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ABSTRACT

A dynamo mechanism has been used in astrophysics to explain the
self-generation of the magnetic fields observed throughout the universe.
This same type of phenomenon is believed to occur in the reversed field
pinch ( RFP ) plasmas. The RFP dynamo has been a major theoretical
and experimental investigation since the first observations of the self-
reversal process in early pinch research. A discrete dynamo event has
been observed in the experimental RFP plasmas; this event is termed
the RFP sawtooth. This phenomenon is similar to the sawtooth
phenomenon observed in tokamak plasmas, but the two events differ in
many respects. Both events are a result of the inward diffusion of the
plasma current density. This causes the plasma to become unstable to
the m =1 tearing modes. It has been shown theoretically that the
nonlinear interaction of these modes can generate the reversed toroidal
field in the RFP. This thesis is a study of the RFP sawtooth phenomenon
on the MST RFP. This includes experimental observations as well as 1-D
numerical simulations of the sawtooth rise-time. During the rise-time
of the sawtooth, the plasma is undergoing a purely diffusive process - no
dynamo is occuring during this phase. The dynamo only occurs during
the sawtooth crash. During the rise-time, the m = 1 modes are observed
to grow, and nonlinear interactions are observed prior to the sawtooth
crash. At the time of the crash, many of the plasma profiles are flattened;
these include the current density, the plasma temperature and the

plasma density. The period of the sawteeth is observed to increase with



the plasma current, as well as the magnetic Reynolds number, S. In the
MST, sawteeth are observed at all values of ®, including nonreversed
discharges. The sawtooth activity increases with @ as predicted by 3-D
MHD simulations. This increase is observed in the amount of toroidal
flux generated during the sawtooth crash, as well as in the period of the

sawtooth.
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overcome the classical diffusion.# This regeneration of reversed-toroidal
field is termed the dynamo effect in analogy to the dynamo which occurs
in astrophysics.> The method of regeneration is unknown, and is one of
the prime areas of RFP research both theoretically, and experimentally.
This thesis is an experimental attempt to understand the dynamo in the

RFP - it is a study of the sawtooth phenomena in the MST device.

In the early 1980's, discrete events were observed on the ZT-40M RFP6

during deeply reversed or high © discharges (® is referred to as the
Bg(a)
<Bg>

pinch parameter, and is defined as © = where Bg(a) is the poloidal

field at the wall, and <By> is the average toroidal field, defined as

<By> =Dy / ma? = jB¢ dag / maZ). At each event or “flux jump”, the

average toroidal field, <Bg>, increased, while the toroidal field at the
wall, By(a), decreased with little or no change in the toroidal plasma
current ( see figure 1.2). Since the toroidal field at the wall, By(a), is in
the opposite direction to the axial toroidal field, the increase in the total
toroidal flux, <Bg>, and the simultaneous increase in the reversal, By(a),
can only occur if additional toroidal flux is created inside the plasma

boundary. This will be explained in more detail in chapter 2.

After each flux jump, the toroidal field decays classically, the average
toroidal field decreasing, and the toroidal field at the wall increasing

{ becoming less negative ). This interval has been shown to be a purely
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Figure 1.1: Magnetic geometry for the RFP.



resistive process by Werley, etal.” Using a 1-D transport code, the
toroidal field decay was successfully modeled for the ZT-40M device.
This simulation did not include any model of the dynamo effect;
however, in the ZT-40M discharges, reversal was maintained. This
implies that the reversal was maintained purely by the presence of the

flux jumps - the flux jumps appeared to be discrete dynamo events!

During the interval while the fields are decaying, the central chord
soft x-ray emission increases due to the heating of the center of the
discharge (the soft x-ray emission from a plésma increases with the
temperature and the density of the plasma ). This interval will be
referred to as the “rise-fime” of the flux jump. The emission continues
to increase until the next flux jump occurs, at which time the emission
decreases suddenly. Afterwards, the heating reoccurs. This gives the
appearance of a “sawtooth” oscillation in the central chord soft x-ray

signal, see figure 1.2.

The sawtooth feature in the central chord soft x-ray emission has
been observed in tokamaks for quite some time.8 It is a result of the
center of the plasma heating which allows the current density to diffuse
radially inward generating peaked current profiles.? When the central
current density increases to the point that the on-axis safety factor falls
below unity, q(0) = rBy/RBg < 1, the tokamak plasma becomes unstable to
the (m,n) = (1,1) tearing mode (m being the poloidal mode number and
n being the toroidal mode number ). The unstable mode grows at an

accelerated growth rate until it magnetically reconnects. The

4



reconnection flattens the current profiles, stabilizing the plasma. As the
mode increases in amplitude, the center of the plasma becomes
stochastic. This allows for a rapid radial transport of the plasma from the
hot central region to the cooler edge. This is seen experimentally as a
sudden decrease in the central soft x-ray emission and as an increase in
the edge soft x-ray emission. This process is repeated as the center of the
plasma begins to reheat, resulting in the sawtooth oscillation observed in

the central soft x-ray emission.

The process in the RFP is quite different, but the similarity between
the sawteeth in the soft x-ray signals observed during the RFP flux jumps
and those observed during the tokamak sgwteeth resulted in the RFP
phenomena being termed sawteeth as well. From this point on, the
term sawtooth will be used to describe the RFP flux jump phenomenon.
The term sawtooth crash will refer to the sudden drop in the central
chord soft x-ray signal. This corresponds to the increase in the average
toroidal field and the decrease in toroidal field at the wall. The term
sawtooth rise-time will refer to the heating phase of the sawtooth. In
some instances the term flux jump will still be used to distinguish the

magnetic event from the soft x-ray crash.

Since their first observation on ZT-40M, sawteeth have been observed
on many other RFP’s throughout the world when operated at high
values of ©,10 typically © 2 1.6. During the initial operation of the MST,

sawteeth have been observed at all values of &, even in nonreversed

5
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Figure 1.2: Flux jumps / sawteeth observed in the ZT-40M RFP
( reproduced from Ref. 11).

discharges. The sawteeth appeared to be the only occurrence of the RFP
dynamo in many of the MST discharges. This thesis is a study of the

sawteeth in the MST device. .

The organization of this thesis is as follows. Chapter 2 is a brief
review of the RFP confinement device and its equilibrium
characteristics. A review of the sawtooth theory will also be given in this

chapter. Connections to the tokamak configuration and its sawtooth



theory will also be presented in order to identify the similarities and
differences between the two sawtooth phenomena. The MST device is
described in chapter 3 as well as some of the diagnostics used for this
thesis. Chapter 4 presents the experimental results of this thesis.
Comparisons with sawteeth on other RFP devices will be made in this
chapter. The results of a 1-D modeling of the sawtooth rise-time will be
presented in chapter 5. This is similar to the modeling of the ZT-40M
sawteeth by Werley, et al. mentioned above. A summary of the results

and conclusions of this research are presented in chapter 6.
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CHAPTER 2

A REVIEW OF THE RFP CONFIGURATION AND SAWTOOTH THEORY

Although the RFP concept has been studied for quite some time, it is
in the early stages of experimental research. This is in contrast to the
tokamak which is probably the most studied magnetic fusion device.
The two concepts are very similar, the differences being primarily due to
the magnetic topology. This chapter will give a brief review of the RFP
concept and its equilibrium characteristics. Comparisons will be made
with the tokamak equilibrium in order to later compare the sawtooth
theory of the RFP to that of the tokamak. This will be presented in
section 2.2. Detailed reviews of the RFP configuration can be found in
references 1-3, and reviews of the tokamak configuration can be found in

references 4 and 5.
2.1 Review of the RFP equilibrium

The RFP plasma, like that of the tokamak, is confined by a poloidal
field, Bg, which is created by the plasma’s toroidal current and a toroidal
field, By, which is created by currents in external windings. The major
difference between the two devices is the strength of the magnetic fields.
In the RFP, the magnetic fields are comparable in strength, that is
| By | =~ Bg, while‘ in the tokamak, the toroideﬂ field is much stronger

than the poloidal field, By » Bg. Also, the RFI’s toroidal field on the edge
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reverses direction relative to the axial toroidal field. Figure 2.1 shows

the magnetic field profiles of the RFP and the tokamak for comparison.

One of the first RFP devices was the ZETA device at Harwell ( see
reference 3 for a review of the ZETA results ). On this device, an
increase in stability was observed when the toroidal field at the wall
reversed direction relative to the axial toroidal field. This field reversal
occurred spontaneously and was termed self-reversal. During the
reversed period, the fluctuation levels decreased dramatically, and the
global plasma parameters such as the electron temperature and the
confinement time increased until the reversal was lost. This same
phenomenon is also observed in modern RFP devices which are able to

maintain the reversed state much longer than the original ZETA device.

This self-reversal process can be explained by a minimum energy
state developed by Taylor® in the early 70’s. If one considers a
pressureless, low resistance plasma that is bounded by a perfectly
conducting wall, the total magnetic helicity within the plasma is an

invariant. The total magnetic helicity is defined as

K=[A-Bdr 2-1
where A is the magnetic vector potential satisfying Vx A = B, and the
integration is taken over the entire plasma volume. Using this
constraint to minimize the magnetic energy, the equilibrium magnetic

fields can then be described by



RFP

B¢ » BG

Figure 2.1: Comparison of the magnetic field profiles for the RFP

and the tokamak.

VxB = AB 2-2
where A is a constant. The value of A is specified by the values of the
total magnetic helicity and of the total toroidal flux,

(I)¢=,fda¢B¢=1ta2<B¢>.

11



12
Due to the large aspect ratio of many RFP experiments, toroidal

curvature effects are minor, so the RFP can often be approximated as a
periodic circular cylinder. Using this approximation, the solutions to
Eqg. 2-2 are known as the Bessel Function Model ( BFM ), and the
magnetic fields are given by

By = BoJo( At ), Bg=ByJi(Ar), B, =0 2-3
where ], and J; are the zeroeth and first order Bessel functions and B, is
the magnetic field strength on axis. This model predicts reversal in the
toroidal field for Aa >2.4.  Figure 2.2 shows these solutions along with
experimentally measured profiles from the HBTX1A RFP.7 The BFM
model fits the data reasonably well with the departure being mainly in

the edge region. The reason for this departure will be discussed below.

RFP equilibria are typically expressed in terms of the normalized edge
magnetic fields. This is accomplished by defining two parameters, F ( the

reversal parameter ) and @ ( the pinch parameter ):

_ By(a) _ Bela)
= <B¢> » a0 = <Bg>"

2-4
For the BFM, these two parameters are related by the following
expression:

i Jo(2@®)
T n(28)

2-5

In this formalism, reversal, F < 0, is predicted for @ > 1.2, and @ is related

to A by the relation © = a)/2.
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HBTXIA RFP and the profiles derived for the BFM (adapted
from Fig. 4 of Ref. 7).
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Figure 2.3: A F-© diagram for a MST discharge. Dashed line is
that predicted by the BFM, Eq.2-5. Long dash line is that
predicted by the Polynomial Function Model, PFM ( this

model is used on the MST and will be described in chapter 3 ).
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15
RFP experiments are thought to evolve from their non-reversed

configuration at start-up to their reversed “steady state” configuration
through a set of Taylor’s minimum energy states. This feature is shown
in figure 2.3 where F and © are plotted for a MST discharge. Also plotted
is the BFM relation, Eq. 2-5. The plasma tends to follow the trajectory,
but lies to the right of the BFM curve. The reason for this departure is

discussed next.

In equation 2-2, A can be expressed as A = J - B / B2 ( the normalized
parallel current ). The BFM requires A to be a constant across the plasma
radius. In experiments J is zero at the wall primarily due to the high
resistivity at the edge of the plasma. It also varies smoothly in the edge.
As a result, A must go to zero at the edge - it cannot be constant across the
entire plasma region. Secondly, the BFM assumes a pressureless plasma
which is unrealistic. The violation of these two assumptions results in
the experimental plasmas lying above the minimum energy state, the
BFM curves, as can be seen in figures 2.2 and 2.3. Various other models
have been developed which include a more realistic plasma by
decreasing J on the edge, as well as including the effect of the plasma
pressure. One such model is the Polynomial Function Model ( PFM )8
which is often used on the MST. This model will be discussed in more
detail in chapter 3. The F-@ curve for this model is also shown in
figure 2.3. It lies closer to the experimental curve, but again it does not
follow exactly. Reference 3 can be seen for more detail on the other

plasma models.
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Even though the Taylor minimum energy state can explain why the

edge toroidal field reverses direction, the reversed configuration cannot
be maintained in a cylindrically symmetric, resistive plasma. This is a
result of applying Cowling’s theorem to the RFP.2 By integrating
Faraday’s law over the plasma cross section, the time rate of change of

the total toroidal flux can be related to the poloidal emf at the wall:

2 Do
Tm—?_naEe(a). 2-6

Thus, for a cylindrically symmetric plasma, the total toroidal flux, @y,
can only change by what is “pushed in” or “pulled out” at the surface
(r=a). Similarly, By(rrey) = 0 at the reversal surface, and the poloidal
current is positive, Jp(rrey) > 0; see figure 2.2. Consequently, the
component of Ohm’s law parallel to B is given by Eg(rrey) =1 Jo(rrev),
which is positive. This result in combination with the derivation
leading to Eq.2-6 requires that the toroidal flux inside the reversal

surface must decrease.

This effect was demonstrated by a one dimensional
magnetohydrodynamic ( MHD ) simulation by Caramana and Baker in
which they showed that an RFP equilibrium cannot be maintained
classically.10 The reversed equilibrium was lost by resistive diffusion on
a very short time scale in comparison with experimental time scales
(less than 1% of the experimental discharge time ). The loss of reversal
was indepéndent of the assumed resistivity profile. This result will be

important in discussing the sawtooth rise-time simulations in chapter 5.
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However, experimental RFPs typically maintain equilibria for

several resistive diffusion times, and many see an increase in the total
toroidal flux at the same time that the reversal is deepening. Both are
violations of Cowling’s theorem. This requires some mechanism
internal to the plasma which is generating the reversed field; this

mechanism is called the dynamo.

Likewise, the RFP sawtooth described in chapter 1 is a violation of the
equation 2-6. The total toroidal flux increased while the toroidal field at
the edge decreased. For this to occur, the toroidal field must be created
internal to the plasma. Any externally created positive flux would
decrease the amount of reversal (increase the By(a) signal ), not deepen
the reversal. On the other hand, if negative flux was created externally -
which would deepen the reversal - the total toroidal flux would decrease,
not increase. As a result, the flux must be created internally - the

sawtooth crash is a discrete dynamo event.
2.2 Review of RFP Sawtooth theory

As described above, the RFP equilibrium is fairly well understood, but
in order to maintain the reversed configuration, the plasma must create
the additional reversed toroidal field needed to overcome the classical
diffusion process. This effect cannot be explained by simple linear MHD
theory as demonstrated by Caramana and Baker. Many theoretical
models have been proposed which attempt to explain the dynamo

mechanism. These models either include a dynamo electric field which
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is driven by kinetic effects!! or include nonlinear interactions of the

MHD instabilities to drive the dynamo.12-1% The one which has been the
most relevant to the RFP sawtooth phenomena is the nonlinear MHD
model. This theory has been successful in simulating the RFP
sawtooth.20 However, this does not exclude the kinetic dynamo from
occurring, especially at low values of ® where strong sawtooth activity is
not observed on many of the experiments. While the MHD model is the
most relevant to the RFP sawtooth at this time, it has not been proved to

explain the dynamo mechanism completely.

A brief description of the nonlinear MHD model and the numerical
simulations which have been done will be presented in this section. The
references listed above and herein should be consulted for a more
detailed explanation of all the models concerning the RFP dynamo

mechanism.

As mentioned in chapter 1, the nonlinear evolution of the
(m,n}) =(1,1) mode is responsible for the tokamak sawtooth. A similar
nonlinear interaction of the m =1 mode is responsible for the RFP
sawtooth. The underlying theory of lthis interaction will be presented
here. Due to its similar nature, limited comparisons with the tokamak
sawtooth theory will be made. Reference 21 should be consulted for a

general description of the tokamak sawtooth.

The MHD equations have been fairly successful in explaining many

features of the collective behavior of magnetically confined plasmas.
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The effect of plasma perturbations ( modes ) in MHD theory is

approximated by introducing perturbed quantities with a spatial
structure of the form f(r) = fo e 1{k"X) where k = ? 6-{% &\) (m and n are
the poloidal and toroidal wave numbers, respectively ). These modes are
said to be resonant where k-B = 0. This corresponds to positions where q
= m/n, q being the safety factor defined as q(r) = rBy / RBg for cylindrical
geometry. At these positions, the modes have the same helical structure
as the equilibrium magnetic field. Figure 2.4 shows a typical q profile for
the RFP equilibrium as well as for the tokamak equilibrium for
comparison. The RFP profile is a monotonically decreasing function of
minor radius which reverses sign near the wall. The on-axis value, q(0)
is aspect-ratio dependent; therefore it is device dependent, but typically
has a value of 0.1 -0.2. The edge value is device dependent as well, and
it is also dependent on the depth of field reversal, Jedge =T F/RO®. On
the other hand, the tokamak g profile is a monotonically increasing
function of minor radius with an on-axis value near unity. The edge

value, which is device dependent as well, is typically about 3.

Although certain q profiles of the type shown in figure 2.4 can be
stable for certain RFP and tokamak equilibria,22 perturbations can be
driven unstable as a result of the plasma’s evolution. As the center of
the plasma is heated either ohmically or by external sources, the
resistivity at the center decreases due to the inverse dependence of the
resistivity on the temperature. This decrease in resistivity allows the

current to diffuse radially inward causing the current profile to become
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peaked on axis. This in turn causes the resistivity to decrease further due

to the increased ohmic heating on axis thus peaking the profiles even
more. As the profiles become peaked, the on-axis value of q decreases.
The resulting profiles can become unstable to various types of plasma
perturbations. The sawtooth phenomenon is characterized by this type

of instability - the perturbation being the m =1 tearing mode.

The m = 1 mode has been shown to be the fastest growing mode for
both the RFP and the tokamak.23 For the tokamak q profile, there is only
one resonant m =1 mode, (m,n)=(1,1), and only if q(0) falls below
unity. While the RFP has many m =1 modes which could be resonant,
n 25 in the non-reversed region, and n < -20 in the reversed region.
This is shown in figure 2.4 where the dotted horizontal lines represent
values of g at which the m =1 modes would be resonant. Due to their
robust nature in linear MHD theory,24 the m =1 modes are prime

candidates to be studied in the nonlinear regime.

In nonlinear MHD theory, the coupling of two m =1 modes with
helicities (m, n )= (1, n1) and (1, n2 ) can result in modes with helicities
(m,n)=(0,n1-n1)and (2,n; +n;). The means by which these modes

interact is currently a major theoretical investigation. A brief description
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Figure 2.4 Comparison of the safety factor, g, profiles for the
tokamak and the RFP. Horizontal lines indicate where the

m =1 helical modes would be resonant, q=1/n.

of the results will be given here. The references listed herein should be

consulted for a more detailed description.

The RFP sawtooth was predicted to exist as one of the results of a 2-D,
single helicity, nonlinear MHD simulation by Caramana, Nebel and
Schnack.25 In this simulation, the nonlinear evolution of a single
(m, n)=(1,n) mode was observed, the n being chosen such that it was
resonant for the assumed q profile. During the simulation, the mode
became unstable as the plasma evolved due to the ohmic heating. As
the mode grew, it began to nonlinearly interact with itself and magnetic

reconnection was observed. The reconnection process was actually a
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double reconnection in which the first reconnection lowered the g(0)

value, thus removing the resonance surface, but leaving the plasma in a
deformed helical state. A second reconnection then occurred which
raised the q(0) value bringing the resonance surface back into the plasma.
However, a saturated m =1 magnetic island remained, and the resulting
profile was once again stable. Since this simulation was only single
helicity, only modes with helicity m’/n’ = 1/n could be included. This
eliminated all the secondary modes as well. Similar results were
obtained for other single (1, n”) modes which were resonant within the
plasma, it was not a particular n that was responsible for the
reconnection. When the mode was not resonant within the plasma,

only the second reconnection was observed.

This result is very similar to the tokamak sawtooth which is a result
of the (1,1) mode becoming unstable when q(0) falls below unity.21
When the perturbation enters the nonlinear regime, it experiences an
accelerated growth, after which it reconnects resulting in q(0)> 1,
stabilizing the plasma. But unlike the tokamak, there may be many
m = 1 modes resonant in a RFP ( as can be seen in figure 2.4 ). Therefore,
to truly understand the RFP reconnection process, all helicities need to
be included - all of the m =1 modes and all of the secondary modes
which could result from the nonlinear coupling process. This requires a

full 3-D nonlinear MHD calculation.

This type of calculation has been performed by several groups.26,27.28

The results are very similar to the 2-D simulation discussed above with
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the m =0 and m = 2 modes being generated by the interaction of the

m =1 modes. However, variances arise in determining which mode is
responsible for the dynamo, the m =1 or the m = 0. Simulations by
Schnack, Caramana and Nebel,26:2% and by Ho and Craddock?” show that
it is the m =1 mode which is responsible for producing the reversed
field. The m =0 modes are necessary in order to have the reconnection
of the m =1 mode, but it is the m = 1 mode which drives the dynamo
electric field which generates the reversed magnetic field. On the other
hand, Kusano and Sato’s 3-D simulations28 show that it is the m =0
modes which are responsible for generating the reversed field. The
m =1 mode is only the source of the m = 0. Likewise, the analytical work
of Holmes, et al.30 shows that it is the interaction between the m =1 and
the m = 0 which is the cause of the reversed field. Despite this variance,
all the above simulations have been able to maintain the reversed field
over the period of the simulation, typically a few hundred Alfven times

(15 =aYpop / B where p is the plasma density ).

Even though there is some variance regarding which mode is the one
responsible for the dynamo, one simulation that is relevant to this thesis
is an additional simulation performed by Kusano and Sato in which the
simulation was carried out for a time much longer than the resistive
diffusion time.3! The results of this simulation are shown in figure 2.5.
Repetitive sawteeth were produced in the reversal parameter and in the
magnetic energy. This type of simulation was able to be accomplished

with limited computer time due to the fact that the code was run at a low
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aspect ratio, 1.6, and a low magnetic Reynolds number,

S=1p/Ta =3 x 103, It is believed that the 3-D code of Schnack,
Caramana, and Nebel would show the same repetitive nature if run for
this amount of time as well.32 As a result, the conclusion of this
simulation - being able to reproduce repetive sawteeth - is not a solution

to the variance, just an exampile.

For the Kusano and Sato simulation, an increase in the m =1 energy
correlated well with the decrease in F, the sawtooth crash. Also an
increase in the m =0 energy occurred after the m =1 mode began to
grow, see figure 2.5. Figure 2.5 also shows a simulation in which all the
perturbed modes were discarded. This case does not show the sawtooth
effect, and it experiences a loss of reversal. Hence, the perturbed modes
are responsible for the sawteeth and for the maintenance of the reversal.
A similiar result has been observed by Ho and Craddock2? where the
sawtooth structure was not seen in a simulation which suppressed the
m =0 mode and maintained the m =1 modes. Unlike the results of

Kusano and Sato, the field reversal was maintained.

Between sawtooth crashes, the plasma is undergoing resistive
diffusion. It is this diffusion which is the driving force behind the
sawtooth phenomena. This phase of the simulation is similar to a 1-D
simulation performed by Werley, et al. for the sawteeth observed on the
ZT-40M RFP at Los Alamos National Laboratory.33 In this simulation,
the rise-time of the sawtooth could be modeled without the inclusion of

any dynamo term. The plasma was undergoing purely resistive
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diffusion ( this simulation will be described in more detail in chapter 5

where the same modeling has been applied to the MST sawtooth rise-
time ). Since the rise-time of the sawtooth is a resistive process ( no
dynamo present ), the period of the sawteeth should increase as the
resistivity is lowered, or as the magnetic Reynolds number is increased.,
Sa1/n. This was shown to occur in the Kusano and Sato simulation
where three separate cases were run with three different S values, see
figure 2.6. Their results show that the period of the sawtooth increased

with S.

In all of the 3-D simulations mentioned above, the center of the
discharge becomes stochastic as the m = 1 modes begin to grow. As the
m = 0 modes are created, the edge region becomes stochastic as well. This
allows a rapid radial transport of the hot central plasma towards the
edge. Consequently, the center of the discharge is rapidly cooled. This is
the cause of the rapid crash in the central soft x-ray signal observed in the
experiments. After the reconnection occurs, good flux surfaces reappear
in the edge, improving the confinement, and allowing the center of the
plasma to reheat. The 3-D MHD simulations cannot simulate the soft
x-ray crash because the MHD equations do not treat the temperature of
the plasma as an independent quantity - this would require a full 3-D

transport code.

Also, all of the MHD simulations demonstrate that the reconnection

process is more dramatic at higher values of ® ( deeper reversal ). This is
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due to the proximity of the reversal surface to the wall and the wall’s

stabilizing effects on the m =0 modes. For a flux-conserving shell, the
amplitude of the m = 0 island, which is resonant on the reversal surface,
is limited by the amount of reversed flux that is between the reversal
surface and the conducting wall. At high values of ©, there is a greater
amount of reversed flux. Consequently the m = 0 modes can grow larger
in amplitude than they can in the lower ® discharges, resulting in

stronger sawtooth activity at high ©.

As mentioned above, the two 3-D simulations ( Caramana, Nebel and
Schnack’s, and Kusano and Sato’s ) have variances. These variances lie
in which modes are primarily responsible for the dynamo - either the
m =1 or the m=0. The study of the non-linear interactions of the
helical modes is accessible to experiment and further theory, and
progress is expected to occur rapidly. Experiments are already beginning
to show the mode evolution during a sawtooth34 and the nonlinear

interaction of these modes. These results will be discussed in chapter 4.
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CHAPTER 3 32

DESCRIPTION OF THE MST RFP

The Madison Symmetric Torus ( MST) is a 52 cm minor radius,
150 cm major radius reversed-field pinch which began operation in June
1988. The experimental goal of the MST is to explore the boundary
conditions of large RFPs in support of the next generation RFPs such as
the ZT-H device at the Los Alamos National Laboratory,! and the RFX
device in Italy.2 This chapter will give a brief description of the MST
RFP and of some of the diagnostics used for this thesis. For a more

detailed description of the MST, see reference 3.
3.1 The MST Device

RFP devices throughout the world have shown an improvement in
the plasma's performance with a reduction in the magnetic field errors.4
One of the major design goals of the MST device was to minimize the
external field errors. The MST is primarily a research device,
consequently easy diagnostic access was also a design goal. To achieve
these goals, the design incorporates some unconventional features for
REFP devices. These features include a 5 cm thick aluminum torus, a
poloidal field winding which is tightly wrapped around an iron core, and
a pumping duct to avoid the magnetic field errors which would result

from large pumping ports.  Figures 3.1 and 3.2 show two views of the



33
MST and the relative positions of these unique features. Each of these

feature will be described in more detail below.

The MST torus is made from 5 cm. thick aluminum (r =052 m, and
R=150m). It serves as the vacuum vessel, the toroidal field winding,
and the stabilizing conducting shell. The latter two functions, and the
requirement of low magnetic field errors, require that there be no large
holes in the torus. The largest holes in the vacuum vessel are 4 - 11.4 cm
diameter diagnostic ports. All other diagnostic ports are 5cm in
diameter or smaller. To reduce the field error due to large pumping
ports, pumping of the vacuum vessel is done through 193 -3.8 cm
diameter holes which connect the torus to a pumping duct located at the
bottom of the vessel. This feature retains the high pumping speed
required to maintain a low base pressure, and eliminates the field errors

due to larger pumping ports.

The vacuum vessel also serves as the conducting shell on the MST.
A highly conductive shell near the plasma boundary is required for
linear MHD stability> and for the existence of the “relaxed Taylor state”
as described in chapter 2. Other RFP experiments use a separate
conducting shell outside their vacuum vessel for this purpose. The MST
uses the vacuum vessel as the conducting shell. This requires special
gap protection to allow the magnetic fields to enter the vacuum vessel at

both the poloidal gap, ¢ = 0°, and the toroidal gap, 8 = 180°. The current
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scheme has been able to hold off several hundred volts across the

poloidal gap during the startup of the discharge. The gap protectors also
act as a limiter, extending ~1.25 cm into the plasma from the vacuum

vessel wall.

Incorporation of the vacuum vessel in the toroidal field system is
shown in figure 3.3. Poloidal currents are inductively driven through
the vessel wall, thus creating a single turn toroidal field winding. This
scheme reduces the toroidal magnetic field ripple which is produced by
having discrete toroidal field windings. The radial field that enters the
toroidal gap in vacuum produces a dominant m =0, n =4 Fourier
component with a magnitude about 0.2% of the vacuum toroidal field
on axis, R=1.50m.6 Then=4is expected, as there are four current feed
legs like those shown in Fig. 3.3 which link the vacuum vessel to the

toroidal field transformer.

The poloidal field system for the MST is shown in figure 3.4. It
consists of three sets of windings: a DC bias winding, a poloidal field
winding and a continuity winding. The DC bias winding is used to
reverse bias a 2 Volt-sec iron core with a DC current in order to get the
maximum change in the poloidal flux thru the core during a discharge.
It was placed tightly around the iron core, and it was positioned to
minimize the DC magnetic field within the plasma region to less than
one Gauss ( this is less than 0.1% of the poloidal field ). The poloidal

field winding ( the PF winding ) is the main ohmic heating winding. It



37
was positioned to minimize the low-m magnetic field errors due to the

discrete number of poloidal windings (40 total turns which are able to be
connected in a variety of turn-ratios ). It encircles the iron core, and it
was placed as close to the plasma as possible at the poloidal gap in the
vacuum vessel. The third winding is the continuity winding. This
winding is required due to the nonaxisymmetry of the PF winding. The
continuity winding is a sheet of aluminum which connects one side of
the poloidal gap to the other side. It is attached to the vacuum vessel by
a poloidal flange. This flange minimizes the field errors arising from
design imperfections. All three windings are wrapped around the iron

core, allowing easy diagnostic access to the vacuum vessel.

During the initial operation of the MST, the PF winding was not
installed. The bias winding was used both as the DC biasing winding and
as the pulsed ohmic heating winding. This resulted in large magnetic
field errors at the poloidal gap.6 These field errors were reduced by a
modest correction scheme, but they still remained large ( the root-mean-
square ( RMS ) value of the radial field at the gap is23 % of the
equilibrium poloidal field at the wall ). The PF winding was completed
during the early part of 1990. The field errors at the poloidal gap were
substantially reduced ( RMS value of radial field at the gap is 5 % of the
equilibrium poloidal field at the wall ), and an improvement in the
plasma performance was also observed.® Further reduction of the

remaining field errors is an ongoing effort.
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This thesis spans both operation stages of the MST ( initial operation

without the PF winding, and operation with the PF winding ), the

majority of the data being obtained during the initial operation.
3.2 Diagnostics on the MST device

Table 3.2 lists the diagnostics available on the MST which were used
for this thesis. In the following sections, a few of these diagnostics will

be described in more detail.

Table 3.2 Diagnostics available on the MST

Global plasma characteristics monitored by a variety of magnetic coils

and electrical probes

Internal poloidal and toroidal magnetic pickup coil arrays measuring

Br, By and By at the wall

“Poloidal” soft x-ray array, and several toroidal, central chord, soft

x-ray detectors

A swivel soft x-ray detector capable of viewing the central chord of

the plasma out to the edge

Single point Thomson scattering measuring Te(r=0) and ne{r=0)

Microwave interferometer measuring line averaged electron density
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3.2.1 Global Operational Signals

The global operational signals on the MST are measured using a
variety of Rogowskii loops, flux loops, and electrical probes.? Many of
these are standard on any RFP device, but one worth mentioning for the
MST is the toroidal field at the wall, Bg(a). Since the vacuum vessel is
used as the toroidal field winding, the By(a) is related to the poloidal

I
current in the vacuum vessel, Ig: Byla) = L;_On % In order to remove the

1/R dependence, By(a) is normalized to be equal to the average toroidal

Be(a)

<By > =1.0 in vacuum. This

field, < By >, in vacuum resulting in F =

measurement is a poloidally averaged value of the true By(a,0), and
agrees with internal measurements of the Bgy(a,0) by internal magnetic

coils.

To obtain the global characteristics of the plasma, particularly the
plasma resistance, the Polynomial Function Model (PFM) is used.10
This model assumes the magnetic field and current profiles can be
approximated by polynomial functions. Maxwell’s equations are solved
to obtain the magnetic profiles which match the global characteristics of
the plasma, Iy, By(a), and < By >. This model predicts an F-@ curve of the

2-2F

form ® =(3-F)\] g-¢¢ - This curve was plotted in figure 2.3 along

with the BFM F-© curve and an experimental curve from the MST. The
PFM curve is in reasonable agreement with the experimental curve.
Once J and B are determined by the PFM, the plasma pressure can be

determined from the equilibrium condition, Vp = J x B.



42
The plasma resistance, R, can be determined from measurable

quantities by the relation Vpg =L dly/dt + AVig + R1g where Vi is the
driving voltage across the poloidal gap, Vi is the driving voltage across
the toroidal gap. The variables L and A can be evaluated assuming PFM
profiles and can be expressed as functions of ®. The product R Iy is called
the loop voltage, Vipop, on the MST, and for a steady state plasma,
Vpg = Vicop: This loop voltage will be used in chapter 4 to determine the

plasma resistance, R = Vioop / Ty

An alternate version of the PFM is the Modified Polynomial
Function Model ( MPFM ).11 This model uses the same techniques as
the PFM, except it uses F and @ as the independent variables where the
PFM only uses ®. The MPFM is used in this thesis to get a general idea

of the shape of the internal profiles on MST.
3.2.2 Internal Magnetic Signals

In the past, the magnetic properties of RFP plasmas have often been
measured by inserting movable magnetic pick-up coils into the plasma.
Due to the high temperatures in the MST, probes could not be inserted
past the edge of the plasma except for low current discharges,
Iy ~ 200 kAmps. For this reason, the majority of magnetic signals used in
this thesis were obtained from magnetic pick-up coils which are
mounted inside the vacuum vessel wall. These coils will be describe in

this section.
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During the initial operation of the MST (no PF winding ), an internal

array of eight poloidally separated coil sets measuring By, Bg, and By,
were mounted to the upper half of the vacuum vessel. The mounting
scheme positions the coils 0.5 cm above the vacuum vessel wall. This
array was completed during the installation of the PF winding, making a
16 coil poloidal array. Also at this time, a toroidal set of 64 coils and a
second poloidal set of 8 coils were installed. Figure 3.5 shows the
positioning of the two poloidal sets. The poloidal location of the toroidal

set is also shown in figure 3.5.

The coil signals were either integrated to obtain the equilibrium
magnetic field, or they were amplified and filtered in the 1-250 kHz range
to obtain magnetic fluctuation measurements. Results of these

measurements will be shown in chapter 4.
3.2.3 Soft X-ray Signals

Currently, the only way to view the interior of the plasma on the
MST, other than single point Thomson scattering and a single chord
microwave interferometer, is through the radiation emitted by the
plasma. The soft x-ray radiation is a common diagnostic on hot plasma
devices. On the MST, the soft x-ray radiation is measured by a “poloidal”
array of surface barrier diodes (SBD ). Thin beryllium filters are used in
order to view the soft x-ray radiation in the 50 eV - 500 eV bandwidth.

This array is described in this section, and is shown in figure 3.6a.



Position of the
toroidal set

at 6 =241"

wx - coils used for the initial operation of
the MST without PF windings
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Coils are not drawn to scale

Figure 3.5 : Arrangement of the internal magnetic pick-up coil
arrays, two poloidal arrays located at ¢ =~ 180° and ¢ = 155°,
The toroidal array is positioned at 6 = 241°, and the coils are

evenly spaced about the poloidal gap, ¢ = 0°
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The original experimental goal of the MST was to study the boundary

effects of the RFP by operating with various conducting shells placed
within the vacuum vessel; the size of these shells was to be 32 ¢cm in
radius. The soft x-ray detectors were positioned in order to give a full
view out to this 32 cm radius ( the dotted circle in figure 3.6). This
makes tomographic inversions of the soft x-ray emission difficult since
all of the detectors view the edge twice since they are chordal views. But
there are no detectors which view only the edge. This makes it
impossible to remove the edge contribﬁtion from the central chordal
signals. To view the edge of the plasma during the initial operation of
the MST, a swivel soft x-ray detector was installed. Figure 3.6 b shows
the range of this swivel detector. Shot averaged profiles out to the
plasma edge could be obtained using this swivel detector, and are shown
in chapter 4. During the PF installation, the soft x-ray array was extended
to include edge sampling of the 52 cm plasma. At the time of completion
of this thesis, the additional detectors had not been installed;
consequently no further edge information could be obtained from the

“poloidal” array.

Later in chapter 4 references will be made to the “radial” soft x-ray

array, this refers to the top 13 detectors of the “poloidal” array.

Also available during both operation periods were single SBD
detectors. These detectors could be mounted at various positions around

the vessel to toroidally sample the central chord plasma emission.



6cm  Top 13 detectors are
used as a
(a) “radial-array"

32 cm plasma
radius

®

Figure 3.6 : Positions of various soft x-ray detectors on the MST, a)
a poloidal array at ¢ = 160°, and b) a swivel detector mounted

at ¢ ~ 138°.
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3.3 Discharge characteristics

In this section, the global characteristics of the discharges on the MST
will be described. The MST is still in a mode of optimization, so the
discharge shown here is only a sample of the type of discharge that can be
run on the MST. References 8 and 12 can be consulted for a complete

description of the global characteristics of MST discharges.

A reversed discharge is shown in figure 3.7. This discharge occurred
after the PF winding installation. The features of the RFP sawteeth can
be seen in the total toroidal flux (< Bg >), and in the toroidal field at the
wall (By(a)) signals: the < By > increases, and at the same time By(a)
decreases ( becomes more negative ). Recall that for a reversed discharge,
the toroidal field at the wall is in the opposite direction to the toroidal
field on axis. For the total toroidal flux to increase while the toroidal
field at the wall decreases, toroidal flux must have been created inside
the reversal radius. This feature is the topic of this thesis, and it will be

discussed in more detail in chapter 4.

Table 3.1 lists the parameters achieved on the MST. These
parameters are the best in each category and do not represent a single
discharge together. Substantial improvement has been achieved in
many of these categories mainly due to the reduction of the field errors
with the installation of the PF winding. As mentioned earlier, the MST

is still in a period of optimization with the primary effort being further
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reduction of the magnetic field errors, therefore continued

improvement is expected.

Table 3.1 Operational Parameters Achieved on the the MST.

Achieved (6/90)

Discharge duration 80 msec
Reversal duration 70 msec
Plasma current, I 600 kAmps

Vloop

~15 V at 500 kAmps

Central electron temperature, To(0)

50 -430 eV

Line-averaged electron density, <ng>

0.75-3 X 1019 m-3

Particle confinement time, %,

< 1.5 ms.
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Figure 3.7: Time evolution of a reversed discharge on the MST.
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CHAPTER 4 2

EXPERIMENTAL RESULTS AND COMPARISONS WITH OTHER EXPERIMENTS

This chapter will describe the experimental observations on the RFP
sawteeth. It will include results of this thesis as well as the results of
studies performed on other RFPs. Comparisons will be made to show
the general nature of the sawteeth as well as differences from device to
device. The majority of the analysis has come from data taken during
the initial operation of the MST (no PF winding). When there are
differences between the sawteeth before and after the addition of the PF
winding, these differences will be pointed out in detail. Additional
comparisons will be made in chapter 5 where the results of a 1-D

transport code simulation of the sawtooth rise-time will be presented.

The organization of this chapter is as follows. First, the general
characteristics of the sawteeth are presented. Many of these are common
on all RFPs that have observed sawteeth. A few peculiarities of the MST
sawteeth will be presented in section 4.2 and will be more relevant to
later discussion of the data analysis. Next, the profile modifications
which occur during the sawtooth crash will be discussed - the sawtooth
crash flattens the temperature, density and the current density profiles.
In section 4.4, the toroidal nature of the sawtooth crash will be
~ presented - the flux generation is initiated at one toroidal location and

propagates around the torus. The evolution of the mode structure, the
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precursor modes, will be presented in section 4.5 - initial results suggest

that nonlinear interaction of the m =1 modes is occurring. In the next
two sections 4.6 and 4.7, the dependency of various plasma parameters
on the ® value and the plasma current will be presented. Finally, a brief
summary of the experimental results will be given in section 4.8. This
summary will be expanded upon in chapter 6 along with the conclusions

from chapter 5.
4.1 General characteristics

A reversed discharge for the MST device is shown in figure 4.1. The
sawtooth characteristics are quite evident in the toroidal field at the wall,
Bgy(a), as well as in the average toroidal field, <By>. For this discharge,
the sawteeth occur throughout the discharge, and they appear to be the
only source of reversal which is maintaining the field against the
resistive diffusion. The F-@® curve for this discharge is shown in
figure 4.2. As mentioned in chapter 2, the experimental curve lies to the
right of the BFM curve, and in this case to the right of the PFM curves as

well,

An expanded view of a sawtooth is shown in figure 4.3. During the
rise-time of the sawtooth ( t = 25.5 ms to 27.5 ms ), the plasma is moving
further away from the “relaxed Taylor state” (the BFM curve) - this

curve lies to the left in this figure. At the time of the sawtooth crash
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Figure 4.1: Time evolution of a reversed discharge in the MST.
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(t=27.6ms ), the plasma rapidly relaxes back towards the Taylor state.

For the MST, the rise-time is ~ 1-5 msec, while the relaxation time is
~ 20-60 psec. The variation of these two time intervals with other
ialasma parameters will discussed in more detail later in sections 4.6

and 4.7.

During a sawtooth crash, the total toroidal flux increases while the
toroidal field at the wall decreases ( becomes more negative ). For a
reversed discharge, the toroidal field at the wall is in the opposite
direction to the axial toroidal field. As was described in section 2.1, the
only way for positive toroidal flux to be introduced into the plasma
externally is through the edge. This increases the toroidal field at the
wall, rather than decreases it. On the other hand, if the reversal is
driven deeper externally, the toroidal flux is decreased, not increased. In
the case of the sawtooth crash, the additional toroidal flux must have
been created internally. This creation of toroidal flux can be considered a

discrete dynamo event.

Whether the dynamo is a discrete event in the case of the sawteeth or
a continuous process, it must convert poloidal flux { which can be driven
externally ) into the toroidal flux needed to maintain the reversed state.
This flux conversion occurs during a sawtooth crash. This is shown in
figure 4.4 where the time rate of change of the poloidal flux as measured
by a poloidal flux loop around the iron core, Vg o ®g, is plotted against

the time rate of change of the toroidal flux as measured by a toroidal flux
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loop inside the vacuum vessel, Vg a @y. This shows that the poloidal

flux decreases and that the toroidal flux increases at the time of the
sawtooth crash. A direct measurement of the flux conversion is not

possible due to the difficulty in measuring the poloidal flux.

In many of the discharges on the MST, an increase in the plasma
current, Iy, is observed at the time of the sawtooth crash ( see figure 4.1).
This is believed to be primarily due to the way the plasma current is
measured on the MST - the plasma current is typically derived from the
primary current in the poloidal field system. The increase in this signal
may be due to the strong coupling of the poloidal and the toroidal
circuits. In many of the other RFPs, a decrease in the plasma current is
correlated with a sawtooth crash.l The increase in the plasma current
observed in the MST has little effect on the evolution of @ during the
sawtooth crash - the dominant change in @ is due to the increase in the
<Bg> signal. Until a direct measurement of the plasma current is
obtained, using internal Rogowskii loops, the increase in the plasma

current will be passed over.

Between the sawtooth crashes, namely, the sawtooth rise-time, the
overall field evolution is resistively diffusive in nature: the total flux is
decaying while reversal is being lost, By(a) is going towards zero. The
resistive nature of the rise-time will be shown in more detail in
chapter 5 where a 1-D transport simulation of the sawtooth rise-time will

be described.
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During the rise-time of the sawtooth, low frequency (10-25 kHz )

m = 1 oscillations are observed on edge magnetic signals as well as soft

x-ray signals; see figure 4.5. (In this figure, the soft x-ray emission has

begun to decrease before the flux jump occurs, t~11.4 ms. This will be
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discussed in more detail in section 4.2.) The magnetic and soft x-ray

perturbations have a toroidal mode number, | n I, in the range of 5 to 8,
and they are internally resonant. Their role in the RFP sawtooth is
reminiscent of the m = 1 modes observed prior to the tokamak sawtooth
crash. For this reason, the term precursor will be used to describe the
m =1 perturbations throughout this thesis. The helical structure of
these precursor modes is consistent with resistive MHD simulations
which predict ]-:r;l =~ 2'} (~ 6 for the MST ) to be the dominant resistive
instability in the RFP.2 It is also consistent with the helicities observed
on other RFP devices. For example, the ZT-40M RFP observes
precursors with Inl in the range 10-15.3 The aspect ratio of ZT-40M

is 5.7.

In the 3-D simulations of Kusano and Sato* discussed in section 2.2,
the sawtooth activity was stronger for simulations with a smaller aspect

ratio. This is presumably due to the spacing of the m =1 modes. These

modes will be resonant at radial positions where q = :—‘ For a low aspect
. R - . .
ratio device such as MST ( 2~ 3), these positions will be widely
separated. The m =1 modes can grow to a larger amplitude before they
begin to interact. For a larger aspect ratio device such as ZT-40M

(?:5_7 ), the m =1 modes would interact more frequently thus

producing a more continuous-like dynamo. This is one possible reason
for why the sawteeth are so prevalent on the MST device, and only

present during high © operation on other devices such as ZT-40M.
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Figure 4.5: Low frequency oscillations are observed on edge

rhagnetic signals, as well as soft x-ray signals.
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The evolution of the precursor modes and their nonlinear coupling

during a sawtooth crash will be described later in section 4.5.

An interesting feature of these precursors is that they are observed in
the magnetic and soft x-ray diagnostics, but they are not evident in any of
the line radiation diagnostics. This would suggest that although they are
a perturbation in the current density and the plasma temperature, they
have little effect on the plasma density. At the plasma edge
temperatures of the MST (10s of eV ), the line radiation is essentially
independent of the wvariations in the plasma temperature,
lline @ Njon Ne 6( Te ) where o( Te ) is proportional to the excitation rate.
The majority of the radiation comes from the outer portions of the
discharge. The precursors are seen beyond r = 0.6a in the soft x-ray
signals; at r=0.6a, there is significant impurity radiation, but no

evidence of the precursors.

The general characteristics shown in figures 4.1 to 4.3 are common on
all of the RFPs that have observed sawteeth. In many of these devices,
sawteeth are not observed except during high ® operation, ® > 1.6,
although there is some speculation that a similar event is occurring at
lower ©.5 In the MST, sawteeth are observed at nearly all values of ©,
even in nonreversed discharges, as illustrated in figure4.6. The
nonreversed sawteeth have the same phasing as the sawteeth observed
in reversed discharges, <By> increases and By(a) decreases, and the m =1
precursors are often observed. But the nonreversed sawteeth tend to be

more rounded in character. At this point, it is unclear whether the same
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phenomenon is driving the nonreversed sawteeth and the reversed

sawteeth, namely the nonlinear interaction of the m = 1 tearing modes.
However, sawteeth-like oscillations have been observed in the
Reversatron II when operated as an ultra-low q device,® that is, a pinch
formed without reversing the toroidal field. A similar theory to that
published for the RFP7 has been developed for the reconnection in ultra-

low q discharges.®

The MST device tends to operate at a higher value of ® for a given F
value than do other RFPs - reversal usually occurs at ®@ = 1.4 - 1.5 for the
MST. The reason for this is not known at this time. An error of ~5% in
® can be accounted for owing to the measurements of the plasma current
and the toroidal flux, but this is not large enough to account for the high
©’s observed. The high © operation of the MST may be a cause of the
sawteeth being so prevalent in the MST device - other possibilities wiil

be discussed throughout this chapter and in chapter 5.

While the MST does operate at a higher value of ©, in general, the
F-O curve will vary between various RFP devices. This is'mainly due to
variations in the plasma profiles from one device to another. For this
reason, many of the plots in this thesis will rely on the value of © and
comparisons will be made with other RFPs. These comparisons should
only be viewed as a trend with ®, and no direct comparison should be

made at a given @ value.
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Figure 4.6 Sawteeth are also observed in nonreversed discharges.

4.2 Sawtooth peculiarities observed on the MST.

At this point a few peculiarities of the sawteeth observed on the MST

will be presented. The impact of these features will be pointed out in the

following sections.

Many of these features have either a limited
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explanation or no explanation at this time and are only presented here to

simplify the explanation of experimental results which will be presented

later in this chapter.

Even though the sawteeth are a dominant feature of many of the
MST discharges, they have not always been present. During the initial
operation of the device and the operation immediately following the
completion of the PF winding, sawteeth were not present. As the
vacuum vessel was cleaned, the loop voltage decreased. With these
improved discharge characteristics, the sawteeth appeared. This is
possibly due to the decrease in central resistivity allowing the current to
diffuse radially inward - peaking the current profiles. This effect has also

been reported for the HBTX1B.?

In many of the discharges, the phase between the soft x-ray decay and
the flux jump, represented here by the decrease in By(a), varies during
the dischérge; see figure 4.7. The soft x-ray emissivity has already begun
to decrease before the toroidal flux is created, and in a few cases the flux
jump occurs near the bottom of the soft x-ray oscillation, for example the
flux jump that occurs at t =16 ms in figure 4.7. Late in the discharge, the
top portion of the soft x-ray emissivity is oscillatory in nature, and it has
a m=0, n=0 structure. At the time of the flux jump, the soft x-ray
emission drops suddenly independent of the phase of the oscillation as is
the case for the earlier sawteeth. The reason for this phase difference is

unknown - possibilities include a beating of the plasma column ( either
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temperature or density related ), or the center of the plasma beginning to

cool as the m = 1 perturbations grow.

Despite the rolling over of the soft x-ray emission, a burst is observed
in the soft x-ray emission concurrent with the flux-jump; see figure 4.7.
A simultaneous burst is observed in the hard x-ray emission. This burst
could be due to a high energy electron component being lost to the wall
generating high energy x-rays. At this time, no energy spectrum of the
x-ray emission is available for the MST device. Initial results of soft x-ray
tomography have concluded that the volume-averaged soft x-ray
emission increases during this burst, but due to the limited radial extent
of the soft x-ray array, it is unclear if the increase in the emission is due

to the edge or to the center of the discharge.

In some of the discharges, the sawteeth appear to be present only
during the rising current portion of the discharge. This is possibly due to
the large, axial electric field which is present during this phase of the
discharge. As a result, the current profiles may become peaked on axis
causing the m =1 modes to become unstable. The increase in the
sawtooth activity during ramped current discharges has been shown on
ZT-40M10 and TPE-1RM1511 where the plasma current is increased once
an initial value has been achieved. An increase in the sawtooth activity
is observed during these ramped current discharges. On the MST, a
flatter plasma current trace can now be maintained for a longer portion
of the discharge. This is due to the improved toroidal field

programming and the lower loop voltages achieved since the
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completion of the PF winding. This eliminates the large, driving electric

field, but the sawteeth are still present in many of the discharges even

with a flat current trace.
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Figure 4.7 The phasing of the soft x-ray decrease and the flux jump
varies during a reversed discharge. The vertical lines are
times at which the flux jump occurs - this is determined by

the maximum in the (bq, signal.

The opposite effect occurs during ramped down discharges. In the
TPE-IRM15 RFP,!1 the sawtooth activity is decreased during discharges
where the plasma current is slowly decreased from an initial value. This

type of discharge usually exists in the MST for high plasma current
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levels, Iy > 300 kAmps. This is due to the limits of the existing poloidal

field circuitry. In this type of discharge, sawteeth are small - if present at
all - after the peak current; see figure4.8. The arrows indicate times
where a flux jump has occurred as determined by a positive spike in the
®g signal. The increase in the average toroidal field is observed, but is at
a reduced level compared to the sawteeth which occur during the ramp-

up portion of the discharge.
4.3 Profile modifications

At the time of the sawtooth crash, the central soft x-ray emission
decreases while an increase is observed on various edge diagnostics; see
figure 49. These trends suggest a decrease in the central plasma
properties such as the density and the temperature, and an increase in
the edge properties. This section will describe several experimental
observations of the profile changes that occur during the sawtooth crash.
In the MST, very few profiles are able to be measured due to the limited
number of diagnostics; thus many of the profile changes are implied
from experimental observations rather than measured. Profiles
measured by other RFPs will be presented to support the observations on

MST.

One of the few profiles measured on the MST is the soft x-ray
emission profile. The “poloidal” array described in chapter 2 can be used
to “view” the center of the discharge. Usin‘g the top 13 detectors of this

array as a “radial” arréy, the soft x-ray profile decreases during a sawtooth
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crash. This array only covers the central region of the discharge, r < 0.6a.

Out to this radius, no inversion of the soft x-ray emission is observed,
only a cooling of the central region. In the tokamak sawtooth, inverted
sawteeth are observed outside of the q=1 radius.l2 The inverted
sawteeth are a result of the rapid radial transport of the hot central

plasma into the cooler edge regions.

To determine if the entire MST plasma column was cooling or if the
sawtooth crash resulted in energy being removed from the center of the
discharge towards the edge as is suggested by the increase in other edge
diagnostics, a swivel soft x-ray detector was installed. This detector could
view the center of the discharge, b =7.6 cm, as well as the edge, b = 47.4
cm (b being the impact parameter of the detector; see figure 3.6b).
Indeed inverted sawteeth were observed in the edge soft x-ray emission;
see figure 4.10. The inversion radius is ~ 35 cm or ~ 0.65 a - just outside

of the “radial” array.

To obtain the soft x-ray profiles before and after the sawtooth crash,
shot averaging was required. Deeply reversed discharges, F = - 0.2, were
used in order to have strong sawtooth activity. To determine the
profiles, the sawtooth nearest to 10 ms was chosen. This time was
chosen since the soft x-ray emission had reached its equilibrium value,
and the sawteeth were still strong due to the ramping plasma current -
the plasma current peak typically occurs near 15 ms; and at 10 ms, it is

>90% of its peak value. The time for the initial profile was taken as
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Figure 4.10: Inverted sawteeth are observed in the edge soft x-ray
emission. Points marked are times used in the soft x-ray

profile measurements; see Fig. 4.11.

being 0.25 ms before the sawtooth crash - the crash time determined by
the peak of the change in the toroidal flux, (i)q,. The “after” profile was
taken at the time of the minimum of the central chord signal. These
times are marked in figure 4.10. The after time was typically after the
peak of the edge soft x-ray emission. The profiles were determined at the
minimum of the central chord to emphasize the change in the central
region to the edge region. While the edge emission has decreased by

about half its maximum, it is still an order of magnitude below the
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central chord. This also avoided the burst observed in the soft x-ray

emission which corresponds to the flux jump. The resulting profiles are
shown in figure 4.11. The RFP sawtooth crash is similar to the tokamak
sawtooth crash - the hotter plasma in the center is transported to the

cooler edge.
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Figure 4.11: Radial profiles of the soft x-ray emission as measured
by a movable soft x-ray detector. The inversion radius is at
~35cm or b/a=~0.65 b is the impact parameter of the

dectector.
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The inversion radius measured on MST is consistent with other

RFPs which have observed inverted sawteeth. For example, the ZT-40M
RFP observes an inversion radius of ~0.6a.13 In both cases, the

inversion radius is inside of the reversal surface { rrey ~ 43 cm for MST ).

Since the date of the above profiles were taken, soft x-ray tomography
has been performed for the sawteeth on the MST.’4 Figure 4.12 shows
the soft x-ray emissivity before and after the sawtooth crash. As in the
case of the swivel detector profile, the central emissivity decreases.
These reconstructions were obtained from the original poloidal array of
detectors that were described in chapter 3. Due to the coverage of this
array, no new information on the edge of the discharge can be obtained

at this point, as discussed in section 3.2.3.

In high temperature plasmas like that of the RFP, the soft x-ray
emission increases with both the plasma density and temperature. The
dependence on each quantity is not known for the MST so no internal
profile information can be extracted from the soft x-ray profiles at this
time. But the profile modifications can be determined from other
diagnostics. Many of these are implied, but are consistent with the

profiles measured on other RFPs.

The electron density profile flattens during a sawtooth crash. This is
implied by comparing the central chord, line averaged density to edge

density measurements made with Langmuir probes. During a sawtooth
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Figure 4.12 Soft x-ray tomography on the MST before and after a

sawtooth crash.
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crash, the line-average density decreases while the edge density increases;

see figure 4.13. In this figure, the edge ion saturation current is plotted as
a representation of the edge density ( edge measurements suggest that
the change in the ion saturation current is primarily due to an increase
in the electron density.15 ) Also, many of the diagnostics which monitor
the line-radiation due to plasma impurities show an increase as well.
Although no profile information is available, these trends suggest that
the sawtooth crash flattens the density profile, and that there is a rapid
radial transport of density towards the edge. The “rapid” transport of the
density is suggested by the rapid increase in the impurity signals. If the
increase was due to recycling from increased wall interactions, a slower
response would be expected.16 The flattening of the profile has been
measured by the ZT-40M group using several radial interferometer
chords,10 and indeed the central density decreases while the edge density
increases - the density profile is flattened. A limited number of chords
were used so no true profile changes could be obtained, except to

demonstrate that the profile is flattened.

The ZT-40M group has also measured the central electron
temperature and density during a sawtooth crash.1?7  This was
accomplished by phase-averaging the Thomson scattering data over the
sawtooth crash of a central chord soft x-ray signal. The variation in Te(0)
was of the order of 30% for a 120 kAmp discharge. A similar decrease in
the central electron density was also measured. While the central

temperature and density decreased, no direct measurement of the radial



temperature profile change has been accomplished.

77
This phase-

averaging technique has been applied to the MST sawteeth, but no clear

change in Te(0) or ne(0) could be seen outside of the statistical error of the

diagnostic.18
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Figure 4.13: The line average density decreases, as the edge density

increases.
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Figure 4.14: The internal energy of the plasma (ne(0) Te(0) )
decreases during a sawtooth crash { adapted from Fig. 3 from

Ref. 17 ).

From these phase-averaged measurements, the axial energy density
( ne(0) Te(0) ) of ZT-40M is plotted in figure 4.14 versus the soft x-ray
emissivity.1? The internal energy of the plasma recovers more quickly
than the soft x-ray flux. This is believed to be due to a nonthermal
component in the soft x-ray energy spectrum. This is evident in the
time-averaged soft x-ray energy spectrum measured during high ©
discharges with sawteeth and during low @ discharges without sawteeth
in the ZT-40M device.l7 In the low © discharges, a high-energy
component is observed. The temperature of this component is typically
three to five times that of the bulk plasma. This component was not
present during the high © discharges. The lack of the high-energy
component in the high-© discharges is believed to be due to the degraded

confinement for the high-® discharges so that the high energy tail does
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not contribute as strongly to the soft x-ray energy spectrum. In order to

make a direct connection between the sawteeth and this high energy tail,
better time resolution of the energy spectra during a sawtooth event is
required. At this time, no energy spectrum is available for the MST
discharges. But if a high energy component is present in the MST
discharges, this could explain the burst observed in the soft x-ray flux and
in the hard x-ray flux described in section 4.2. The high energy
component could also explain the large amplitude of the sawtooth crash

compared to the equilibrium level in the soft x-ray emissivity.

Additional MST profile modifications can be inferred from the
asymmetry factor calculated from edge magnetic signals. The asymmetry

factor, A, is defined as
Bo(r,0)=Bg,(r)(1+eAcosb) 4.1

where € is the inverse aspect ratio. Figure 4.15 shows the evolution of A
during a sawtooth crash. In equation 4.1, A can be expressed by

A=Pg+ % - 1 where Pg is the ratio of the plasma pressure to the magnetic

2po<p> . . :
pressure, Bg = Bo(a)? / and [; is the normalized energy inductance of the
S <Bg?> : :
poloidal field, [; = Be(a)? 19 The decrease in A during the sawtooth crash

suggests either a flattening of the current profile, a flattening of the
pressure profile, or a combination. No profile information is available
for either of these effects on MST so detailed descriptions are limited.

The flattening of the current profile could be an explanation of the
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inward shift of the plasma during a sawtooth crash as interpreted from

edge magnetic signals. The flattening of the current profile decreases the
plasma inductance thus causing the equilibrium position of the plasma
to shift inward.20 On the other hand, if the changes in Te(0) and ne(0)
for the MST were comparable to those discussed above for ZT-40M, the
change in 3¢ could also explain the decrease in A. But once again, no
profile information is known for Te(r) and ne(r) to accurately determine
the change in g, and no current density profiles are known to

determine [;.
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Figure 4.15 The asymmetry factor, A, decreases during a sawtooth

crash.

While no direct measurement has been made for the MST, changes
in the current profile have been measured by other RFP groups.2l, 22
The magnetic field profiles measured on the ETA BETA II RFP during a

sawtooth crash are shown in figure 4.16. In this figure, the experimental
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data points ( ~ 10 radial positions for each magnetic field component are

equally spaced across the minor radius ) have been fit to cubic splines
and the resulting curves are shown. The magnetic field profile before
the sawtooth crash has a sharper gradient in the central region than the
profile after the sawtooth crash. This results in the on-axis current
density being larger before the crash than after the crash - the sawtooth

crash flattens the current profiles.

Also shown in figure 4.16 are the A and q profiles derived from the
measured magnetic field profiles. The sawtooth crash has flattened the A
profile. The flattening of the A profile stabilizes the plasma to the m =1
tearing modes which are the driving force behind the sawtooth crash.23

In the above experiments,21,22 the sawtooth crash occurred when the

2
central q value fell below ~ 5%. This suggests a lower g limit for the RFP

similar to the q > 1 stability limit for the tokamak.24 For the MST, the
MPFM model which was described in chapter 3 results in gq(0) = 0.23.
This is consistent with the q(0) limit predicted by Antoni, et. al. based on
the stability of the plasma to the m =1 tearing modes.25 The raising of

the q(0) is also consistent with the MHD theories described in chapter 2.

Although the profile modifications for the MST sawteeth described
above are implied, the limited number of experimental observations are
consistent with other RFP devices for which various profile changes
huve been measured. But as will be discussed below, to truly understand

the RFP sawtooth and its effects on plasma confinement, better profile
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information is required both for the equilibrium profiles and for the

changes during a sawtooth.
4.4 Toroidal asymmetry of the crash

One difficulty in measuring the profiles described above is the
toroidal asymmetry of the toroidal flux generation - this may require the
profile changes to be measured at several toroidal locations. This effect is
shown in figure 4.17 where the toroidal flux, ®4, measured at two
different toroidal locations is plotted along with their time rates of

dd . s o A
change, Eq)‘ The flux increase first appears at ¢ =~ 0° ( this is a flux loop

placed as close as possible to the poloidal flange ) and appears later in
time at ¢ =240°. The toroidal speed of the flux disturbance shown in
figure 4.17 is ~ 3 x 106 m/s ( this speed is comparable to the Alfvén speed
for this discharge ). This flux disturbance transits the torus once - it does
not reappear at the same location until the next sawtooth event, several
milliseconds later. On the ZT-40M RFP,10 the disturbance spreads out
toroidally as it propagates around the torus. The rate of change of the
flux is slower the further away from the initiation point. This is evident
in both the rise and decay portions of the flux disturbance. This effect is
not as dramatic on the MST and usually only appears in the rise phase, if

apparent at all.
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Figure 4.16 a) Magnetic field profiles measured during a sawtooth
crash, b) A profile and ¢) q profile derived from the magnetic

profiles in (a) on Eta Beta II { Ref. 25).
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Although the flux generation was initiated at one toroidal location,

there was no preferred toroidal position in the ZT-40M REP. On the
other hand, in the cases where a distinction can be determined, the flux
generatioﬁ is initiated at the poloidal gap, ¢ =07, in the MST. This may
be attributed to the magnetic field errors contributing to the interaction

of the m = 1 tearing modes.26

The ZT-40M group has also observed a toroidal dependence in the
soft x-ray emissivity.2’7 Unlike @y, the toroidal dependence is only in the
rate of decay of the soft x-ray signal. All soft x-ray signals begin to
decrease with the initial creation of the toroidal flux. But the rate of
decay is smaller for the signals farther away from the point of initiation.
The synchronous drop in the soft x-ray emissivity with the initiation of
the toroidal flux is attributed to the rapid thermal transport from the
center of the discharge. The different decay rates are possibly due to
different field-line path lengths from the core of the discharge to the
edge.28 This dependence has not been observed on the MST soft x-ray
signals - all toroidal signals decay simultaneously within the 2 psec time
resolution set by the digitization rate. However, viewing such an event
is hampered by the slow decay of the soft x-ray emissivity before the flux
generation occurs, and by the burst in the soft x-ray signal which
accompanies the flux generation. Both of these events were described in

section 4.2.



86
The flux generation travels in the electron diamagnetic drift direction

(parallel to Iy). On the other hand, the precursors described in
section 4.1 travel in the opposite direction. At this time, I am aware of

no theoretical basis for these directions.

A physical picture has been proposed by Howell, etal.?? of am =0
island forming at one toroidal location. The difference between the
momentum transferred to the island from the electron and the ion
collisions with the wall results in a net momentum transferred to the
island. The difference in the speeds of the leadiﬁg and trailing edges
would also be due to the electron and ion collisions. The magnetic
reconnection, which would be responsible for the generation of net
positive toroidal flux, would occur when the leading edge catches up to

the trailing edge of the island.
4.5 Mode evolution during a sawtooth

As described in section 4.1, m = 1 precursors are observed in the
magnetic and soft x-ray signals prior to a sawtooth crash. These modes
are believed to be responsible for the magnetic flux generation through
their nonlinear interactions.30 Many other RFPs have observed an
increase in the m =1 magnetic fluctuation level followed by an increase
in the m = 0 fluctuations.3! Using the internal edge magnetic coil arrays
described in section 3.2.2, the mode evolution of the precursor

fluctuations can be determined. This section will describe their linear
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evolution up to the flux jump, and their nonlinear interaction occurring

during the flux jump.

The time rates of change of the poloidal magnetic field, By, as
measured by the toroidal magnetic array are shown in figure 4.18. These
signals are analog filtered in the 1-250 kHz range and are digitized at a
rate of 500 kHz. The precursor structure is quite evident while the mode

structure at the time of the flux jump is very complicated.

Linear mode analysis is performed on the toroidal array to obtain the
Rmax

n mode spectrum, Bo(o) = 2 an cos( ne; ) + by sin( nd; ). The same
n=9_

analysis is applied to the poloidal arrays to obtain the m spectrum. The

toroidal and poloidal arrays are one dimensional thus the mode

numbers can only be determined for all m or n, for example,

ap = Z an m- No information can be extracted on helicity of the modes,
m=0

(m, n) combinations other than generalities. The toroidal array has 64
coils; this limits the maximum number of n’s to be 32 for a minimum of
two points per wavelength. This limit is sufficient in determining the
precursor modes, but as will be discussed below, it is not sufficient to

determine the evolution during the flux jump.

From the poloidal array, the precursors are m =1, and from the
toroidal array, they have a modal structure in the range n=5-8. The

time evolution of the amplitude of the n=6,7, and 13 components are
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Figure 4.18 By during a sawtooth event as measured by the
internal toroidal array and the average toroidal field for

reference.

shown in figure 4.19, Ap = \/W. The n = 6 and 7 modes begin to
grow at t=9.5ms while the n = 13 component stays relatively constant.
The n =13 mode could be driven by the nonlinear interaction of the
n=6 and 7 modes, but it is only shown here as a representative of the
level of the higher n modes which do not make up the precursor

spectrum. The amplitudes shown in figure 4.19 are derived from the By
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Figure 4.19 The amplitude of the n=6, 7 and 13 modes during a
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signals - no integration has been applied either analog or digitally. For

the rise phase of this sawtooth, t =9 -10.5 ms, the precursor frequency
remains constant. This is evident by the linear time dependence of the
phase of the n=6 mode which is shown in figure 4.20. Since the
frequency is constant in this region, the increase in the By amplitudes,
Ay, is representative of the true amplitude increase of the Bg signals.32
Similar increases are observed in the m =1 and m = 0 mode amplitudes

determined from the poloidal array.
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Figure 4.20 The phase of the n = 6 mode during a sawtooth event.

At the time of the flux jump, t=10.7- 11 ms, the mode structure
becomes quite complicated. Using 2-pt correlation techniques and
ensemble averaging ~ 400 sawtooth events, the n spectrum is strongly
peaked prior to the flux jump with the dominant n’s in the range 5 - 8.
When the flux jump occurs, the spectrum is broadened and extends out
to n ~100. The higher n’s are primarily due to the higher frequencies,

100-250 kHz. These high n numbers severely alias the linear
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decomposition described above. For this reason, the mode evolution

shown in figure 4.19 is not a reasonable representation during the flux

jump interval.

Initial results of 2-pt bispectral calculations indicate that nonlinear
coupling is occurring during the flux jump. These calculation have been
performed in the frequency domain, and, at this time, no information
can be obtained as to which modes are interacting. This would require

bispectral decomposition in the k space.

While the MST has a complete toroidal array and two complete
poloidal arrays, the mode analysis can only be determined in either the n
or the m spectrum. No information can be determined for a given {m,n)
combination. On TPE-1RM15, Hattori, et al.33 have heuristically
determined the mode evolution of the m =0 and m = 1 modes using two
partial toroidal arrays separated by 6 =180°. As the precursor modes
grow, a broadening of the m = 1 n-spectrum is observed. Prior to the flux
jump, an increase in the m =0, low-n modes, with n =1 being the
dominant mode, is observed. This suggests that nonlinear coupling of

the m = 1 modes is generating the m = 0 modes.

The nonlinear interaction of the m =1 tearing modes is believed to be
responsible for the generation of the toroidal flux observed during a flux
jump.34 Experiments have now been able to observe the growth of the
m = 1 modes, termed precursors, prior to a flux jump. Initial results

suggest that nonlinear coupling is occurring. Experiments have not been
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able to answer the question as to which mode, the m=1 or the m =0, is

responsible for generating the reversed field, as discussed in section 2.2.
4.6 The dependence of the sawteeth on the pinch parameter, ®

Up to now the general characteristics of a sawtooth crash have been
presented. In the next two sections, the dependence of the sawtooth
characteristics on two global plasma parameters will be presented,

namely © and Iy. These two parameters are related by the definition of

Ho I

9, 21 a <B¢>‘

In this section, 1y is held constant, and @ is scanned by

varying the amount of reversal. @ is used as the scanned parameter
instead of F to be consistent with other publications. In section 4.7, & is

held constant, and I¢ is varied.

The theoretical models described in chapter 2 predict that the
sawtooth activity should be more dramatic at high values of ®, that is, at
deeper reversal. This has been observed in various RFPs,3% and in many,
the sawteeth are only observed at values of ® 2 1.6. This nature is shown
in figure 4.21a where the change in the toroidal flux, 6<B¢>, during a
sawtooth crash is plotted versus @ for a set of MST discharges. The data
points in this figure are for discharges with Iy = 300 kAmps, and only the
sawteeth in the portion of the discharge where the current is > 90% of
the peak current are included. The ® values, <©>, are averaged over the
period of the sawtooth including the crash portion. As <®> is increased,

the amount of toroidal flux that is created during a sawtooth crash is
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increased. Figure 4.21b shows the same data versus the sawtooth-

averaged F value for comparison.

While some of the scatter is due to shot-to-shot variations, there is a
large amount of scatter in one shot. This is shown in figure 4.22 where
d<By> is plotted for several shots all with shot-averaged © = 1.6 ( this is
the average over the 90% peak current portion of the discharge). Even
though all the sawteeth are within the 90% peak current interval, the
ramped nature of the discharge has an effect on the amount of flux
generated. The flux generated by a sawtooth crash is the largest during

the rising current portion of the discharge.

For the discharges shown in figures 4.21 and 4.22, field reversal occurs for
®2 1.5. In the MST, the sawtooth phenomena are observed at shallow
reversal, ® < 1.6, as well as deep reversal. Also, a sawtooth-like
oscillation is observed in nonreversed discharges as well; see section 4.1.
Similar oscillations have been observed in the HBTXIB RFP when
operated at low values of ® but still reversed36 and in the Reverstron II
experiment when operated as a ultra-low q device - a “nonreversed”
RFP.37 The change in the toroidal flux for the nonreversed MST
discharges is plotted in figure 4.21 for comparison with the reversed

sawteeth. The increase with ® appears to occur only for the reversed

discharges. Limitations in the field programming, limited © to be 21.2.
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Figure 4.21 (a) The change in the toroidal flux, & < By >, versus the

average © during each sawtooth, < ® >, (b} The same data

plotted versus the average F, < F>.
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Figure 4.22 The change in the toroidal flux, @, for several shots all

having the shot averaged © = 1.6.

The period of the sawteeth also increases with ©; see figure 4.23a. The
period is defined as the time interval between the minimum of the By(a)
of the previous sawtooth to the minimum of the present sawtooth; see
figure 4.23b. This is opposite to the HBTX1B oscillations; the HBTX1B
period decreases with ©,36 while other RFPs have reported seeing no

dependence of the period with ©.38

Even though the sawtooth period and the change in the toroidal flux
increase with < ® >, no clear correlation between the period and the
change in flux is evident - a longer period does not result in a larger

amount of flux being generated, or visa versa.
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Figure 4.23 (a) The sawtooth period as a function of the sawtooth
averaged © value. (b) The definition of a sawtooth period

and of the crash time.

Unlike the previous quantities, the crash time of the sawteeth does
not show a dependence on ©; see figure 4.24. In this figure, the crash
time is taken as the time interval for the change in the Bgy(a) signal to
occur; see figure 4.23. Again, no correlation is observed between the

crash time and either the period or the change in toroidal flux.
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Figure 4.24 The sawtooth crash time does not have a strong

dependence on < @ >.

The normalized root-mean square ( RMS) fluctuation level in the
soft x-ray emissivity increases with © for the reversed discharges; see

figure 4.25. The normalized RMS level is defined as

Al RMS(T - Igquil )
I ™ <Igquil»

where IEquil is the equilibrium level of the soft x-ray

signal, digitally filtered below 200 Hz, and < Igquil > is the average of this
signal over the 90% peak current time interval. The © values plotted in
figure 4.25 are also averaged over the 90% peak current time interval.
The upper frequency limit is 250 kHz and is set by the amplifiers used for
the soft x-ray measurements, although most of the power lies below

100 kHz.
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The opposite appears to be true for nonreversed discharges, the RMS

level increases with deéreasing ©. At the lower limit of © available on
MST, © = 1.2, the strong oscillations were not present in the soft x-ray
emission, although, the oscillations are still visible in the magnetic
signals, Bg(a) and <Bg>. But at this time only a few low ® points were
available due to the limitations on the field programming for the MST
so it is not clear if the soft x-ray oscillations reappear at a lower O, or at

what © value the magnetic oscillations disappear.
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Figure 4.25 The normalized RMS level of the soft x-ray

oscillations increase with @ for reversed discharges.

The data shown in figures 4.21 to 4.25 were from the initial operation
of the MST. In general, the trends are the same for data taken after the

installation of the PF winding. The only difference being longer periods
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have been observed after the PF winding installation. This will be

discussed in the next section.

4.7 The dependence of the sawteeth on the plasma current or the

plasma resistance

It has been mentioned previously that the sawtooth rise-time is a
resistive diffusion process. As a result, the magnetic profiles evolve on a
resistive time scale. The period of the sawtooth would then scale with
the plasma resistance. A parameter which can be used to scale the
resistance is the magnetic Reynolds number, S=1tgr/t,. This effect has
been simulated by Kusano and Sato,4 and in these simulations, the
sawtooth period increased with S; see figure 2.6. This section will
describe the experimental observations based on the resistance scaling of

the sawteeth.

To experimentally test the results of Kusano and Sato, a set of
discharges was chosen in which the plasma current was scanned,
200 - 500 kAmps, while holding © constant, ® = 1.8. The Alfvén time is
defined as 15 = a\[u_op / B. The magnetic field strength is calculated from

I .
the plasma current, B-:u;n g, and the central electron density as

measured by Thomson scattering is used for the mass density,
p = mijne(0). For this scan, the density was maintained at
8 -9 x 1012 cm-3, thus the Alfvén time should be inversely proportional

to the plasma current, T4 o Ip1,
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The resistive diffusion time is defined as tg = pa? / n where 1 is the

plasma resistivity. There are a variety of ways for calculating 7 in the

RFP. The classical Spitzer resistivity3? is given by

Mgp = 52x 105 ZgIn A T3/2
where Zg is the resistive anomaly defined by the ion charge, and In A is
the Coulomb logarithm. For the electron temperatures measured in
MST, In A can be approximated by In A =31 -In(ne!/2/Te ) with Te and
ne being the central electron temperature and density expressed in eV
and m-3, repetitively. For these set of discharges, a Zg = 2.0 has been
assumed to be constant for all currents.4? To account for the increased
pitch of the magnetic field lines in the RFP, the Spitzer resistivity is
muitiplied by a “screw-up factor”. The screw-up factor can be calculated

from the field profiles derived from the PFM model4! and is

11(5+602
approximated by 5 ((10 ;o2 )). The use of the Spitzer resistivity relies

on knowing T, and the Zg for the discharge, and it assumes both are
constant across the plasma radius. A direct calculation of the resistivity
Vloop a2

is given by Mloop = T ﬁwhere Vioop is defined as the resistive loss

term in the energy equation of the discharge. This can be derived from

experimental quantities using the PFM; see section 3.2.1.

The resistivity calculated by these three methods is plotted in
figure 4.26. It is not in the realm of this thesis to describe the difference

between the three curves ( the references listed above can be consulted
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Figure 4.26 The plasma resistivity, 1, calculated by the three

methods discussed in the text.

for a more detailed description ); they are only presented here to get a
feel for the S “scaling” for the MST discharges. Using these resistivities,
the scaling of S with the plasma current for this set of MST discharges is
shown in figure 4.27. While there are differences, all resulting from the
calculation of 7, all three track with the plasma current approximately
S a I2-8 for S(PFM ) and S( Spitzer) to S aIl-7 for S(Vigop ). For this
reason, to determine the dependence of the sawtooth characteristics on 5,
the plasma current will be used as the independent variable instead of S.
Connections to S will be made in order to compare the experimental
trends to those predicted by simulations. In these comparisons, S( Vigop )

will be used. One should also note that for this scan, the experimental
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Figure 4.27 The magnetic Reynolds number, 5, from the

resistivities shown in Fig. 4.26.

range of S is less than an order of magnitude. This range should increase

as the plasma characteristics continue to improve in the MST.

To compare with the results of Kusano and Sato, the period of the
sawtooth is plotted versus the plasma current in figure 4.28. As in the ©
scan described above, each data point corresponds to a single sawtooth
event, and only the sawteeth within the 90% peak current interval were
chosen. Due to the ramped down nature of the high current discharges,
Iy ~ 500 kAmps, and the longer periods observed at these high currents,
many of the sawteeth were not included in the 90% selection process -
typically only one or two sawteeth per discharge fell within this time

interval. The boxed data points represent this type of sawtooth - a
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sawtooth which began after the peak plasma current, but the sawtooth

crash occurs after the 90% cutoff interval. While these periods are not
the longest of the data set, they do represent the increase in the period as
the current is increased. But how they should be included in the scaling
is unknown since the ramped-down nature of the discharges also
decreases the sawtooth activity ( see section 4.2 ). From this plot, the

sawtooth period does increase with plasma current and thus increases

with S.

To make a direct comparison to the numerical simulations of Kusano
and Sato, the normalized sawtooth period (T / t4 ) is plotted versus the
magnetic Reynolds number, S( Vigop ), in figure 4.29. Also plotted are

T
the least squares fit to the data, -« $ 09, and the scaling of Kusano and
A

Sato, 5 1.2, 4

10

l | | |
8 L PF winding

O
P % pre-PF winding

Sawtooth Period ( ms )

Figure 4.28 The sawtooth period versus the average plasma

current during each sawtooth, <Ip>.
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Like the ® dependence, there is a large amount of scattering in a

single discharge. This scatter may be attributed to the plasma current
varying during the data selection window - initially ramped, and later
decaying. This is shown‘in figure 4.30 where the period for several
discharges with Iy~ 200 kAmps are plotted. The sawteeth before the
peak current tend to have a shorter period than those which occur after
the peak. Besides the ramped nature of the discharge, the scatter may be
due to the higher plasma resistance which is present during the initial
portion of the discharges on the MST - the loop voltage tends to be a
minimum shortly after the time of the peak current. This higher
resistance would lower S, and thus the sawtooth period. In general,
there is enough shot-to-shot scatter in both the before and the after
points so that the general trends observed in figures 4.28 and 4.29 are not

influenced by the inclusion of both sets of data points.

The increase in the period with plasma current was not observed in a
similar scan before the installation of the PF winding. This scan is also
plotted in figure 4.28, although for these discharges, the average period is
plotted for simplicity. One striking difference between the two current
scans is that the periods before the installation of the PF winding are
shorter than those after the installation. The lower loop voltage (hence
a lower plasma resistivity ) achieved with the PF winding could be a
factor, but the difference is not enough to account for the change in
periods assuming a scaling with 5. Another possible explanation is the

reduction of the magnetic field errors with the PF winding installed.



106
The field errors, particularly the m =1, can enhance the internal kink

modes, thus possibly enhancing the sawtooth activity.42

For each of these current scans, the loop voltage was approximately
constant; thus the general scaling of the period with the plasma current

can also be viewed as a scaling with the resistive diffusion time,

I
TR T Alper and Martin43 have compared the sawtooth period to
Vioop

TR for several RFP devices and indeed the period increased with tg and
appeared to saturate at lower resistances, that is, longer 1g. This is in
qualitative agreement with the results observed on MST. The period
increases with tg. If added to the device to device comparison, the global
trend would appear to saturate, period =4 ms and tg = 70 ms for the
MST. Although, the scaling with tg cannot be directly converted to

scaling with S due to the 15 variations between the devices.

Like that of the @ scan, the sawtooth crash time does not depend on
the plasma current; see figure 4.31. Again, most of the scatter is due to
variation within a single shot, although no distinction can be made
between the before and the after peak current trends. This is the same
for discharges before and after the installation of the PF winding. For
this set of discharges, the product {14 1 )1/2 is ~0.2 ms and is roughly
constant over this current region and the n( Vioop ) has been used in
calculating tg. This product is known as the Kadomtsev scaling for the
reconnection process to occur for the tokamak sawtooth crash.44 Even
though the MST crash times are larger than the Kadomtsev scaling, they

are in agreement in the trend, constant for this current scan. If §( V;oop )
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is used to scale the crash time normalized to the Alfvén time, terash / TA,

the crash time scales as 507, see figure 4.32. This comparable to the
simulations of Caramana, et al.43; who observed the time for their first
reconnection to scale as S 0.5, The second reconnection scaled as S and
would probably not be observed in experiments since the field profiles
evolve at this same rate. The experimental scaling arises due to the
normalization of the crash time to the Alfvén time - the Alfvén time
decreases with the current and thus with S for this plasma current scan.
These scaling are only presented as a comparison to theoritical results.
The correct parameter which to scale the period or the crash time to is in

reality unknown.
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Figure 4.31 The sawtooth crash time does not depend on < Ig >.
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The amount of flux that is created at each sawtooth crash, 8<Bg¢>,

appears to increase with the plasma current, at least in the scatter if not

the trend; see figure 4.33a. This trend is more dramatic in the sawteeth

which occur before the peak current than in those which occur

afterwards, although the percentage of the flux that is created does not

show a strong dependence; see figure 4.33b. This is due to the larger

values of <By> at the higher current since ® was held constant in this

scan. The increase of 3<By> with ®, which was discussed in section 4.6,

is not changed if the percentage of flux is plotted instead of the amount

of flux; see figure 4.21a. This is a result of the decrease of <By> as © is



109
increased ( the ® scan was done at constant I ) which enhances the

percentage of flux generated.

As was the case in the © scan, section 4.6, no correlation can be made

between the period, the crash time, or the amount of flux created.
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Figure 4.33 (a) The change in the toroidal flux, 6<By>, and (b) the
percentage of the flux generated versus the average plasma

cutrent during each sawtooth, <Ip>.
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4.8 Experimental summary

At this point, a summary of the experimental results will be given. A
more detailed summary will be given in chapter 6 along with the overall

conclusions of this thesis.

The general characteristics of the MST sawteeth are the same as those
observed on other RFPs. The driving mechanism of sawtooth instability
is the inward diffusion of the plasma current. As the current diffuses
inward, the plasma is pushed further away from the relaxed Taylor

state - the BFM F-© curve; see figure4.3. This destabilizes the

m = 1 tearing modes. m =1 precursor oscillations with helicities near

n

R . o . :
m =27 are observed in magnetic diagnostics as well as in soft x-ray

diagnostics. A broadening of the n-spectrum is observed at the time of
the flux jump with n extending into the 100’s for the high frequencies.
Also initial bispectral calculations in the frequency space show that

nonlinear coupling is occuring.

The sawtooth crash flattens the soft x-ray emission profile with
inverted sawteeth observed for r 2 0.7a. Af the time of the flux jump, a
rapid increase in the soft x-ray emission is observed. This increase may
be a high energy component, but at this time no energy spectrum of the
soft x-ray emission is available. The sawtooth crash flattens the current,
the temperature, and the density profiles as well. These profile changes
are implied for the MST sawteeth, but they are consistent with the

profile changes that have been measured by other RFP groups.
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The flux generation is asymmetric suggesting a m =0 type of

reconnection. In the MST, the flux jump originates at the poloidal gap

suggesting a connection to the magnetic field errors.

As predicted from the theories described in chapter 2, the sawteeth are
more dramatic at higher ®. Both the amount of toroidal flux generated
and the period of the sawteeth increase with 8. The sawtooth period
also increases with the plasma current. For the MST, this suggests that
the period also increases with the magnetic Reynolds number, S. The
experimental scaling is consistent with the theoretical predictions. In
both the © scan and the current scan, the sawtooth crash time did not
scale with either parameter. No correlations can be made between the

sawtooth period, the amount of flux created, or the crash time.

In all the experimental parameters that have been observed, for
example, the sawtooth period or crash time, there is a wide variety of
scatter between discharges and between sawteeth within one discharge.
Due to these variations, it is my ‘feeling that to truly understand the
sawteeth event, profile changes - magnetic as well as temperature and
density - are needed for each event. The general characteristics can be
determined by shot averaging, as was done in this thesis, but the

individual characteristics of the sawteeth may then be lost.
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MODELING OF THE SAWTOOTH RISE-TIME

As discussed in the previous chapters, the toroidal field is decaying
classically during the rise-time of the sawtooth. This interval has been
shown to be a purely resistive process by Werley, et. al. on the ZT-40M
RFP.1 Using a 1-D transport code, the ZT-40M sawtooth rise-time was
successfully modeled without the inclusion of any dynamo term. In an
attempt to further characterize the MST sawteeth and make a
comparison with the ZT-40M sawteeth, this same code was applied to the
MST sawteeth. Due to the similarities between the MST simulation and
that of Werley, et al., this chapter will follow the general outline of
reference 1. Section 5.1 will give a brief overview of the transport code
and the assumptions that were made. The results of the MST
simulations will be presented in section 5.2. Finally, comparisons with

the ZT-40M simulations will be made in section 5.3.
5.1 Description of the 1D transport code

The simulation of the sawtooth rise-time is carried out using a 1-D
cylindrical transport code.] The plasma and the magnetic configurations
are evolved through a series of equilibrium states. The transport

equations are listed in table 5.1. For these simulations, only one ion,
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hydrogen, was used. The initial conditions and boundary conditions for

the rise-time simulations are summarized in table 5.2.

Since no profile information is available for the plasma temperature
or the plasma density for the MST, profiles of the form
f(r) =f(0) { 1 - (r/a)B} were used. The central values, ne(0) and Te(0),
were set by the experimentally measured Thomson scattering data. To
match the experimental particle confinement times, an anomalous
diffusion coefficient is used. This diffusion coefficient is specified by a
fraction of the Bohm diffusion. To maintain the density profile shape
and its central value, a 1-D slab geometry code for neutral transport
called SPDNUT is used. This code, which is included in the transport
code, uses an edge neutral source to fuel the plasma. The source profile
is calculated from charge exchange and ionization rates based on the
simulated plasma properties. To maintain the temperature profile, the
thermal conductivity was adjusted to keep Te(0) constant during the
MST simulation. Also, the initial ion temperature was set equal to the
electron temperature. As discussed in section 4.3, Watt and Little? have
been able to measure the electron temperature evolution during a
sawtooth crash for the ZT-40M device. For this reason, Werley, et al.
allow the central temperatures to evolve according to the experimentally
measured values of T,(0). The implications of this assumption will be
discussed in section 5.3. The shape of the profiles used in the MST

simulations will be discussed in section 5.2.



Table 5.1 Transport equations used in the sawtooth rise-time

simulations

Continuity

( ions )

Energy Conservation

(ions and electrons )

Faraday’s Law

Generalized Ohm’s
Law

Ampere’s Law

Pressure Balance

Equation of State

Quasi Neutrality

and

n+V-(nv)=0

%n(T+?‘VN+PV-7=V~KVT+Q

?m-VxE
S S S SR S Y
E=-VxB+n] +-—Rp
eng
1
?:“Vx?
Ho
VP=?X§

P=YnTi+neTe
i

Zzini = Ne
i

Qi= Qequiiibration

oo = 1o 09
Qe=(nJ) J +5 Rt J - Prad - Qi

Prad = Pcyclotron + PBremsstrahlung
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Table 5.2 Initial profiles and boundary conditions used in the

sawtooth rise-time simulations on MST.

density

Temperature

Magnetic profiles

Applied toroidal
voltage

Toroidal magnetic
field at the wall

ne(r) = ne(0) {1- 0.8 (r/a)8
ne(0,t) = constant

Tolr) = Te(®) { 1- 0.8 (r/a)}
Ti(r,0) =Te(r, 0)

Te(0,t) = constant

AMr)=Ao (1+agr6 +agrd)

Vo(t) = Ve(0) + by ¢

By(a,t) = Byp(a,0) + bo t

or

Bg(a,t) = By(a,0) + P e 0t
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The initial magnetic field profiles are obtained by expanding the A

profile (A =J-B / B2) as a power series in (r/a)2. The A profile and the

toroidal field strength on axis, By(0), are varied to match the initial edge

magnetic fields and the toroidal flux of the experiment, and thus to

match the initial experimental F, ©, and <By> values.
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The boundary conditions used in the simulations are summarized in

table 5.2. They include the toroidal magnetic field at the wall, By(a,t) and
the externally applied toroidal voltage, Vy(t). The toroidal voltage is
evolved linearly in time. Two types of boundary conditions were used
for By(a,t), as shown in table 5.2. The form of the time dependence was
chosen to best match the experimental Bgy(a,t) evolution. The
exponential time dependence fit was primarily used for the MST
sawteeth, while the linear dependence was used for the ZT-40M
sawteeth.] The coefficients b1 and either by or B and «, are determined by
fitting the experimental evolution of Vy(t) and By(a,t) to the appropriate

curve.

To match the time evolution of the discharge, the resistivity profile is
used as a free parameter. This was chosen since the experimental
resistivity is unknown, either its profile or its connection to the
temperature or other plasma parameters. This is accomplished by using
an effective temperature profile, Ty(r), to calculate a “Spitzer” resistivity,

M Ty, Zefr ). The effective temperature profile is given by
Tn() = Te(® {1-¢; [ 1-exp(- 2 (£)9) 1)
and ¢y =[1-Tp(a)/TO) ] / [1-exp(-c3) 1.

This effective temperature profile is used in place of the plasma

temperature in calculating the Spitzer resistivity3
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Telr) \3/2
N Tn, Zef ) = Ngpitzer * (Tﬂ(r) )

n e2 mgl/2

Mspitzer = (e vz Zeif I A Telr) -3/2

and Zeff = const.

The use of this resistivity results in three free parameters, cp, Tn(a)/ T(0)
and Zgff, which are used to match the temporal evolution of the
experimental Iy and < By >. The parameter c; controls the shape of the
resistivity profile, Ty(a)/T(0) controls the relative resistivity near the
wall, and Zegs controls the magnitude. In these simulations, Zess is
constant across the radius, and all three parameters are held constant
during a simulation. The parameters Ty(a)/T(0) and Zegs are first varied
to match the decay of the toroidal flux. Then the toroidal current is

matched by varying c;.

As will be shown below, a strong gradient in the resistivity is required
in the center of the discharge in order to match the experimental time

evolution.
5.2 Results on the MST

The rise-time of the MST sawteeth can modeled with the 1-D
transport code. One such example is shown in figure 5.1. This section

will describe the characteristics of these simulations.

For the MST, the initial temperature and density profiles are listed in

table 5.2.  The constraints of matching the experimental particle
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confinement times ( ~1msec),4 and holding the central density and

temperature constant resulted in the respective profiles. If either the
density or temperature profile was varied, either a sharper fall off or a
flatter profile in the case of the temperature, the constraints used would
quickly evolve the profiles to those listed. This is primarily a result of
the limited experimental measurements for the MST particle
confinement time and the thermal conductivities. Since the
simulations are only matching the magnetic evolution of the discharge,
the temperature and density profile variations are not believed to
strongly influence the results. The types of profiles used for these
simulations are consistent with the initial results of 1-D quasi steady-
state transport simulation recently performed by Veerasingam and Nebel

for the MST RFP.5

To match the experimental data shown in figure 5.1, the simulation
required [ ¢, Tn(a)/T(0), Zegs 1 =[7.0,0.25,2.0 ). The effective temperature
profile, Ty(r), for this simulation is shown in figure 5.2, along with the
resulting resistivity profile. For comparison, the results of a flat
resistivity profile, Ty(a)/T(0) = 1.0, are also plotted in figure 5.1.
Although the experimental toroidal flux is matched, the plasma current
increases for the flat resistivity. Also plotted in figure 5.1 and in
figure 5.2 are the results of a simulation with the resistive gradient
farther out in the edge of the discharge, [ ¢y, Tp(a)/T(0), Zess ] =
[ 0.25,0.25,2.0]. This type of resistivity profile is expected if the resistivity
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were classical, that is Spitzer. Again, the toroidal flux decay is matched,

but the plasma current increases.

In all cases, the By(a) signal is matched due to the boundary condition
applied. In the three cases shown in figure 5.1, the toroidal flux decay is
reproduced within the experimental noise. The flux does increase
slightly for the “flat resistivity” case, but still within the noise. In the
other two cases shown, Ty(a)/T(0) and Zegs have the same values. These
two parameters are used together in matching the experimental flux
decay. If a higher Zeft is used, Ty(a)/T(0) must also increase which keeps
the edge resistivity at the level required to match the decay of the
toroidal flux. Once the toroidal flux evolution is simulated, the
parameter ¢ is used to match the plasma current evolution. In the case
of the simulation shown in figure 5.1, a lower value of ¢z, ¢ = 6 or below,
would increase the current, while a higher value would cause it to decay.
If Zegf is made too large, typically ~ 5, Ty(a)/T(0) can still be adjusted to
match the toroidal flux, but the plasma current cannot be matched. This
is similar to the flat resistivity simulation. For several simulations run
for the MST, the resistivity has the general shape of that shown in figure
5.2b - slight variations are needed for each simulation, ¢2 =6-10 and
Tn(a)/T(0) = 0.20 - 0.35 for Zeff = 2.0, but all required an anomalous

resistivity.

The high edge resistivity causes the plasma current to diffuse radially

inward. This is shown in figure 5.3 where the initial and final
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Figure 5.2 (a) The effective temperature profiles and (b) the
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(t=15ms) current densities are plotted for the MST simulation. The
inward shift of the plasma current causes the magnetic pitch
(P =r1Bgy / Bg) on axis to decrease; see figure 5.4. This is analogous to the

lowering of the central q value discussed in section4.3 (q=P /R). In
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this simulation, the central q value does not drop dramatically but does

decrease from 0.22 to 0.21. This is comparable to the lower limit set by
Antoni, et al. of 2= ~(.23.

In this simulation, the experimental data could be matched until the
time of the next sawtooth crash. As described in section 4.1, the m =1
precursors are observed in experiments prior to the sawtooth crash. The
lowering of the central pitch causes the m =1 tearing modes to become
unstable. This effect has been checked by doing a stability analysis on the
simulated A profiles, and indeed the m =1, n =6 - 8 tearing modes begin

to become unstable by about 0.5 ms for this simulation.

%)

(I¢(1.5m5) |
N /]e(l.Sms)

N/

=
U1

Current Density ( MA/m?)
o —

&
w
s

Figure 5.3 The initial and final simulated current density profiles

for the simulation shown in Fig. 5.1.
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The simulation shown here is a sample of the simulations which

have been performed.for the MST device. The results of other
simulations are similar, with only modest differences in the free
parameters required to match the experimental evolution. Due to the
limited availability of the Thomson scattering diagnostic on the MST,
the simulations have only been done on high-8 sawteeth. It has not
been determined if the 1-D simulation models the nonreversed sawteeth
as well. Likewise, due to the higher ® values in the MST after the
installation of the PF winding, difficulties in fitting the A profile to
obtain the experimental F and ©® values have hampered simulations. At
this point, no comparisons can be made between the discharges before

and after the PF winding installation.
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Figure 5.4 The initial and final simulated pitch profiles for the

simulation shown in Fig. 5.1.
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5.3 Comparison with ZT-40M results and discussion

The results of the ZT-40M simulations will be discussed in this
section. Although the simulations have been carried out for different
discharge characteristics, the results of the simulations are very similar.
References 1 and 7 can be seen for a more detailed discussion of the

ZT-40M results.

To match the ZT-40M sawtooth characteristics, Werley, et al. used the
free parameter set of [ ¢y, Tn(a)/T(0), Zegf } = [ 12.0, 0.25,2.0 ]. The effective
temperature and resistivity profile for this simulation are shown in
figure 5.5. These profiles are similar to the profiles used in the MST
simulations, also plotted in figure 5.5 for comparison. Once again, the
current density diffuses radially inward lowering the central magnetic
pitch. The peaking of the current density is a stronger effect in the

ZT-40M simulations than in those of MST, as illustrated in figure 5.6.

As mentioned in section 5.1, the Te(0) was allowed to evolve between
the limits of the Thomson scattering measurements for the ZT-40M
simulations, and it was held constant for the MST simulations. If the
temperature is allowed to evolve within the error of the experimental
data for the MST simulations, a slight variation in the resistivity profile
was required. For the simulation shown in figure 5.1, the experimental
central temperature was Te(0) = 270 £ 50 eV, and the parameter set

[ ¢z, Ty(a)/T(0), Zegs ] = [ 8.0, 0.20, 2.0 ] was required if the temperature was
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allowed to evolve from 220 to 320 eV. A slight increase in the current

density is observed ovér that of the previous simulation, but still the
strong peaking of the ZT-40M profiles is not observed. At this point,
there is no reason to suspect either result, either not enough peaking of
the current in MST or that the ZT-40M simulations are over-peaked.
Both show the current diffusing radially inward which causes the
plasma to become unstable to the m =1 tearing modes. To truly
understand if the simulations are correct, the 1-D model will have to be
applied to a discharge where the current profiles are known throughout

the sawtooth rise-time.

In an attempt to determine if the resistivity profile used in the
simulations was caused by either classical or anomalous effects, Nebel, et
al.? have applied the 1-D simulations to low-8 discharges without
sawteeth, as well as high-® discharges. The 1-D model was not able to
successfully describe the low-8 discharges regardless of the resistivity
profile. This is similar to the original transport simulations of
Caramana and Baker.8 These discharges appear to have a continuous
dynamo mechanism. In high-© discharges where the electron density
was increased ( ~ 60% increase in the line-averaged density over normal
high-8 operation ), the coherent sawtooth activity was not present.
Although the fluctuation level of the F and © curves was higher than
those of the low-® discharges, no coherent structure was present. With
results similar to the low-@ discharges, this type of discharge could not be

modeled using the 1-D code. It also appears to have a more continuous
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dynamo mechanism. In low-density, high-8 discharges, sawteeth were

evident, and the rise-times could be modeled with the 1-D transport

code. The dynamo appears to occur only during the sawtooth crash.
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Figure 5.5 Comparison between (a) the effective temperature
profiles and (b)) the effective resistivities required to match

the ZT-40M and MST sawtooth rise-times.
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Figure 5.6 The initial and final current density profiles from the

ZT-40M sawtooth simulation ( adapted from Ref. 1).

In the high-® discharges where sawteeth were present, the streaming
parameter was large, ~25%. The streaming parameter, &, is defined as
the ratio of the electron drift velocity, Vpe =711/ (ene), to the electron
thermal velocity, Vih = \/m—e- The streaming parameter in the
high-6 discharges without the sawteeth was ~15%. The streaming
parameter for these simulations is calculated using the Thomson
scattering temperature and density, while Jj| is determined from the A
profiles used to fit the experimental F and © values. A high streaming
parameter, § =0.2, would result in a large population of slideaway

electrons which could provide a source of the anomalous resistivity.?

To obtain the higher densities, pulse discharge cleaning in
conjunction with gas puff fueling was used to raise the density

throughout the discharge. The higher density would decrease the
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streaming parameter, thus affecting the anomalous resistivity.

However, the gas puff fueling cools the edge of the discharge increasing
the resistivity gradient and enhancing the sawtooth activity. The
streaming parameter was lowered, and the sawteeth were suppressed.

This would suggest that the resistivity is anomalous, not classical.

For the MST simulation discussed in section 5.2, the streaming
parameter is ~ 30%, comparable to the high-® discharge of ZT-40M.
Attempts have been made to increase the density of MST by neutral gas
puffing, up to central densities of 3 x 1013 cm-3. No suppression of the
sawteeth has been observed. At the high densities, the discharges start to
degrade so alternative fueling methods are being investigated. The
slideaway electrons, which could be present as a result of the high
streaming parameter, could generate the high-energy component of the

soft x-ray signals discussed in section 4.4.

In summary, the sawtooth rise-time can be modeled by a 1-D
transport code on both the ZT-40M RFP and the MST RFP. On the
ZT-40M RFP, low-O discharges which do not have sawteeth, and high-©
discharges with the sawteeth suppressed, cannot be successfully modeled.
This supports the claim that the dynamo mechanism is only occuring
during the sawtooth crash, and that the dynamo is more continuous in
the ZT-40M discharges where the sawteeth are not present. To match
the experimental time evolution, a strong gradient in the central

resistivity profile was required. The high streaming parameter derived
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from the simulations could be the cause of the anomalous resistivity

required to simulate the sawtooth rise-times on both ZT-40M and MST.
Sawteeth have been suppressed in the ZT-40M device by increasing the
electron density which in turn lowers the streaming parameter.
Increasing the density may be a method of suppressing the sawteeth on
the MST, although so far no success has been achieved with the present
fueling capabilites of the MST device which has a plasma radius ~2 times

larger than ZT-40M.
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CONCLUSIONS AND FUTURE PROSPECTS.

In this chapter, the conclusions of this thesis will be presented, as well
as possible extensions to this research. Many of the conclusions
presented in section 6.1 are similar to those presented by other
theoretical and experimental groups around the world, many of whom
have made valuable contributions to this research. In section 6.2,
possible areas of future work in the RFP and particularly those related to
the RFP sawteeth will be presented. Many of these are vital to the
success of the RFP program as a whole, as well as to understanding the

nature of the RFP sawtooth.
6.1 Conclusions

The RFP sawteeth are discrete dynamo events. Each sawtooth
consists of a slow diffusion away from the minimum energy state - the
BFM curve or a similar model such as the PFM - and a rapid relaxation
back towards the relaxed state. The dynamo mechanism occurs only

during the relaxation process, the sawtooth crash.

The rise-time of the sawtooth is a purely resistive process. This has
been modeled using a 1-D transport code without the inclusion of a
dynamo mechanism. To match the experimental time evolution of the

plasma, an anomalous resistivity was required. Similar results have
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been obtained for the ZT-40M sawteeth.! The anomalous resistivity is

believed to be a result of a high value of the streaming parameter,
Vpe / Vin-2 The streaming parameter observed, 25 - 30%, could result in
a significant population of “slide-away” electrons leading to an
anomalous resistivity. On the ZT-40M, the high streaming parameter
has been reduced by operating at a higher density than used during
normal, low-® operations. The use of this technique on the MST has
not resulted in a suppression of the sawteeth. This may be a result of the

limited fueling capacity currently available.

During the rise-time of the sawtooth, the current density diffuses
radially inward, lowering the central magnetic pitch. This destabilizes
the plasma to the m =1 tearing modes. These “precursor” modes are
observed to grow prior to a sawtooth crash. Their helicities are
consistent with simulations which predict the m =1, n = 2R/a tearing

mode to be the dominant mode in the RFP.3

Initial experimental results indicate that nonlinear coupling of the
m =1 modes is occurring during the sawtooth crash. These observations
are consistent with MHD simulations; see sections 4.5 and 2.2. At this
time, it can not be experimentally determined if the maintenance of the
reversed field is due to the reconnection of the m =1 modes or the m =0
modes ( the m = 0 modes can be a result of the nonlinear coupling of the

m =1 precursor modes ).
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The sawtooth crash results in a rapid relaxation of the plasma back

towards the minimum energy state. This relaxation flattens many of the
plasma profiles, including the current, the temperature, and the density.
As a result, the plasma is once again stable to the m =1 tearing mode.
Many of these profile modifications are only inferred for the MST, but
the experimental observations are consistent with measured profile

changes measured by other RFP groups; see section 4.3.

As predicted by the MHD simulations,4 the sawtooth activity
increases with ©. This is believed to be due to the stabilization of the
m =1 modes by the conducting wall. At higher values of ©, the m =1
resonant surfaces are further from the wall, thus allowing these modes
to grow larger in amplitude resulting in their interaction being more
severe. Likewise, simulations indicate that the sawteeth are more
prevalent in a low aspect ratio device like MST than in a larger aspect
ratio device like ZT-40M.5 Again, this is a result of the fact that them =1

modes are able to grow to a larger amplitude before they interact.

Since the rise-time of the sawteeth is purely a resistive process, the
period should increase inversely with the plasma resistance. This has
been observed numerically,” and experimentally on MST, as well as on a

device to device comparison.6

No correlation between the sawtooth period, the amount of flux

generated at each sawtooth crash, and the crash time can be made at this
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time. Thus, a longer period does not result in a more severe sawtooth

crash.

While other RFP devices must operate at high values of &, typically
© > 1.6, to observe the sawtooth activity, sawteeth are present at all
values of © in the MST. A sawtooth-like event is also observed for
nonreversed discharges. At this time, it is not known experimentally
whether the underlying physics of this event is the same as the sawteeth
observed in reversed discharges. However, 3-D simulations indicate that
the m =1 modes are responsible for the oscillations, but the nonlinear

coupling is not required in the nonreversed discharges.”

A variety of reasons for the prevalence of the sawteeth on the MST
have been stated throughout this thesis, many of the responsible features
may be able to be eliminated; the prospects for eliminating these will be

discussed in the next section on proposed future work.

For this thesis, the general features of the RFP sawteeth have been
characterized. It was hoped that due to the dominant nature of the
sawteeth in MST, a great deal of insight could be presented as to the
nature of the RFP sawtooth event. This was not the case, primarily due
to the limited diagnostics currently available on MST. All observations
indicate that the RFP sawtooth crash is a discrete dynamo event and is
the only occurrence of the dynamo in this type of discharge. The driving
mechanism behind the RFP sawtooth is similar to that of the Tokamak

sawtooth; namely, the inward diffusion of the current density. This
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lowers the central safety factor, q(0), and causes the plasma to become

unstable to the m = 1 tearing modes.
6.2 Suggestions for Future Work

This section will discuss possible extensions of the research
performed for this thesis. Many of these proposals pertain to the MST
device directly, and many of them pertain to the RFP configuration in
general. All of the proposals are aimed at extending the knowledge of
the RFP sawtooth event, but many of them are required to understand

the RFP plasma in general.

The most obvious choice is to determine why the sawteeth are so
prevalent in the MST RFP in comparison with other RFP devices.
Several possibilities have been mentioned throughout this thesis;
examples include the low aspect ratio of MST, a high streaming
parameter, and the field errors which still remain. The effect of the low
aspect ratio cannot be eliminated with the present configuration.
However, if the proposed limiter studies are carried out on the MST, the
aspect ratio dependence can be determined, although there will be the
added effect of the stabilization of the distant wall on the plasma’s

performance.8

The high streaming parameter has been reduced on the ZT-40M

device. It may also be able to be controlled on the MST with an
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improved fueling system. The use of pellet injection may increase the

on-axis density thus lowering the streaming parameter.

The flux generation starting at the poloidal gap on the MST suggests a
connection to the magnetic field errors still present. While there has
been significant plasma improvement with the installation of the PF
winding, the sawteeth still remain and appear to be influenced by the
poloidal gap. With the continued success in the reduction of the field
errors, it will be interesting to find out if the initiation of the flux
generation moves away from the gap region and becomes random such

as occurs in other RIPs.

While the magnetic field profiles have been measured on other RFP
devices, no such measurements have been successful on the MST except
for the edge region. Due to the high temperatures involved, these
profiles may not be able to be determined by the conventional technique
of magnetic pickup coils. Understanding how the profiles evolve in the
rise-time of the sawtooth, as well as in the sawtooth crash, is essential to
understanding the RFP sawtooth. This has been investigated on smaller
devices, but how do the profiles of MST compare to the smaller devices?
Are the profiles on MST similar to other RFPs as has been assumed, or
are they slightly different which may cause the sawteeth to be more

dominant?

Not only are the magnetic profiles required to understand the

evolution of the instabilities which drive the sawtooth, but the plasma
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temperature and density profiles are required to understand the

sawtooth’s influence on transport. Are the sawteeth “bad things” which
destroy the confinement of the RFP, or are they a central perturbation
which redistributes the plasma energy as in the case of the Tokamak
sawteeth (this does not include the major disruptions observed in
Tokamaks )? The RFP sawteeth are probably a more detrimental
perturbation since the tearing modes involved are resonant farther out
in the plasma; thus, the influence of the sawteeth on the edge

confinement may be more severe.

As mentioned in chapter 4, MST tends to operate at a higher @ value
than other devices. At this time, this can not be explained as being due
to errors in the measurements of the toroidal flux and the plasma
current. The MPFM can match the F-8 trajectory, but this requires a
higher  than is expected from Thomson scattering measurements.?

Again, no profiles are known for the MST to accurately determine f.

A key measurement that is needed, particularly for the MST, is the
soft x-ray energy spectrum; not only the equilibrium spectra, but the
spectra evolution during a sawtooth crash. Are the large excursions in
the soft x-ray emission due to a high energy component, or are they due

to variations in the equilibrium distribution?

In conclusion, what if the question were to be posed the other way
around, “why are sawteeth not observed at lower values of ©”? The

MHD simulations show that the process is occurring, and indeed, the
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reversal is maintained in the experiments. Profile information is

needed to answer the question of why the “continuous” dynamo process
is “suppressed” during the rise-time of the sawtooth for high-©

discharges, but is able to occur at lower values of 6.
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