode
frequency is twice the actual rotation frequéncy. In all cases, the plasma rotation and
the inode rotation are compared at the same point in time. Although there is
considerable scatter, the plasma rotation frequency lies within a standard deviation of
0.87 to 1.20 times the mode frequency. This data rules out any instability theory that
predicts a rotational mode with a frequency that differs by more than 20% from the

plasma rotation frequency.
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Figure 6.30: Comparison of Plasma Rotation and Mode Rotation.

The ion rotation frequency is compared with the ion diamagnetic drift frequency
for a rigid rotor current distribution, given in Eq. 2.10. Since these plasmas are wall-
stabilized, no definitive conclusions can be made about the stability criterion for RMF-

driven FRCs.
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Chapter Seven

Neutral Density

Neutral particles can have a strong influence on the plasma rotation rate,
especially in these low-density experiments. Unfortunately, the background neutral
density is not directly measured. A fast ion gauge at the axial midplane of the
confinement chamber cannot provide neutral pressure measurements during the
experiment because of interference from the RMF. Gas is puffed in and pre-ionized
several meters away in the source section and then allowed to flow along open field
lines into the confinement section. Wall loading of deuterium in the quartz vacuum
vessel precludes a precise control of the particle inventory. Indeed, experimental
results are often insensitive to the puff fill pressure in the source section. The neutral
particle density can, however, be estimated from the measured neutral deuterium line
radiation. This is a standard technique that relates Balmer series Do (656.103 nm)
emission to the ionization rate. The ionization rate is used to estimate the particle
confinement time. If the plasma density profile is known as well, then the neutral
density profile can be inferred. The resulting charge-exchange rate can then be

calculated:

This chapter is organized as follows. First, the plasma density profile is
calculated from the internal magnetic probe data. This calculation includes the effect of
radial RMF pressure as well as plasma rotation. In Sec. 7.2, the Do emission array data
is spatially inverted to obtain a Do emission profile. Combined with the plasma
density profile and the appropriate rate coefficients, this yields a neutral density profile.
In Sec. 7.3, the net ionization rate and charge exchange rate are calculated. These rates
will be used in Sec. 7.4 for a global power balance to check the validity of the neutral
density measurement. These results will then be used in Ch. 8 for a global torque

balance.
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7.1 Plasma Density Profile
In order to calculate the neutral dcnsity profile, the plasma density profile will
first be needed. The plasma pressure profile is found from the radial component of the

MHD momentum equation:
Dv ‘
—=jxB-Vp, 7.1
Por=d p (7.1

where p is the fluid density and D/Dr is the convective derivative. In a non-rotating,
steady-state FRC, the convective derivative is zero. Furthermore, if the axial magnetic
field lines are assumed to be straight (no curvature) at the axial midplane, then the

jo X B, term can be simplified using Ampere’s law to substitute for jo:

. V
joxB, = (VxB,)xB, __o(B . , a2
Uy or\ 2u,

In a conventional FRC with no applied RMF, the radial component of Eq. (7.1) can

then be integrated to give the traditional radial pressure balance equation for an FRC:

2 2
pn+ 20 _ B (13)
24, 24,

where B, is the external axial field.

RMF current drive adds two complications to the calculation of a radial pressure
profile. First, there is an additional J. X B, term due to the RMF, where j, and Bg are
both oscillating quantities and so the phase between them must be taken into account.
Second, because the RMF torque tends to spin the plasma, centrifugal pressure may
become significant and the convective derivative in Eq. (7.1) is no longer negligible.

We will deal with the j, X B, radial force term first and then calculate the effect of

plasma rotation.



82

The internal magnetic probe provides a direct experimental measurement of the
Bo(r) profile. vHowever, there is no such direct measurement of j,(r). It can be

calculated from ampere’s law,

. 1 |d(rB,) 0B
= -2 74
& ,uor[ or 89] a4

but this requireé knowledge of the B((0) profile. Unfortunately, the internal probe does
not measure radial fields. The radial field could be calculated from V- B =0, yielding

0B,
B()——— —a—e—d (7.5)

yet this still requires an azimuthal measurement of Be. We could perhaps use the fact
that the plasma is rotating past the fixed internal probe. Effectively, this would convert
the time history of Be(t) measured at one azimuthal angle into a Be(6) profile. This can
be very misleading, however, as the plasma rotation is relatively slow compared to the
plasma dynamics and oscillations in Be(t). Therefore, this approach is not taken here,

and j, must be estimated from other measured quantities.

Two methods of estimating the oscillating axial current j, will be presented and

then compared. The first solves for j, from the internal probe data by assuming that the
0B, /0@ term in Eq. (7.4) is negligible compared with the d(rB,)/dr term. This may

be justifiable for two reasons. First, in the partially-penetrated case, the magnitude of
B, is much smaller than Bg. Second, the gradient length scale of 9B,/08 is of the

order of the circumference of the FRC, much larger than the gradient length scale of
o(rB,)/0r which may only be a few cm. If the 0B,/d@ term in Eq. (7.4) is neglected,
then j,(r) can be solved directly from the internal probe data. The instantaneous RMF

radial force is then averaged over an RMF cycle, denoted as ( jZBe) and calculated as

i 1B,
<szH> ::lJLlBI'COS(%z "¢B‘, ) (76)

where ¢ is the phase of the first order mode of the dscillating quantity.
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The second method of estimating jz is to use an analytic model. Simple analytic
expressions for the penetration of a transverse rotating field into a plasma column were
presented in Sec. 3.1. Taking the average over an RMF cycle, the RMF radial force

using the large ka (small penetration) expressions given in Sec. 3.1 is

2 BZ _2a-r)
z__m(z/;)* g an
()

(sze>

The vacuum RMF field B, is fouhd from the measured antenna current by the

re_lation B,(G)=6.41I_,(kA). Values for a and 6* are found by .fitting_ the

ant
experimentally measured Bg profile with the analytic expression given in Eq. (3.9).
The experimentally measured Bg profile from the internal magnetic probe and the
corresponding fit are shown in Fig. 7.1. The analytic model is only valid up to r = a.

Beyond this, assume that j, is small, thus (j,B,) = =0.
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Figure 7.1: By Profile and Analytic Fit. Also shown is r = a, beyond which the analytic

model is no longer valid.

These two methods of estimating the RMF radial force yield slightly different
profiles, as shown in Fig. 7.2. The net pressure contribution for both methods is shown

in Fig. 7.3, along with the simple approximation that the net RMF pressure is equal to
(B;‘: / ,uo) . The RMF pressure‘ inferred from the internal probe is about 20% lower than
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the other two pressure estimates. The discrepancy is small compared with the radial

pressure due to the axial magnetic field, which can amount to several hundred Pa.
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Figure 7.2: Comparison of RMF Radial Force Profiles. Dashed line is directly from
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the internal magnetic probe. Solid line is from the analytic model.
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The second complicating factor in a radial pressure balance is the effect of

plasma rotation. The convective derivative in Eq. (7.1) now has a nonzero centrifugal
component (- v, / r). Assuming that the total temperature T; is uniform and that the

plasma rotates as a rigid body, Eq. (7.1) can now be written as a first order linear

inhomogeneous differential equation:

'k, T, _____an(r) = mawin(r)r —

3 (B
or

— {j.(r)B,(r) (18
7 ey J {J.(NBy (1)) (7.8)
where m; is the ion mass and oy is the plasma rotation frequency. The equation is
solved numerically using a second-order Runge-Kutta shooting method. A typical
result is shown in Fig. 7.4. The density profile calculated without considering the effect
‘of plasma rotation (by setting ®; = 0) is also shown for comparison. Including plasma

rotation in the analysis lowers the resulting density profile in the center of the FRC and

raises the peak density.
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Figure 7.4: Typical Plasma Density Profile. Solid line: density profile including the

effect of plasma rotation. Black points are actual solution at internal probe data
points. Dashed line: density solution without including the effect of ion rotation. Both

solutions assume uniform plasma temperature.
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The density profile calculated from Eq. (7.8) can then be integrated as

J > n(r)dr, where ry, is the wall radius, and compared with the chord-integrated

r
density obtained from the interferometer. The total temperature is then adjusted

iteratively until the computed density integral matches the interferometer data.

7.2 Neutral Density Profile

With the plasma density in hand, the neutral density profile can now be
calculated from the measured Do emission. As described in Sec. 4.3, TCS has an
eight-chord array of absolutely calibrated Do emission detectors. The chord-integrated
brightness can be spatially inverted and combined with the density profile and

excitation rate coefficient to obtain a neutral density profile.

The Do detectors measure the chord-integrated brightness at varying impact
parameters. Assuming that the Do emission is axisymmetric and centered at r=0, then
the chord-integrated brightness B at impact parameter y is given by

rdr
2

where € is the local emission and ry is the wall radius. Eq. (7.9) is the standard Abel

B(y)=2[" &) (7.9)

transform. The inverse transform is

£(r)=- 1 ~dB dy

g W (7.10)

The measured brightness profile B(y) is fit with a smoothing spline with the brightness
at the wall forced to zero, as shown in Fig. 7.5. The derivative dB/dy is then computed
using center differencing, with a Neumann boundary condition at the geometric axis

(dB/dy)y=0 =0. Eq. (7.10) is integrated numerically to give the Do emission profile,

as shown in Fig. 7.6. It should be noted that the profile beyond the outermost chordal
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measurement (35 cm) is dependent upon the shape of the spline fit from the last data

point to the wall boundary condition.
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Figure 7.5: Do Brighiness Profile. Also shown is a smoothing spline fit to the

experimental data with the brightness at the wall set to zero.

T T T T

elr)

_______________

~~~~~~

1021 photons/m3/s
N

0 5 10 15 20 ] 30
Radius {cm)

Figure 7.6: Abel Inverted Do Emission Profile. Solid line: Emission profile. Dashed

line: Measured brightness. The impact parameter of the outermost detector at 35 cm is

shown as a dashed line.

Assuming that electron-impact excitation is the sole source of Do emission,

then the neutral density can be found from

(7.11)
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exc

where n. is the electron density and (Gv) is the rate coefficient for this particular

transition. The TCS plasmas are too dense to be in the coronal regime and <av>m isa

function of both electron density and electron temperature. The excitation rate
coefficient is obtained from the Johnson-Hinnov factor*! from the ADAS database,
relating the ionization rate coefficient to the excitation rate coefficient as shown in Fig.
7.7. The ionization rate coefficient is assumed to be dominated by single-step
ionization in the coronal regime, and is solely a function of electron temperature, as
shown in Fig. 7.10. Assuming that the electron temperature is half the total
temperature, then Eq. (7.11) can be solved and a typical neutral density profile is shown
in Fig. 7.8. The neutral density profile outside of the last viewing chord at 35 cm
depends on the slope of the chord-integrated brightness profile. In this analysis, the
brightness at the wall (40 cm) has been forced to zero and the gradient scale length is §
cm. In reality, the brightness gradient may be much shorter, raising the edge neutral

density. The average neutral density is the area integral to the wall radius ry:
2 ¢n ,
(n0> = -;;2- IO ny(r)rdr. (7.12)

The evolution of the average neutral density is shown in Fig. 7.9. Once steady-state is

reached, the average neutral density is about 4.0x10" m”, or less than 4% of the plasma

density.
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Figure 7.7: Johson-Hinnov Factor for Do Plotted for various electron densities ( m).



¥
Shot 7882
t = 600 s

BF

n, (108 m3)

U ) i L L i 1 |
0 5 10 15 20 25 Y 3% 40

r (cm)

Figure 7.8: Neutral Density Profile. Outermost viewing chord at 35-cm impact
parameter is shown as a dashed line.

21
x 10 Shiot 7882
T

10 (a) T - T T T L] T
[“‘ Dar-dl

5h 4

' 1!3'8
(b)

©

i L

U 1 1 1 L 3
g 200 400 800 800 1000 1200 1400 1600
' Time {(us)

89

Figure 7.9: Average Neutral Density and Neutral Fraction. (a) Chord-integrated

Do emission at the axial midplane and O impact parameter. (b) Average neutral

density. (c) Average neutral fraction.

7.3 Ionization and Charge Exchange

With the plasma dénsity and neutral density in hand, the rate of ionization by
the reaction D +e—%— D" +2¢ can be found. The local ionization rate Sic, is simply

(7.13)

Sia'l =N,k (Uv>i(m
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where {ov)_is the electron-impact ionization rate coefficient. Using the fact that the
ionization rate coefficients for hydrogen and deuterium are equal42, the ionization rate
coefficient for electron-impact ionization of atomic hydrogen from the ground state is

shown in Fig. 7.10 versus electron temperature43. Likewise, the charge-exchange rate

S., for the reaction D* + D—=—> D+ D" is
S =nny{ov) _, (7.14)

where (0'V>a is the rate coefficient given in Fig. 7.10 assuming 1 eV neutrals*,

1013 ; ;
(@)H'+H—=SH+H"

1014 b o o

-

1015 ¢ //
L) H ve— s H +2¢
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Figure 7.10: Hydrogen Rate Coefficients. (a) (av)_ vs. Ti (b) (o), vs. T.

The local source rates are shown in Fig. 7.11. Assuming axisymmetry, the

average source rates are:

2 ¢n
<Sion) = -’:2— _[0 Sion(r)rdr
2w ) (7.15)
(Sa) =5 [ Suryrdr

Because this calculation involved an Abel inversion with high uncertainty outside of 35

cm, the results are compared with a simple zero-dimensional estimate taken from the

center Dot chord at 0-cm impact parameter with rate coefficients based on the average
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plasma density. The average source rates calculated by both methods are shown in Fig.
7.12. There is good agreement between the chord-integrated value and the average

‘value computed from the spatial inversion. The average ionization rate is about

2.0x10% m>s™, while the charge-exchange rate is between 0.5x10% and 1x10% m>s™,
x10%
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Figure 7.11: Plasma Source Rate Profiles. Assumes that T;=T,
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From the ionization rate, the particle confinement time can be estimated. In
steady state, the particle inventory is unchanging and so the particle loss rate must equal

the ionization source rate. The particle confinement time 7, is then

7, = () (7.16)

<Sion >
where we have assumed axial uniformity. The particle confinement time is found to be
quite long at nearly 600 us, as shown in Fig. 7.13.
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Figure 7.13: Typical Confinement Times.

The above analysis assumed that the background neutral population was atomic
hydrogen. If a significant fraction of the neutrals are instead molecular hydrogen, then
the resulting ionization rate could be higher. The Johnson-Hinnov factor relating the
number of ionizations to the number of Do photon emissions is an order of magnitude
higher for molecular hydrogen than for atomic hydrogen“. The above results are thus a
lower bound on the ionization rate and an upper bound on the particle confinement
time. In the limit where the background neutral gas was pure molecular deuterium,
then the ionization rate would be an order of magnitude higher and the particle
confinement time would be an order of magnitude shorter. To rule out this possibility,
the neutral density and ionization rate based on atomic deuterium are used in a global

power balance in the next section.
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74 Global Power Balance

A global power balance is made to verify the accuracy of the neutral density,
ionization rate, and charge exchange rate inferred from the Do emission. Energy loss
rates are based on the neutral density and then balanced with the measured input power
from the RMF antennas. The model is zero-dimensional (globally uniform), and
includes radiation, ionization, convection, charge exchange, ion conduction, and global
energy change (dE/dt) terms. The power balance can then be expressed as

Pyw =P, +P,+P,  +P +P_ . +dE[ds. (7.17)

The input power Prmr is calculated from the slight phase difference between the
measured antenna voltage and current*®. The input power for a vacuum reference shot
is set to zero by adjusting the cable lengths, and therefore the phase delay, of the
measured signals. In this way, only the power actﬁally delivered to the plasma is

considered.

The primary loss mechanism for the TCS plasmas is radiation. This is a
combination of impurity line radiation, neutral line radiation, and bremsstrahlung
emission. The total radiation is measured by a pinhole bolometer, as described in Sec.
4.3. Since there is only a single chord-integrated measurement of the radiation, no axial
or radial profile information is available. Therefore, a zero-dimensional model is made

by assuming that the radiation is spatially uniform throughout the FRC.

As described above, the ionization rate is calculated from the measured Do
emission. The average ionization rate is assumed to be uniform throughout the FRC.
The ionization power loss Pion is the idnization rate Sio; multiplied by the 13.6 eV
deuterium ionization energy,

P, =(13.6 eV )}{S,,) Vi » (7.18)

where Vggc is the FRC volume. Ionization losses due to impurity ionization are not

considered.
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In steady-state, the particle inventory is unchanging and the particle loss rate
equals the ionization rate. Assume that each lost particle convects with it $kT of
thermal energy, kT of magnetic compression energy (since the ion-electron pair is
magnetized), and Lm,v’, of rotational energy. The incoming neutral is assumed to be

cold and non-rotating. The convective energy loss rate is then

P =(§—kT +-1-m,.v,2,)(sm,,)vm. (7.19)

cony 2 total 2

The charge-exchange rate was calculated in Sec. 7.4. The neutral reactant is

assumed to be cold (1 eV) and non-rotating, while the neutral product is lost and carries
with it 2k7; of thermal energy and Lm,v of rotational energy. In this case, the particle
does not carry away any magnetic compression energy because it is a neutral. The

charge-exchange energy loss rate is then

P, = Bk(z -1eV)+%m,-v§}(Sm)Vm- (7.20)

X
Ion conduction losses can be crudely estimated as well, although neither the ion
temperature nor the temperature gradient is directly measured. The ion temperature

gradient scale length is assumed to be an ion Larmor radius p;:

T
LI - (7.21)
ar  p,
Using the classical value for thermal conductivity,
L5
K,=—2i_.  z=66xi0" [T L 1keV] (7.22)
‘ mw. T, m R, InA )

the conducted power is then independent of ion temperature and depends only on

density and the plasma surface area Sgrc:

P

cond

2
g (7.23)

dar.
=nk, —=1.8x10"* .
? Li dr B[G] FRC
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The final term in the power balance is the global FRC energy change. The total
energy of the FRC is calculated at each point in time from the magnetic flux arrays. A

smoothed time derivative then gives the energy change rate dE/dr .

Results from a typical power balance are shown in Fig. 7.14. The power losses
nearly balance the input power, and errors due to profile effects could easily make up
the difference. Radiation lossés dominate the power balance. The reason for
performing this power balance was to verify the accuracy of the calculated neutral
density and source rates. Since radiation losses are so dominant, the sensitivity of the
power balance to the neutral density (and corresponding ionization and charge-
exchange rates) needs to be checked. The neutral density is arbitrarily doubled, and the
power balance is again calculated and shown in Fig. 7.15. The energy losses are now

too large; therefore, it will be claimed that the calculated neutral density is accurate to

within a factor of two.
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Figure 7.14: Global Power Balance. Thick black line: input power from the RMF

antennas. Thick red line: Sum of power loss mechanisms.
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Chapter Eight
Global Torque Balance

If the FRC poloidal flux is steady state, then the torque applied to the FRC by
the rotating magnetic field exactly balances the resistive friction torque. If the ion
azimuthal velocity is steady state, then the resistive friction torque must be balanced by
the various ion drag mechanisms. In Sec. 8.1, the applied torque is estimated by
several methods from the measured field profile. In Sec. 8.2, the drag torque due to
ion-neutral interactions is estimated and compared with the applied torque. The neutral
drag is found to be insufficient to balance the applied torque. The ion viscosity
coefficient is estimated in Sec. 8.3 and viscous drag to the wall is proposed as a

possible braking mechanism.

8.1 Applied Torque
The rotating magnetic field imparts a net torque on the FRC. The local

azimuthal force applied to the plasma is ( sz,>. Assuming axisymmetry (when
averaged over an RMF cycle), the applied torque per unit antenna length is
Tour =27 [ {j.B,Ydr . (8.1)

As described in Ch. 7, the axial current can be calculated from the internal magnetic
probe but the radial magnetic field cannot. Since the applied torque cannot be
calculated directly from the internal magnetic probe, several methods of estimating the

applied torque will be presented and compared.

One way to estimate the applied torque is to fit the analytic expression
presented in Sec. 3.1 to the observed Bg field profile. In this way, the parameters B, a,
and &* are obtained. This model assumed rigid electron rotation. The analytic

expression for the applied torque per unit antenna length is then
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. 2f (ka 27a’B;
Towr =T (J_—’f( )J, I,=—*, 8.2)
ka J7x
where k =2 / J*. Inthe large ka limit, this expression simplifies to
, o ..
TRMF = —a—Tb . (83)

The penetration depth can be estimated without the use of the internal magnetic probe

by relating the penetration depth to { and A according to the empirical scaling

* 0.2
é—— = 0.86—;5-5 . Neglecting end effects, the total applied torque is
a .
;0.2

The resistive torque between the electrons and ions can be estimated if the
resistivity is uniform. The applied torque and the resistive torque are equal if three
conditions are met. First, the poloidal flux must be steady-state. Second, the RMF
must not impart a torque directly on the ions, a condition examined in Sec. 9.1. Finally,
electron-neutral friction (due to ionization and elastic collisions) must be negligible
compared to electron-ion friction. Assuming these conditions are met and the plasma is

axisymmetric, the resistive torque per unit length is

T’7

-2 | 0 nen, j,rdr. (8.5)

The resistivity is estimated from the measured input power, as described by Hoffman™,
and is assumed to be uniform. The expression can be further simplified if the current

profile is assumed to be rigid rotor:
Jo =—new.r (8.6)
where @, = ®, —w, is the difference between the electron and ion rotation frequencies.

Eq. (8.5) then simplifies to

: Wl P,
T, =27 [~ jyrdr ==, (8.7)

r*~FRC



99

where P, is the component of the absorbed power due to azimuthal current, typically
about half of the total absorbed power, and Lgrc is the FRC length. The resistive

torque is obtained from external quantities from

T, z%)?éi?-. - (8.8)

The applied torque is calculated by both methods and compared for two
different plasmas; the plasma parameters for these two shots are shown in Fig. 8.1.
Shot 7882, shown as a black line, has a strong By, at;d therefore a high applied torque.
The high torque can sustain a high plasma density (nearly 2x10"”° m?), but the
temperature remains low due to high radiation losses. In contrast, shot 10160 (shown
in red) is a low-torque case, with a lower resulting plasma density. Both plasmas are

observed to rotate with the same frequency w=7x10* 5!, based on C-III Doppler shift

measurements.
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Figure 8.1: Plasma Parameters for Torque Balance. Black line: Shot 7882. Red line:
Shot 10160. RMF frequency w=0.52x1 st '



100

The applied torque for the high-torque condition (shot 7882) is computed by
both methods and compared in Fig. 8.2. The applied torque based on the analytic
model and the observed penetration depth is about 5 Nm. The torque based on the
absorbed power is much higher than the torque based on the internal field. The

simplest explanation for this disagreement is that the power-based torque given in Eq.
(8.8) is computed in terms of the average electron frequency (a)e> =@ . In actuality,
the torque is applied at the outer edge of the plasma, where the electrons are nearly

synchronous with the RMF and the local w, is much higher than the average value, as

shown in Fig. 8.3.
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Figure 8.2: Applied RMF Torque. Solid line: Based on analytic expression and
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The applied torque for a low-torque case is shown in Fig. 8.4. The torque based
on the analytic model is about 1.5 Nm, while the torque based on the absorbed power is

again an overestimation. The applied torque will therefore be based on Eq. (8.4).
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Figure 8.4: Applied RMF Torque for Low-torque Case. Solid line: Based on analytic

expression and observed penetration depth. Dotted line: based on absorbed power.

8.2 Neutral Drag

Ion-neutral friction has been proposed as a braking mechanism'®.  The
background neutral density and resulting charge-exchange and ionization rates have
been calculated from an array of absolutely calibrated Do detectors, as described in Ch.
7. The neutral density has been verified with a global power balance in Sec. 7.4.
Although this global model does not prove that the neutral density is correct, it does
indicate that the neutral density is at least plausible. Since there are no axial profile
measurements available, the neutral drag will be assumed to be globally uniform along
the length of the FRC. In all cases, the FRC is longer than the RMF antenna, thought to

be necessary to maintain a steady radial flow pattern.

The ion-neutral collision torque Tj, is the sum of the resonant charge—exchange
and elastic ion-neutral collision torques. The charge-exchange rate is obtained from the
Da emission as described in Sec. 7.3. Assume that the incoming neutrals are cold (1

¢V) and non-rotating, and that the charge-exchange neutral is immediately lost along
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with all of its angular momentum. Assuming axisymmetry, the drag torque due to
charge exchange is then the area integral of the angular momentum loss rate:
T, =27 L. L:w S, (mv,rirdr
: 8.9)
=Ly [ Smrdr
where Lgrc is the FRC length and the charge—exchange profile Scx(r) was calculated in
Sec. 7.3. There may be an additional momentum loss due to ion-neutral elastic
collisions. A common assumpti0n47 for plasmas in the 1-10 eV range is that the elastic
scattering and charge-exchange cross-sections are equal. The total torque due to ion-

neutral momentum scattering is then twice the charge-exchange torque:
T, =2T, = ~4% Ly _";w Su(r)mia)iradr . (8.10)

While the net charge-exchange rate has been verified with the global power balance,
the charge-exchange profile may have significant errors due to the spatial inversion. It
is possible that most ’of the charge-exchange is occurring at the outer edge of the
piasma, beyond the last Do, measurement at 35 cm. This is unlikely, however, since the
neutral mean-free-path in these low-density experiments is quite long. Using a charge-

exchange cross section of 3x10™"° m?, the mean-free-path is given by

A = (n0,)" (8.11)

m 1mex

and is approximately equal to the plasma radius. The charge-exchange profile shown in

Fig. 7.11 is therefore quite reasonable.

The ionization rate profile Si,n(r) has been calculated in Sec. 7.3. In steady-
state, the particle loss rate equals the ionization rate. Fueling only puts a net torque on
the plasma if the incoming neutrals have negligible angular momentum and the lost
particles have angular momentum. No information is presently available about where
the ions are lost and how much angular momentum is carried away with them. Since
the RMF puts a strong inward radial force on the ions, the particles could be lost out of

an axial jet at the ends of the FRC rather than at the separatrix. Ions lost at the axis
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would carry away negligible anguIar inomentum and the net torque due to fueling
would be small. On the other hand, the FRC is longer than the RMF antenna and may
be in a “bubble mode,”’ with particles being lost near the separatrix at the ends of the
plasma. Since no data is available about where particles are lost, the torque due to
fueling will be calculated by integrating the ionization profile. Assuming axisymmetry,

the fueling torque is

T, =2l | S, (imarr’dr. (8.12)
The neutral drag tofque is Compared with the applied torque for the two plasmas
~ in Fig. 8.5. In the high-torque, high-density case, neutral drag can account for about
half of the total applied torque.' In the low-torque, ‘low-d‘ensit:y plasma shown in Fig.
8.5(b), neutral drag only accounts for about 25% of the applied torque. One poSsible ,
explanation is that the background néutral density is independent of the plasma density.
The Do. emission and neutral drag both depend on the product of plasma density and
neutral density. The background neutral density could be roughly constant late in the
discharge, independent of puff-fill pressure of plasma density. The neutrals late in the
discharge could be outgassed from/ the wall, possibly as adsQrbed D, Dy, H;, or
dissociated HZO‘ Further evidence of wall outgassing comes from the high H/D
fraction of ~30% at the edge, deduced from the Balmer o linés as described in Sec. 6.2,
even though the puff fill is 99.99% pure D;. The neutral density could be independent
of the plasma density simply because the plasma is semi-transparent to the neutrals.

The neutral mean-free-path, given by Eq. (8.11), is longer than the plasma radius.
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Figure 8.5: Neutral Drag Torque. (a) Shot 7882. (b) Shot 10160. Thick line: applied

RMF torque. Thin line: ion-neutral collision torque. Dashed line: fueling torque.

The estimation of neutral drag torque assumes that the plasma is composed of
pure deuterium ions, while the background neutrals are pure deuterium atoms. The
impurity contribution to the torque balance is neglected. This may be justifiable for
several reasons. First, it is hoped that the impurity species are a small concentration of
the deuterium plasma. The only impurity concentration known with any precision is
carbon, which has been measured between 0.5% and 2% particle concentration®,
Because carbon is six times as massive as deuterium, carbon could represent up to 12%
of the net angular momentum of the FRC. Even if impurities comprisek a significant
fraction of the angular momentum, they still may be negligible in the torque balance.
Table 8.1 lists various rate coefficients for hydrogen and carbon. The electron-impact
ionization rate coefficient for hydrogen and carbon are roughly the same, so the carbon

confinement time cannot be significantly shorter than the deuterium confinement time.
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Thus, including the effect of carbon would increase the particle loss torque by a
maximum of 12%. The C*'+H—C+H" charge-exchange rate coefficient is an order of
magnitude larger than the corresponding hydrogen chargé—exchange rate coefficient.
The fraction of carboh in this ionization state is unknown, but assume for a momént
that all the carbon is singly ionized (which clearly is not the case, since radiation from

C? is  observed). =~ The maximum carbon  charge-exchange  rate

S, (carbon)=n..n, (av)cx would still be only 20% of the hydrogen charge-exchange

rate. Including carbon could increase the charge-exchange torque by an absolute
maximum of 120%. Thus, even with the addition of impurities, ion-neutral drag still

cannot be the sole braking mechanism on the plasma for Shot 10160.

Table 8.1: Typical Rate Coefficients. Values shown are for T, =T; = 20 eV, Top = leV.

Reaction (ov) [m*fs]  Ref.
Hte—H +2 14x10™ 43
C+e—C'+2 33x 10 43
H+HoH+H 20x10™ 44
C'+H-C+H | 20x10" | 50
C?+H—>C +H' 9.3x 107 50

8.3 Viscous Torque

Ion viscosity could be a significant component of the torque balance. This is
suggested by several observations. First, the ion azimuthal velocity profile is observed
to be rigid rotor, even though the electron velocity profile is not. In the partially
penetrated case, the edge electrons are nearly synchronous with the RMF, while the
inner electrons rotate more slowly. If the resistivity is uniform, then the resistive torque
on the ions is much higher at the edge. If ion viscosity were négligible, one would

expect an jon rotation profile that mirrored the electron rotation profile. Second, a wide
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range of impurity species and ionization states are observed to rotate synchronously, as
described in Sec. 6.1. The electron-ion friction and neutral drag are likely very
different for these impurities, yet they all rotate as rigid bodies with the same

frequency, implying a high ion-ion viscosity.

To estimate the viscous drag to the wall, we assume laminar viscous flow at the
boundary and that the plasma can be modeled as a Newtonian fluid. Furthermore, if the
edge velocity gradient length is small compared to the radius of curvature of the wall,
then the flow can be modeled as planar flow, as shown in Fig. 8.6. A no-slip boundary
condition is imposed at the wall, while the boundary condition at some small distance
8r away is v = wiry. The solution for these boundary conditions is ’the well-known
planar Couette flow, which results in a linear velocity profile as shown in Fig. 8.6.
Assuming uniform viscosity W, the viscous shear stress Ty at the wall is

ov wr,
Tu= U E=p= s

The viscous torque is the product of the shear stress at the wall times the wall radius

(8.13)

times the wall area:

insc = —Twrw (2”rw ) = _T;JO (__g‘\!_) ? | (814)
r

with Ty defined as

T, = 27Uwyr;. (8.15)
The viscous torque depends inversely on the gradient length &r and is linear with the
viscosity coefficient p. The ion velocity profile is often observed to be rigid rotor up to
the outermost chordal measurement at 35 cm, while the quartz vacuum boundary is at
40 cm radius. The maximum gradient length 8r is then 5 cm, which would yield a
minimum viscous torque of 7. =-87,. The minimum gradient length scale is
unknown. Variation of the gradient length scale is probably not as significant as the

considerable variation in the ion viscosity coefficient, as will be seen below.
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Figure 8.6: Plane Couette Flow.

- The ion viscosity coefficient will be estimated assuming that the magncﬁc field
is in the axial direction. Although the instantaneous field at the edge has a radial
component as well, the ions do not respond to this field provided that w;<<w, where
wy; is the ion cyclotron frequency in the radial component of the RMF. The classical
cross-field viscosity for a given magnetization is given by Braginskii48

Hy = nk,Tz, (2x° +2.23)/ A (8.16)

where X is the ion magnetization:
x=a,r, @.17)
and we have switched to a definition of w; as the ion cyclotron frequency in the axial

field. The classical ion-ion collision time 1 is

;- 3x10? | m, T'°(eV) 8.18)
" (nA/10)\2m, Z°n, ’

where A is a function defined by

A=16x* +16.125* +233. (8.19)
In the magnetized limit, viscosity is governed by the ion gyroradius and scales as
2 32 ;
ned emi
Jo< _é%f‘T/T (w7, >1), (8.20)

while in the unmagnetized limit viscosity is governed by the collisional mean free path
and is independent of density:

proe m*T (w7, <1). (8.21)

o
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For the edge conditions in TCS, the magnetic field and ion temperature are low enough
that the plasma may not be in the magnetized limit, particularly for massive impurities.
The viscous torque that can be transferred to the wall is shown in Fig. 8.7 as a function
of edge ion density and edge ion temperature. Both of these quantities are
unfortunately not measured in TCS to any degree of accuracy. Fig. 8.7 simply shows
what edge density and temperature are required for viscous torque to be éufficient to
balance a given applied torque. The curves in Fig. 8.7 are generated using an axial
field B;:lSO G, an ion rotation frequency u)i=7><104 s'l, and a velocity gradient length
scale 8r=2.5 cm. The solid lines are for pure deuterium at various ion temperatures,
while the dashed lines are for pure O-II plasma. The viscosity for oxygen is higher
because it is magnetized in this field at low density, and magnetized viscosity scales as
3/2

m;

!

- Torque [Nm/m]

g 01 02 03 04 05 06 07 08 09 1
Negge [10™ NT3]

Figure 8.7: Viscous Torque for Typical TCS Conditions. Solid lines: Deuterium viscous
torque to wall. Dashed lines: Oxygen viscosity to wall, with %; set by 0"--0"
collisions. All curves for B,=150 G, w=7x10" s and &=2.5 cm

In both plasmas considered above in Fig. 8.5, neutral drag alone cannot balance
the applied torque. In shot 7882 (the high applied torque case shown in black in Fig.
8.1), there is a 3-Nm difference between the applied torque and the neutral drag torque.
The FRC is 2.0-m long; therefore, about 1.5 Nm/m of drag torque per unit length is
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needed from some other brakirig mechanism. Assuming pure deuterium, this would
require a wall plasma density of at least 1x10" m™ for wall viscosity to be sufficient to
explain the observed ioh rotation. The plasma density profile for this plasma was
computed from the internal k‘magnetic probe measurements and is shown in Fig, 7.4. At
the axial midplane, the plasma density at the wall is certainly not this high, and is more
like 1x10'® m™. The plasma in Shot 10160 is 1.75-m long, and so has about 0.6 Nm/m
of applied torque perunit length that is not accounted for by neutral drag. With pure

deuterium, this would require an edge density of at least 6x10'® m>,

The density
profile calculated from the internal magnetic probe is shown in Fig. 8.8. The edge
density at the axial midplane and assuming uniform plasma temperature is only

~3x10" m™,

1.5 T T 1) T L] T T
5 " Shot 10160
E =500 pus
Py ®=7.3x104 g
- 1}
e
=
2 05F
D
o
1]
1} 5 10 15 20 25 30 35 40

© Radius [om]
Figure 8.8: Density Profile for Shot 10160. Assumes uniform temperature.

There could still be several reasons why viscous drag to the wall can explain the
observed rotation. The edge plasma could have a very high impurity content of carbon,
oxygen, and silicon, which would have a higher viscosity similar to the dashed lines in
Fig. 8.7. Second, the assumption of axial and azimuthal symmetry could be invalid.
The local edge plasma density could be much higher at the ends of the FRC or directly
underneath each axial field coil. In both of these locations, there is no inward radial
force due to the RMF as described in Sec. 7.1. Third, the‘ edge velocity gradient could
be much shorter than 2.5 cm,' as the viscous tdrque scales as 1/8r. There is no

information about the ion rotational velocity beyond the last ICCD viewing chord at 35
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cm. Finally, the density solution assumed a uniform temperature profile. If the edge

plasma is cold, the edge density could be higher.

Bvidence of viscous drag to the wall is seen in Fig. 8.9, a plot of B, contours
measured by the internal magnetic probe. The plasma is assumed to be time invariant,
allowing the time history of the magnetic field measured at one azimuthal location to be
mapped out spatially. Of course, any timé variation in the plasma during this 105 ps
interval will be mistaken as a spatial variation, which iS probably the explanation for
the high-mode structure at the center of the FRC. The plasma clearly exhibits an n=2
distortion, and one can see what looks like Viscous boundary laYer flow at the edge of
the FRC. This ﬁgure also reveals how, in the presence of a distortion, the local
separatrix radius can be much closer to the wall than the average excluded flux radius
obtained from the excluded flux loops. | |

Bz Contowrs for t= 1150 - 1256us, Shot 6785 filtered at 100kHz . B, [kG]

y (cm)

40 A0 20 g 0 10X B M

x {em)

Figure 8.9: Spatially-mapped B, Contours. B, data from internal magnetic probe fixed

at one azimuthal location. The time history of B, has been converted into a spatial plot.

The dependence of the viscous torque with the ion rotation can be estimated
using a simple model of the centrifugal pressure. As the plasma rotates, centrifugal

pressure will cause the plasma pressure to be slightly higher on the outer portion of a
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flux line than on the inner portion; that is, pressure is no longer a flux quantity. The
magnitude of this pressure difference can be estimated by considering a simple rotating

fluid with uniform temperature. The inviscid Euler equation for the fluid is
kT, gﬁ ~mainr=0. (8.22)
' r

This can be immediately integrated to obtain the solution

[Pl (8.23)
ma;

I

n(r)=n, ex‘p(r/A)2 ;A

where ng is the density at the geometric axis. For viscosity, we are interested in how
ion rotation raises the density at the edge of the FRC. The separatrix density is higher

than ng by a factor

2 2
) _ oxp| TUOT | (8.24)
L) 2k,T,

The viscous torque was shown in Sec 8.2 to be

T, =22ueri(r,/6r). (8.25)

Visc

In the magnetized limit, the viscosity coefficient is governed by the ion gyroradius and

scales as gocn’, T"*. Using the scaling for the edge density given in Eq. (8.24), the

edge” i
viscous torque will scale with ion rotation as
T

visc

2.2
o« T exp (-’1’—”]%—’—] (8.26)

'
- This scaling implies a very strong dependence of the viscous torque with the ion
rotation frequency, particularly at low temperature. This type of viscous scaling would
explain why the ion rotation seems to reach a constant value of m; = 7x10* 57! late in the
discharge, regardless of the applied torque. Neutral terhperature measurements shown
in Sec. 6.2 indicate that the ion temperature may be cold at late times, also leading to a
strong increase of the viscous torcjue with ion rotation frequency. An increase in the
applied torque would lead to a small increase in the ion rotation frequency. Since the

plasma is cold, the centrifugal pressure is a significant fraction of the plasma pressure,



112

and the plasma is pushed out closer to the Wal]. The ion rotation frequency is also
approximately equal to the ion diamagnetic drift frequency (see Fig. 6.31) and this
~small increase in rotation leads to a growth of the n=2 instability, further putting plasma
on the wall. Since ioh viscosity increases as the sqﬁare of the edge density, a slight
increase in rotation could lead to a large increase in the viscous torque. On the other
hand, early in the discharge the ion temperature may be much higher, as T, is higher
and the fraction T/T. = 1, as indicated by the neutral Do temperature. This would lead
to a lower viscous torque and a higher possible ion rotation frequency, as observed in
Figs. 6.16 and 6.29. '

In conclusion, if the plasma is modeled as axisymmetric, axially uniform, and
composed of pure deuterium, then measurements made at the axial midplane indicate
that the applied torque cannot be balanced by neutral drag alone. With these
assumptions and simples estimates of the edge parameters, viscous torque to the wall
cannot account for the remainder of the torque either. Of course, with the addition of
impurities and three—dimensional effects, either of these braking mechanisms could be
significantly altered. ’Without more detailed radial and axial profile measurements as
well as knowledge of the impurity concentration, no more can be concluded at this
point. An additional braking mechanism, end-shorting of the radial electric field, will

- be discussed in Sec. 9.2.
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Chapter Nine
Additional Analysis

This chapter addresses two remaining issues concerning ion spin-up. First is the

concern that the RMF may drive the ions diréctly as the ratio @), / @ is raised to a value
approaching unity. Clearly, in the limit where @, < @, the ions are not magnetized in

the RMF field and cannot respond quickly enough to the rotating fiéld to experience

any (v,B,) Lorentz force. However, as B, is raised and the RMF frequency ® is

lowered, this condition is no longer satisfied. For instance, TCS has reached values of
@, /@ as high as 0.75, yet is still able to maintain current drive. The approach taken

here is to solve the two-fluid equations in a given RMF field. Inclusion of the RMF
Lorentz force directly on the ions makes the equations highly coupled, and the
equations are solved numerically. The resulting electron and ion fluid motions are

shown for various values of @), /@ and neutral drag.

The second issue addressed is the effect of end-shorting of the radial electric
field on the plasma rotation. The ion diamagnetic rotation typically observed in
conventional FRTP-formed FRCs has often been attributed to end-shorting. Axial
field-line solutions indicate that end-shorting most likely occurs in TCS, although the
open-field line plasma at the axial midplane is probably not line-tied to the ends of the
device due to the transverse RMF. With the present diagnostics it is impossible to

make any estimate of the drag torque that could result from end-shorting.

9.1 RMF Force Directly on the Ions
All the previous analyses have assumed that the rotating magnetic field does not
exert an azimuthal force directly on the ions. As shown in Sec. 3.2, in the limit

@, <« @, where 0 is the ion cyclotron frequency in the RMF vacuum field By, the ion
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axial oscillation is purely inductive (90 degrees out of phase) with the radial magnetic

field:

v, = —ir—=-, .1

The average azimuthal Lorentz force (\7 iz&) on the ions due to the RMF is then zero.
The limit @, < @ is too restrictive, however.. In TCS, at the lowest RMF frequency
@ =0.52x10° s~ and highest field B, = 80 G, the ratio @, /@ is as high as 0.75, yet

the RMF is still able to drive a steady current. Clearly, a more accurate limit is needed
on the RMF strength and frequency. This section reexamines the two-fluid equations
and compares the azimuthal Lorentz force on the ions with the electron-ion resistive

force. A less restrictive condition for o and By, is found.

The analysis begins with the two-fluid momentum equations

n,m lz)v; =—n,e(E+v,xB)~VP,-nmu, (v, ~V,)~nmu,v, —msv,

e e e e el e""‘een " e

9.2)

i e el i~in " i

n,.m,.l—gl= ne(E +v,XxB)-VP+nmu,(V,=V,)=-nm,V, ~msv,

where Vi is the electron-ion collision frequency, Vi, is the ion-neutral collision
frequency, and s the electron (and ion) source rate due to ionization. It is assumed that
the neutral paﬁicles involved in the momentum transfer and fueling have no directed
velocities. The collision frequencies are taken to be constants independent of the

directed electron and ion velocities.

This simple analysis does not take into account the three-dimensional
equilibrium constraints of an FRC in a flux conserver. Instead, the magnetic field will

be specified as
B=B, cos(awxr—0)7+B,sin(wt-0)6+B,5. 9.3)

Using Faraday’s law, the electric field is
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E=E(rf+roBz. (9.4)
The model will also restrict all oscillating quantities to simple first-order oscillations.

Neglecting all higher order harmonics, the ion and electron velocities in such a field
then have steady radial and azimuthal components and an oscillating axial component:
V=V, ("F+v,(r)8+V,(r3 . 9.5)
The radial flow cannot be solved without taking into account three-dimensional
equilibrium constraints. For this analysis, radial flow will be neglected. The plasma is
assumed to be infinitely long and axially uniform. The ion and electron pressures are
assumed to be axisymmetric. In summary, this model is restricted to a specified
magnetic field, simple sinusoidal oscillations, and negligible radial flow, With no axial

derivatives and axisymmetric pressure. The model is thus applicable only to the

outermost edge of the FRC, where the (VZ§,> Lorentz force is larger than the v B,

force and the rotating magnetic field is not overly perturbed from the vacuum solution.

By neglecting radial flow, the system of equation has been reduced to just the
axial and azimuthal equations, independent of the axial magnetic field. To simplify the
notation, define v, =(m,/m,)v,,, v,¥*=v, +s/n,, and z),.'* =v, +s/n,. The electron
and ion azimuthal equations are steady while the electron and ion axial equations

describe sinusoidal oscillators:

ed: 0=—(efm, )<\7 B >~v.(veﬁ,—v. )-v,*v,

el

i4: 0 Vv, -, *v,
! =(e/m, ( > Veo—Vig) ~u9 ©.6)
e2: i(w-V,/r)V,, ——(e/me)(ra)B,——V‘ZBB,)—UEE.(\"/‘,V,Z—\7,.z ~0,*V,,
iZ: i(w-V,/r)V, =(e/m;)(rwl§, —v,.al?,)+v,.e (V, -V, )-0*V,
The azimuthal Lorentz force ( ~zl~},> is evaluated as
- |B
(sz,>=|VJ2 “Lcos(g, — ¢y, )- ©9.7)
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Since B, is pure real (¢, =0). Eq. (9.7) simplifies to (¥,B,)=(B,/2)Re(V,). The
equations can be simplified further by defining a cyclotron frequency in the radial
magnetic field @, =(eB,/m,); @, =(eB,[m,) and a slip frequency as the difference
between the rotation frequency and the RMF frequency: &, =0w-w,;, @, =0—0,.
The set of equations can now be expressed as

ed: 0=m,Re(v,)/2~0,(V,,~Vy)=0,*V,

i0: 0=w,Re(v,)/2+0,(Vy~V,)-0*V, ©.5)

et: iwi, =-w, @, -0, (V, -V, )-0,*V,

iZ: oV, =0 +0,(V, -V, )-0*V,
Of the three térms on the right-hand side of each equation, the first is the total Lorentz

force, the second is the electron-ion friction, and the third term is the neutral drag.

Before proceeding with a numerical solution to this set of equations, we can
first attempt to find a simple analytic expression for the azimuthal RMF force applied
directly to the ions. We are interested in the real part of the ion axial oscillation, since
it is only this real part that will contribute to an average azimuthal Loréntz force. To
- decouple the ion axial equation from the electron axial equation, neglect the electron-

ion friction term in the ion axial equation. The real part of the ion axial oscillation is

then
%
Re(V,) = —& 20 9.9)
The azimuthal RMF force per unit mass directly on the ions is
1 rov*
o LD 9.10)

RMF 2 (1)1 *)2 +mi2 *
The ion azimuthal equation can be decoupled from the electron azimuthal equation

simply by assuming that the electrons are rotating synchronously with the RMF:
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w, = . The ratio of the RMF azimuthal force on the ions to the resistive friction force

F,=v,(V,—V,) is then found to be

* 2
FRMF ~ __1_ Ui ajci . (911)
F, 2 v, )\ (v*) +@} ~ .

As long as this ratio is small, then the RMF drive directly on the ions is negligible

compared with electron-ion resistive friction. We conclude that there is no simple

magnetization parameter @,z for the ions in the RMF field. Eq. (9.11) is complicated

despite considerable simplifications fo decouple the electron and ion equations. For
example, consider the interaction between ions and neutrals. Neutral collisions are a
drag term in the ion azimuthal equation, but neutral collisions also allow the ion axial
motion to have a real component, which leads to an RMF azimuthal force on the ions.

This is why the neutral collision frequency v, * appears in Eq. (9.11), even though at

first glance it might seem that the RMF and electron-ion friction forces would be

independent of the neutrals.

Eq. (9.8) can be solved numerically, of course. Divide all equations by the

RMF frequency o and denote normalized quantities with a prime, i.e. @, =@, /o.

Dividing the axial equations by r, the set of equations can now be expressed in matrix

form

w

!

(vatea) v )m___ (@2/2)Re(Ve./r) + v,

ie in —(wé‘l/z)Re(\]l‘z/r)-*-U;n

-v, (v' +0,
' (9.12)

F(iwé +0,+0,,) -0, [V;z / r] _ {—a);ew;}

~v, (i@, +v, +0,) v./r] | o

(2]

This is a set of coupled non-linear equations. The equations are solved numerically in
MATLAB using a nonlinear least-squares minimization solver. From the MATLAB

documentation: “This algorithm is a subspace trust region method and is based on the
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interior-reflective Newton method’'. Each iteration involves the approximate solution
of a large linear system using the method of preconditioned conjugate gradients

(PCG).”

The system of equations given in (9.12) is solved for typical TCS parameters:
y=(w,/v,)=18, (v,*/v,)=4, and (v,*/v,)=0. The electron-neutral collision
frequency v, * is negligible if we assume that electron-impact jonization is the
dominant collision process. If the ionizatibn and charge-exchange rate coefficients are
roughly equal, then the electron-neutral collision‘ frequency will be half the total ion-

neutral collision frequency: v,* = 0.50,*. Since v, =(m;/m,)v, =3672-v,, the ratio

ie ®

of electron-neutral friction to electron-ion friction is negligible: (v, */v,,) =5x107.

Various quantities computed using these parameters are shown in Fig. 9.1 as a
function of (@, /w)e<(B,/w). In Fig. 9.1(a), the normalized electron (blue) and ion
(red) rotation frequencies are shown, as well as the net diamagnetic frequency

(0, - )/ @ in black. Both the electrons and the ions rotate in the same direction as
the RMF. The electrons are nearly synchronous at all values of (a, /@), while the ions
rotate at 20% of ® up to (@, /@)=0.5, beyond which they ions are driven directly by

the RMF. The current-drive is effectively negated by (@, /@)=0.75 as the ions are

nearly synchronous with the RMF. In Fig. 9.1(b), the normalized axial velocities for
the electrons and ions are shown. The magnitude of the ion and electron axial
bscillations are nearly equal, a somewhat counter-intuitive result. Despite its small
mass, the electron’s axial osCillaiion in the applied E, field is limited by the v,xB,
Lorentz force. This Hall term is what allows the RMF to penetrate much further than
the simple resistive skin depth. The phases of the electron and ion axial oscillation

relative to B, are shown in Fig. 9.1(c). At very low values of (&, /w), we see the
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expected result that the electrons are resistive (180°) and the ions are inductive (90°)
relative to Br. As (@, /) is raised, the ions remain inductive but the electrons quickly
become predominantly inductive as well. This surprising result can be explained as

follows. In this computation, the ratio (@,/v,)=18 is held fixed. As (m,/w) is

increased, the ratio (v, /@) increases as well. Electron-ion friction begins to dominate

the electron axial equation, and the electrons essentially follow the ions, with the
remaining phase difference sufficient to drive the electron azimuthal velocity. In Fig.

9.1(d), the ratio of the oscillating axial current to the steady azimuthal current is shown.
The ratio remains small until (@,/@)=0.7, beyond which the azimuthal current
decreases rapidly as the axial current remains about the same. Finally, Fig 9.1(e) shows

the importance of the RMF (\7 izl?,) drive term to the resistive term in the ion azimuthal

equation. As long as this ratio is below one, the RMF is not driving the ions directly.

For these plasma parameters, a critical value of about (@, /@)  =0.5 is found. Of

crit

coursé, it must be remembered that in this computation @ is defined as the cyclotron
frequency in the actual radial field B;, not the vacuum value By. In the partially-
penetrated case, the edge value of B, is perhaps 20% of the vacuum B,. The quoted

value for TCS of (@, /o) =0.75 was calculated using By; the corresponding value

for this calculation would be (@, /@) ~0.15.
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Figure 9.1: Numerical Two-fluid Solutions. y=(w,[/v,)=18, (v*/v,)=4, and
(v, */v,)=0. Blue lines: electrons. Red lines: ions. (a) Normalized rotation frequency.

The net diamagnetic frequency is shown as a black line. (b) Normalized axial
oscillation magnitude. (c) Phase of the axial oscillation relative to the radial field. (d)
Amplitude of the oscillating axial current relative to the steady azimuthal current. (e)

Amplitude of the azimuthal force directly on the ions relative to resistive electron-ion

friction.

An important parameter for ion rotation is (v, */v, ). The two-fluid equations

have been solved for various values of this parameter, and the results are shown in Fig.

9.2. Atlow values of (a)a. / a)) , the ion rotation in this model is well-characterized by

the expression

-1
*
ﬁz(1+ﬁ_J : (9.13)
w
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At low values of (v, */v, ), the azimuthal current drive decreases rapidly when

(@, /w) exceeds a value of about 0.5 as the ions are driven directly by the RMF. At

higher values of ion-neutral friction, the penalty is not so stiff, and current drive can be

maintained even when @, > @.
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Figure 9.2: Effect of Ion-neutral Friction on Azimuthal Current Drive

9.2 Radial Electric Field - ’

Up this point in the analysis, the radial electric field has been left as an
unspecified parameter, free to adjust to the value required by a given ion rotation
velocity and pressure gradient. In this section, ’the effect of a boundary condition
imposed on the radial electric field is considered. First, the governing equation for the
relationship between the ion azimuthal velocity and the radial electric field is derived
from the radial component of the ion fluid equation. Second, a shorted boundary
condition is applied to the radial electric field at the ends of the vacuum chamber. The
resulting radial electric field at the axial midplane of the FRC is then found by solying
the axial electron equation, following the work by Steinhauer®.  Finally, the

implications of end—shortiyng are qualitatively discussed.

Neglecting'fesistivity and neutral friction, the ion fluid momentum equation is
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mn[%:%(v-V)v}=nq(E+v><B)-—Vp. (9.14)

In steady-state, Faraday’s law dictates that the electric field is the gradient of a scalar
potential: E=-V¢. Assume that there is no radial flow and neglect centripetal
acceleration; the convective derivative on the left-hand side of the equation is then zero.
Assuming axisymmetric pressure, the radial component of Eq. (9.14) can be written as

__1__§_¢___<\72E9>+ 1 dp,
B,or B’ neB dr’

v, 9.15)

The first term on the right-hand side is the electric drift v, =(3d¢/dr)/B, , and the last

term is the diamagnetic drift v, =(dp,/dr)/(neB,). The middle term is something

new to FRCs; it is similar to a gXxB gravity drift and is caused by the interaction

between the radial RMF force and the axial magnetic field. This term may be

significant because the ion axial velocity and the azimuthal magnetic field are nearly in-

phase. The (\7zl~39> force is inwards, so this “RMF drift” is in the ion paramagnetic

direction.

Up to this point, the radial electric field has been assumed to be free to adjust.
With the observed ion paramagnetic rotation, this implies a strong inward electric field.
We now ask the question: what happens if a boundary condition is applied to the
electric field? Particularly, what if the radial electric field is shorted at the ends of the
vacuum chamber? This boundary condition may be applicable in TCS, where
conducting Tantalum inserts line the conical ends of the sustainment chamber. The
adjoining acceleration section on the upstream end is made of non-conducting quartz,
while the plug section on the downstream end is made of conducting stainless steel.
Lines of constant flux are shown in Fig. 9.3 for two shots with very different boundary
conditions. The flux lines are generated from an axial array of flux loops. The
excluded flux radius of the FRC is fit to an ellipse, the flux at the geometric axis is set

to zero, and the lines of constant flux are obtained by solving for the magnetic vector
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potential. In Fig. 9.3(a), the open ficld lines are clearly intersecting the conducting
cones since the cone coil was not fired. At this conducting boundary, the radial electric
field between these field lines is shorted. In Fig. 9.3(b), the cone coil has been fired,
prevénting the external field from intersecting the cones. Nevertheless, the field lines
still intersect the stainless steel plug section on the doWnstream end of the sustainment

chamber, where they will be shorted as well.

(@) : Quartz Tube

r (cm)

r (cm)

gUU 250 300 350 400 450 500 5:%0 600 650
z (cm)
Figure 9.3: External Field Lines. (a) Cone coil not fired (shot 7368 t=800 us). (b)

Cone coil fired at 350 V (shot 7884 t=800 us).

Just because the radial electric field is shorted at the boundary does not
necessarily imply that the radial electric field is zero at the axial midplane. The electric

ficld along an open field line can be found from the electron axial equation of motion:
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d¢ dp
0= —t 9.16
e dz 9z ©.16)

where we have assumed massless electrons, neglected resistivity, and ignored any
Lorentz forces due to the RMF. Parallel electron thermal conduction is sufficiently
high that we can assume uniform electron temperature along the field line. The electron

equation is then

d¢ on,
0= Y 9.17
e EN az ©.17)

The solution to this differential equation is the Boltzmann relation
kT,
#(z)= . Inn,(z)+¢, (9.18)

where ¢, is the potential at the boundary. If the boundary potential is uniform
(99, /8r=0), as is the case at a conducting boundary, then the radial electric field is

found by differentiating Eq. (9.18) with respect to r:
9¢_ kT, on,

E =- .
or en, or

(9.19)

The density gradient is negative (inward) on the open field lines, so the radial electric
field is positive (points outward). The resulting electric drift on the open field lines at
the axial midplane is

kT, on
v, =—be e, 9.20
* en,B, or ©.20)

The electric drift is in the ion diamagnetic direction and has the same form as the
diamagnetic drift, except that it depends on electron temperature. = Assuming

quasineutrality and uniform total temperature 7, =T, +T,, we can define a total drift

velocity on the open field lines

kT, on
Ve EVp+V, = enl;‘” 5 (9.21)

With the open-field plasma rotating in the ion diamagnetic direction, and the closed-

field plasma rotating in the paramagnetic direction, a large velocity shear will develop.
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The viscous torque analysis presented in Sec. 8.2 is still valid, but the viscous

momentum transfer will be to the open field plasma rather than to the wall.

The presence of the RMF may make this open-field solution to the eléctron
equation incorrect. The electrons no longer see the time-averaged axial field lines
shown in Fig. 9.3; rather, they see the instantaneous total field, including the radial
component of the RMF, which may strike the quartz wall first. In this case, the open-
field plasma at the midplane is not line-tied to the ends of the machine. Nevertheless,
end-shorting could still put a significant torque on the ends of the plasma. In steady-
state, the FRC must extend beyond the ends of the RMF antenna in order to maintain a
steady radial flow pattern. The radial electric field at the ends of the FRC could still
be shorted.

With the present diagnostics, it is impossible to quantify how much torque
" could be applied to the plasma due to end-shorting in TCS. The torque would be
supplied by the conducting boundary and transmitted to the open-field plasma at the
midplane via twisted axial field lines. The torque wduld then be transferred to the
closed-field plasma through viscosity. Detailed three-dimensional measurements of the
axial field profile at the ends of the device would be needed to calculate the torque
using a Maxwell stress tensor. The twisting of the field should also be detectable as a

small, steady toroidal component on the open field lines at the ends of the FRC.
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TEN

Summary and Conclusions

Conventional FRCs formed by the Field-Reversed Theta-Pinch téchhique can
be rapidly heated to high temperature, but then resistively decay away without some
external means of sustaining the poloidal flux. The simple closed geométry oyf the FRC
precludes inductive current drive as in Tokamaks. One pro'mising current drive method
studied in the TCS experiment is the use of a transverse Rotating Magnetic Field, or
RMF. This has been shown in TCS to drive a steady electron current and maintain a
low-density, low-temperature FRC in essentially steady-state. In driving the electron
current through a (v,xBy) Lorentz force, the RMF is putting a net torque on the plasma.
This torque is eventually transferred to the ions through resistive collisions. Without a
drag force, the ions will rapidly spin up in the paramagnetic direction and negate the
current dﬁve. With the anomalous resistivity in TCS, the ions should spin up on a ~20

s timescale.

A multi-chord Intensified Charge-Coupled Device (ICCD) spectrometer has
been installed on TCS to measure the ion rotation profile via the Doppler shift of
impurity line radiation. The majority Deuterium species is fully ionized and so cannot
be used for Doppler shift studies, but impurities of various mass and ionization state
‘have all been found to be rotating synchronously. Furthermore, the impurity ion
rotation frequency has been found to correspond to the n=2 rotational frequency,
providing further evidence that the ICCD measurements truly reflect the bulk plasma
rotation rate. The plasma is observed to rapidly spin up in the ion paramagnetic
direction to a typical rigid rotation frequency @; = 7x10* s, or less than 15% of the
RMF frequency. Although this ion rotation rate is not fast enough to significantly
degrade the current drive, it does lead to a rotational n=2 instability in the ion

paramagnetic direction, opposite to conventional FRTP-formed FRCs. Because of this,
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TCS has typically been operated with the FRC separatrix radius very near the quartz

vacuum boundary to wall-stabilize the mode.

Neutral drag has been proposed as the primary ion drag mechanism in earlier
Rotamak experiments. The neutral density and resulting charge-exchange and
ionization rates have been calculated from an array of absolutely calibrated Do
emission detectors. The typical background neutral fraction in TCS is about 2% of the
plasma density. The resulting charge-exchange and ionization rates have been verified
with a global power balance model. The low ionization rate indicates a long particle
confinement time of ~500 us, while the energy confinement time is radiation-

dominated and is under 100 ps.

The low neutral density obtained from the Do emission cannot explain the
relatively slow ion rotation observed in TCS. At most, neutral drag accounts for about
half of the total applied torque, and in most cases accounts for only 25% of the torque.
The most likely candidate to supply the remaining torque is viscous drag to the wall.
Using classical ion-ion viscosity, the key parameters in determining the viscous drag |
are the edge plasma density, the edge ion temperature, and the edge velocity gradient.
Unfortunately, none of these parameters are measured accurately in the present
experiment. Using very simple estimates for these parameters, with pure deuterium,
and assuming axial and azimuthal uniformity of the edge plasma, viscous drag on the
wall is not sufficient to explain the observed ion rotation rate. However, errors in the
edge measurements, nonuniformities, and the inclusion of impurities could raise the

viscous drag significantly.

There are several additional lines of evidence that viscosity is significant. First,
the plasma is observed to rotate as a rigid body, even though the electron rotation is not
rigid and the resistivity may be anisotropic. Second, the plasma separatrix is only a few

cm from the wall, and the development of even a small n=2 instability will put plasma
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locally on the wall. The fact that the instability is wall stabilized with a non-conducting
quartz wall implies that the wall is acting as a limiter. Finally, at low ion temperature,
centrifugal pressure for these rotational velocities becomes a significant fraction of the

total pressure, driving plasma density outwards to the wall.

An additional concern is that, as the RMF strength is raised and the RMF
frequency is lowered, the ions may become magnetized in the RMF and may be driven

directly.  Numerical solutions to the two-fluid equations show that as long as

(w,, /) remains less than about 0.5, the RMF drive directly on the ions is less than the

electron-ion friction. The correct definition of @, is shown to be the ion cyclotron

frequency in the radial component of the RMF field, not the vacuum RMF field. Due
to the screening of the RMF, the radial field can be 10% or less of the vacuum field.

TCS operates with a vacuum (@, /@) as high as 0.75, but using the correct definition

this ratio is lowered to about 0.08, and direct ion drive is negligible.

Although ion spin-up is not a problem in the present device, it may become
significant in future experiments. If the viscous boundary is removed (by the addition
of internal flux rings inside the vacuum chamber, for instance) and the background
neutral density is further lowered (through Titanium gettering, for instance), then the
ions may spin up to a much higher rotation frequency. Ion spin-up may scale
unfavorably with ion temperature as well, as the classical ion viscosity coefficient
decreases with temperature. This may have been observed in TCS, where the plaSma
rotates faster at the beginning of the discharge when the total temperature, and

presumably the ion temperature, is hotter and the impurity concentrations are lower.

There are possible solutions to the problem of ion spin-up even if wall viscdsity
and neutral drag are diminished in future experiments. If the resistivity can be
decreased, then the total applied torque that the RMF must supply to maintain the

poloidal flux is decreased as well. As the separatrix radius is removed from the wall,
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end-shorting of the radial electric field may become important. This mechanism has
been invoked to explain the diamagnetic ion rotation observed ih conventional FRCs.
Finally, neutral beams can be injected in the ion diamagnetic direction. Not only would
these beams directly supply an opposing torque, but they would also lower the drive

requirement of the RMF.
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Appendix A

Error Analysis

The emission profile €(r) is obtained by Abel inverting the total brightness
profile B(y) and is independent of the deconvolution. Two sources of error are
considered here. The first is systematic error in the calibration of the relative
transmission of each fiber. The fibers were calibrated with a mercury or cadmium lamp
piaced inside an integrating sphere. A single collimating lens was placed at the exit of
the integrating sphere, and the fibers were calibrated one at a time, each through the
same lens. Systematic errors in the calibration could arise from variation of the lamp
intensity with time, variations of the fiber placement in the lens holder, and variations
in the lenses actually used on the experiment. Systematic errors have been estimated
by calibrating the same fiber several times, with different fiber placements and lenses.
The systematic error Gs is estimated from the standard deviation in calibrated fiber
transmission, found to be 65=2.3%. Statistical error oy is calculated assuming Poisson
statistics for the collected photons. Although the ICCD spectrometer is not absolutely
calibrated, the total system gain is estimated at 53 digital counts/photon from the
average single photon signal. This is a reasonable gain, as the maximum gain is
specified as 80 counts/photon and the intensifier is not run at the maximum voltage.
The conversion factor f is then 0.019 photons/count. The statistical variation oy is

proportional to the square root of the total number of photons collected:
o, =+BN (A.1)
where N is the integrated number of digital counts in the spectrum. Statistical variation

in the background bremsstrahlung emission and CCD dark charge are neglected. The

error in the measured brightness B; for chord is then
o} =0 +0%,. (A2)
The error in the inverted emission g; for shell j is found from the matrix inversion

formula given in Eq. (5.13):
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o2, =Y (L}o,) . (A3)

The matrix-inversion formula for the local velocity v; is

> M;Bu, Y M;Bu,
v, = "ZE}B’ EE— (A4)

i j

The velocity error thus depends on the emission error as well as additional error due to
the computation of the apparent Doppler shift 6,. op was found assuming Poisson
statistics in Eq. (A.2). The standard deviation of the apparent Doppler shift ¢, should
depend on the Poisson statistics at each wavelength of the spectrum as well. However,
it is preferable to base the standard deviation on variation in calibration data at similar
intensity levels as the experiment rather than attempting to compute it based on Poisson
photon statistics for two reasons. First, the ICCD has not been absolutely calibrated
and basing the velocity error on 'photon statistics depends on the assumed gain.
Second, systematic errors in the curvature calibration are probably just as significant as
statistical errors. Therefore, 6, is found from the standard deviation of Doppler shifts
observed from a stationary calibration lamp, with the exposure time set so that the
intensity of each row on the ICCD is similar to that of a binned spectrum during the
experiment. An example of the variation in the Doppler shift is shown in Fig. 5.6.
The standard deviation in the calculation of the Doppler shift o, is taken to be a
constant 2.55 km/s, or about 0.4 pixels. The errors in the length matrices L and M are

neglected.

The chord-integrated brightness B; appears in the sums in both the numerator
and the denominator, precluding the use of a closed-form expression for the velocity
deviation oy. The velocity deviation can be found numerically, however. Gaussian

distributions for B and u were created and the resulting velocity profile was computed.
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A typical velocity histogram is shown in Fig. A.1 based on a 30,000 sample population.

The velocity histogram is well-modeled as a Gaussian distribution.
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Figure A.1: Simulated Velocity Histogram. Solid black line: Gaussian distribution.

Data generated from a 30,000 sample population.
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