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Abstract

This dissertation reports an experimental study of ion heating and acceleration
during magnetic reconnection, which is the annihilation and topological rearrange-
ment of magnetic flux in a conductive plasma. Reconnection is invoked often to
explain particle heating and acceleration in both laboratory and naturally occurring
plasmas. However, a simultaneous account of reconnection and its associated en-
ergy conversion has been elusive due to the extreme inaccessibility of reconnection
events, e.g. in the solar corona, the Earth’s magnetosphere, or in fusion research
plasmas. Experiments for this work were conducted on MRX (Magnetic Reconnec-
tion Experiment), which creates a plasma environment allowing the reconnection
process to be isolated, reproduced, and diagnosed in detail.

Key findings of this work are the identification of local ion heating during mag-
netic reconnection and the determination that non-classical effects must provide
the heating mechanism. Measured ion flows are sub-Alfvénic and can provide only
slight viscous heating, and classical ion-electron interactions can be neglected due
to the very long energy equipartition time. The plasma resistivity in the reconnec-
tion layer is seen to be enhanced over the classical value, and the ion heating is
observed to scale with the enhancement factor, suggesting a relationship between
the magnetic energy dissipation mechanism and the ion heating mechanism. The
observation of non-classical ion heating during reconnection has significant implica-
tions for understanding the role played by non-classical dissipation mechanisms in
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generating “fast reconnection.” The findings are relevant for many areas of space
and laboratory plasma research, a prime example being the currently unsolved
problem of solar coronal heating.

In the process of performing this work, local measurements of ion temperature
and flows in a well-characterized reconnection layer were obtained for the first time
in either laboratory or observational reconnection research. Furthermore, much

progress was made in understanding the reconnection process itself.
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Chapter 1

Introduction

LASMA heating and acceleration mechanisms are often poorly understood
in environments with strong magnetic activity, such as the solar corona,
the Earth’s magnetosphere, and laboratory plasmas such as reversed-field

pinches, spheromaks, and field-reversed configurations. One of the most impor-
tant mechanisms is commonly thought to be magnetic reconnection [VASYLIUNAS,
1975; BiskAMP, 1994], which is the topological rearrangement and annihilation of
magnetic flux in a highly conductive plasma.

A detailed, simultaneous characterization of the energy conversion process and
associated reconnection process has not emerged due to the extreme inaccessibil-
ity of reconnection events in both naturally occurring and laboratory plasmas. At
present, solar coronal observations cannot resolve the spatial scales at which re-
connection occurs, and magnetospheric satellites can only obtain data along one
trajectory. In laboratory plasmas used for controlled fusion research, reconnec-
tion events are uncontrolled and unpredictable and occur on spatial scales also
below the resolution of diagnostic capabilities. The dearth of clear measurements
together with the ubiquity of energetic plasma phenomena attributable to reconnec-
tion provide motivation for the research presented in this dissertation, which seeks
to identify and study ion heating and acceleration during magnetic reconnection in
controlled laboratory experiments.

This introductory chapter is organized as follows. Section 1.1 provides motiva-
tion for this work by presenting three key examples of energetic plasmas found in
environments with strong magnetic activity. Section 1.2 gives a physical descrip-

tion of reconnection and how it can heat and accelerate ions. Section 1.3 reviews
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previous experiments which have studied ion heating and acceleration during re-
connection. Section 1.4 states the dissertation objectives, and Sec. 1.5 provides a

summary and outline of the dissertation.

1.1 Motivation

Both in nature and in the laboratory, environments with strong magnetic activity
are frequently populated by energetic plasmas which exhibit complex dynamics.
How these plasmas are heated and accelerated is still a mystery in many instances.

Below, three key examples are introduced.

1.1.1 Solar corona

The solar coronal! is the high temperature and low density “atmosphere” of the sun.
It is highly fascinating, with bright active regions and associated dynamic magnetic
structures. These are apparent in Fig. 1.1, which shows an image of the sun taken
by the soft X-ray telescope onboard the Yohkoh satellite [TSUNETA et al., 1991].
One of the outstanding unsolved problems in solar physics research is how the
coronal plasma is heated to more than 2,000,000° K. A recent review [NARAIN
and ULMSCHNEIDER, 1996] offers a list of possible mechanisms, including shock
dissipation of acoustic waves and slow mode MHD waves, Landau damping or
turbulent heating of fast mode MHD waves and Alfvén waves, and dissipation of
current sheets via magnetic reconnection. The latter mechanism is often studied
in the context of solar flares, which are sudden “explosions” in the corona which
release intense radiation from radio to gamma ray wavelengths. Both protons and
electrons accelerated to relativistic energies have been detected near solar flares.
It was realized early on [GIOVANELLI, 1939] in solar flare research that flares tend
to occur near sunspot groups, which led to a theory involving particle acceleration
near magnetic nulls as the source of flares [GIOVANELLI, 1946]. As observational
capabilities become better, the role of reconnection in powering solar flares and
possibly heating the corona is becoming clearer. Recently, hard X-ray emission

from loop tops and footpoints of compact flares were attributed to reconnection

'For detailed information on the solar corona and coronal phenomena, see e.g. [GOLUB and
PASACHOFF, 1997] and references contained therein.
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Figure 1.1: Soft X-ray image of the solar corona from the Yohkoh satellite. Visible
are highly structured, bright active regions and coronal loops which hint at magnetic
field structures and intense local heating.

[MASUDA et al., 1994], which has become favored by some as the most plausible
coronal heating mechanism, e.g. [PRIEST et al., 1998].

The cause and effect between reconnection and particle acceleration and heat-
ing is extremely difficult to identify in the corona. The standard procedure is to
interpret observational data based on reconnection theories which have not yet
been proven to apply in the corona. Detailed physics, e.g. if and how reconnection
accelerates ions and/or electrons in solar flares, must be studied with piecemeal
(but very hard-won) data. Results from laboratory experiments, which can isolate
reconnection and the energy conversion process and study them repetitively, can
complement the observational data and answer many detailed questions about the

possible role played by reconnection in solar flares and coronal heating.

1.1.2 Magnetosphere

The Earth’s magnetosphere? is a magnetic “cavity” created by the Earth’s dipole
field which sits in the path of the solar wind. An illustration of the wonderfully

2For detailed information on the magnetosphere and magnetospheric phenomena mentioned in
this subsection, see e.g. [KIVELSON and RUSSELL, 1995] and references contain therein.
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Figure 1.2: An artist’s rendition of the Earth’s magnetospheric cavity sitting in the
path of the solar wind. Transient events in the solar corona are correlated strongly
with geomagnetic storms and auroral phenomena in the magnetosphere.

complex magnetosphere (obviously not to scale) is shown in Fig. 1.2.

The magnetosphere is susceptible to large-scale magnetic disturbances known
as auroral substorms and geomagnetic storms. This is becoming an urgent problem
due to society’s growing reliance on satellites, which can be damaged fatally by
these events. The onset and triggering of such events is often studied in the con-
text of reconnection [MCPHERRON, 1979]. As first suggested by [DUNGEY, 1961],
reconnection at the dayside magnetopause allows energetic particles from the solar
wind into the magnetosphere, which can lead to flux and energy buildup in the
magnetotail. Ultimately, reconnection at the magnetotail can lead to the ejection
of high speed plasmoids during the substorm. (One spectacular consequence of
the auroral substorm is the intensification and breakup of the normally quiet au-
rora, as shown in Fig. 1.3.) The magnetosphere abounds with energetic particles,
very often in correlation with magnetic activity levels. For example, the ion tem-
perature is almost invariably seven times the electron temperature in the “plasma
sheet” [BAUMJOHANN et al., 1989], which is earthward from the distant tail where

reconnection occurs.

Determining how reconnection really contributes to magnetospheric dynamics
and particle heating is a tough problem to study due to the immense physical size
and turbulent nature of the magnetosphere. And due to the increasing human
relevance of “space weather,” the detailed laboratory study of one of the most

fundamental magnetospheric processes, particle acceleration and heating during
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Figure 1.3: Photograph of the aurora, or “northern lights,” which arises from col-
lisions of energetic charged particles from the solar wind and the magnetosphere
with atoms and molecules in the upper atmosphere.

reconnection, is especially timely.

1.1.3 Laboratory plasmas

Very early work on field-reversed configurations (FRC’s) [TuszewsKI, 1988| showed
a correlation between reversed internal magnetic fields and neutron emission [KoLB
et al., 1959; LITTLE et al., 1961], implying intense ion acceleration. Since then,
other plasma configurations utilized in controlled fusion research have had ion tem-
peratures which are higher than electron temperatures even without auxiliary heat-
ing, including reversed-field pinches (RFP) [HOWELL and NAGAYAMA, 1985; Fu-
JISAWA et al., 1991; SCIME et al., 1992b; SCIME et al., 1992a] and spheromaks
[YAMADA et al., 1990a; MAYO et al., 1991].

Many hypotheses have been suggested to explain the “anomalous” ion heating
mechanism(s), e.g. dissipation of energy in magnetic fluctuations at the ion cy-
clotron frequency [SCIME et al., 1992b; SCIME et al., 1992a] or viscous damping of
ion kinetic energy gained by reconnection inherent in MHD dynamo activity [EJIRI
and M1YAMOTO, 1995]. The strong levels of magnetic fluctuations consistent with
Taylor relaxation [TAYLOR, 1974; TAYLOR, 1986 in RFP and spheromak plasmas
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ensure that reconnection is likely to play an important role in the heating.

Since reconnection occurs unpredictably and on small scales in these fusion re-
search plasmas, a systematic study between ion heating and reconnection in these
plasmas is virtually impossible. Researchers can correlate the ion heating to dy-
namo activity and fluctuation levels but have very few ways of obtaining more
details. The research in this dissertation can help clarify the role played by re-
connection as an ion heating mechanism in laboratory plasmas. That is the very
first step toward possibly controlling these confinement deteriorating fluctuations.
Furthermore, understanding this process may have other untold potentials in future

controlled fusion research.

1.2 Reconnection and ion heating

Magnetic reconnection is an active area of research with much yet to be understood.
The interested reader is directed to several excellent reviews [VASYLIUNAS, 1975;
Biskamp, 1994; UZDENSKY, 1998; KULSRUD, 1998], which give a sense of the scope
and depth of the problem. In this sub-section, a simple description of reconnection
is given, followed by discussions on how ions can be heated and accelerated by

reconnection.

1.2.1 Sweet-Parker model of reconnection

The first quantitative model of reconnection was given in the seminal work of Sweet
[SWEET, 1958] and Parker [PARKER, 1957], which was developed to explain the
origin and evolution of solar flares. In this 2-D, steady-state, resistive MHD model,
reconnection is envisioned to occur in a thin, narrow region called the reconnection
layer, as shown in Fig. 1.4. Two topologically distinct plasmas with oppositely
directed magnetic field lines are brought toward each other at speed u, creating
a thin layer with an out-of-plane current sheet. The layer is characterized by a
thickness 0 and a length L. There is no magnetic field out of the page. Plasma is
accelerated out of the layer at speed V. It is assumed that the plasma pressure is
p inside the layer and py in both the upstream and downstream regions, and that

the magnetic field is By in the upstream region and zero along the center of the
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U<<Vp

25 oo ---- V~Va

Figure 1.4: Sweet-Parker reconnection layer with thickness ¢ and length L. Lines
with arrows represent magnetic field lines. The inflow speed u of plasma and frozen-
in magnetic flux is much smaller than the Alfvén speed Vj, while the outflow speed
of plasma V is on the order of Vj.

reconnection layer.

An out-of-plane electric field exists, consistent with the simple Ohm’s law
E+V xB=nj, (1.1)

and is spatially uniform due to the 2-D and steady-state assumptions of the model.
Here, 7 is the classical Spitzer resistivity due to Coulomb collisions [SPITZER, 1962].
In the center of the reconnection layer, Eq. (1.1) simplifies to E = nj ~ nBy/ oo
since both V' and B vanish there. In the upstream region, Eq. (1.1) becomes
E = uB, since j vanishes there. Because F is spatially uniform, then the inflow

speed is

u= %. (1.2)

Pressure balance across and along the layer,

Lot B0 Ly (1.3)
P = Do 2uo_p0 2P ) .

leads to an outflow speed of V' = By/\/miop = Va, and mass conservation and the
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assumption of incompressibility give
ul = V4. (1.4)

Combining these results, a normalized reconnection rate is calculated to be

—-1/2
U ,UOLVA) _ o-1/2
— = — =9 , 1.5
Va ( n (15)

where S, called the Lundquist number, is defined as the resistive diffusion time
divided by the Alfvén transit time. In the solar corona and in the magnetosphere,
S is typically very large (> 10'°), meaning that the Sweet-Parker reconnection

speed is infinitesimally slow compared to the Alfvén speed.

To summarize, the key features of the Sweet-Parker model of reconnection are
the steady-state inflow of flux into a 2-D, narrow reconnection layer in which the
field reverses direction. An out-of-plane current sheet develops, consistent with
the sharp gradient of the field reversal. Resistive dissipation of the current is
balanced exactly in steady-state by the out-of-plane electric field induced by the
incoming magnetic flux. Equation (1.2) indicates that large resistivity and a narrow
layer is needed to maximize the reconnection speed u. However, Eq. (1.4) shows
that reducing ¢ limits u at the same time due to the increased bottleneck for
removing plasma mass from the layer. Thus, the Sweet-Parker reconnection rate is
determined by the competing of effects of bringing in flux to be annihilated and in

being able to remove the plasma quickly enough from the reconnection layer.

This simple physical model of reconnection captures many essential global fea-
tures of a 2-D, steady-state reconnection process, such as a narrow layer and the
existence of a current sheet. However, the slow reconnection speed predicted by the
Sweet-Parker model is inconsistent with observations of solar flares, which evolve
on near-Alfvénic time scales, and therefore the Sweet-Parker model has long been
thought to be inapplicable to the problem of solar flares. In reality, MHD theory can
break down in the reconnection layer if B — 0 and ions are no longer magnetized,
and “collisionless” effects which are neglected in Eq. (1.1) can become important.

These exclusions, some of which are discussed in Sec. 1.2.3 lead to an incorrect
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treatment of the local plasma resistivity in the reconnection layer and hence a re-
connection rate (and consequently a heating rate) which is too small. It should be
mentioned that these details depend on the existence of an out-of-plane magnetic

field, which incidentally plays no role in the 2-D model of Sweet and Parker.

1.2.2 Classical picture of the energy conversion process

The characteristics of energy conversion in the Sweet-Parker model are analyzed in
this sub-section. The energy introduced into the reconnection layer per unit length
out of the page (in Fig. 1.4) includes the kinetic energy of the inflowing plasma and
the electromagnetic energy of the incoming field (Poynting flux). A simple estimate
shows that

inflow kinetic (pu?/2)uL u? 1

- L st 1.6
electromagnetic in ~ (EBo/uo)L 2V} 2S5 < (16)

i.e. the inflow power is dominated by flux of magnetic energy® since S > 1 in
all cases of interest. This energy heats the current-carrying particles Ohmically,
building up the pressure inside the layer to p > py and creating a large Vp along
the layer. The pressure gradient accelerates the plasma out of the layer to V = Vj,
as was shown in Eq. (1.3). It can be shown that half of the incoming field energy

is converted to kinetic energy of the Alfvénic outflow:

outflow kinetic ~ (pVZ/2)Vad  Vad 1
electromagnetic in ~ (uB2/po)L  2ul 2’

(1.7)

where Eq. (1.4) was used in the last equality. Therefore, in the Sweet-Parker model,
half of the reconnected field energy goes to the thermal energy of the plasma inside
the reconnection layer, and the other half goes to the kinetic energy of the Alfvénic
outflow jet.

This single fluid MHD model does not distinguish between electrons and ions.

3In the denominator, E = uBy was used. In considering the electromagnetic energy, there is a
factor of two difference between the estimate of the energy from the Poynting flux, (EBy /o)L =
uB2L/po, and the inflow of magnetic energy, (BZ/2po)ul = uBZL/2p. The expression based
on the Poynting flux must, of course, be correct. The extra factor of two comes from the work
done by the incoming flux in pushing the flux in front of it out of the way. This can be derived
rigorously by using the Maxwell stress tensor.
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Nevertheless, the model can be used to interpret a realistic steady-state reconnec-
tion process. Ohmic dissipation in the layer heats the electrons since they are likely
to be the dominant current-carrying species due to their higher mobility.* In this
case, electrons are heated first but eventually equilibrate with the ions via Coulomb
collisions, leading to a rise in ion temperature. Furthermore, an Alfvénic outflow jet,
which can be accelerated immediately by the rise in electron pressure, can viscously
damp on the background ions, heating the bulk ions downstream from the layer.
Ion heating due to reconnection is often interpreted in this context both in space
observations, e.g. [MASUDA et al., 1994], and laboratory experiments, e.g. [EJIRI
and M1yAMOTO, 1995]. However, as will be shown in this dissertation, the classical
heating picture, while instructive, is unlikely to apply in any realistic reconnection

scenario.

1.2.3 Non-classical dissipation mechanisms

It has long been realized that classical dissipation processes are not important in
solar and space plasmas, which are highly collisionless. In this case, particles accel-
erated by the reconnection layer electric field can either (1) get scattered by electric
fields set up by waves and instabilities (wave-particle interactions) or (2) have orbits
which simply leave the current sheet (“inertial resistivity”). These effects can act
essentially like a plasma resistivity, removing momentum from current-carrying par-
ticles, and heat the bulk plasma via processes such as Landau damping, viscosity,
and gyro-resonance.

A review of all the waves and instabilities which have been proposed for col-
lisionless reconnection is clearly beyond the scope of this introduction. However,
two representative examples are (1) the lower-hybrid drift instability, which is a
high frequency (w > Q) drift wave driven by a cross-field current in the pres-
ence of a density gradient [HUBA et al., 1978] and (2) emission of Alfvén waves by
thin current sheets in low [ plasmas [BELLAN, 1999] which can act as a resistivity

[BELLAN, 1998] and Landau damp on ions. It is plausible that instabilities such

4However, the exact fraction of current carried by electrons versus ions in a reconnection layer
is not always obvious. It depends strongly on whether the current is perpendicular or parallel
with respect to the equilibrium field, i.e. it depends on the existence of an out-of-plane field. It
may also depend on, for example, the exact field profile (if the current is strongly diamagnetic)
and the potential profile (if E x B rotation is important).
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as these could account for the requisite resistivity and particle heating in realistic

reconnection environments.

The concept of inertial resistivity in a collisionless current sheet was introduced
by [SPEISER, 1970]. Physically, inertial resistivity arises when current-carrying par-
ticles exit the current sheet, limiting the current and dissipating some field energy
in the process. No collisions of any kind are necessary to give rise to this effect. One
example is due to particles drifting out of the current sheet due to a magnetic field
perpendicular to the current sheet [SPEISER, 1965]. It has been suggested that such
an effect in a reconnection current sheet with longitudinal magnetic field (parallel
to current flow) may lead to a unified description for different regimes of particle
acceleration in solar flares [LITVINENKO, 1996]. Another example is “whistler me-
diated reconnection” [MANDT et al., 1994], in which a standing whistler mode in
the reconnection layer transports electron momentum out of the layer. A hybrid
(fluid electron and particle ions) simulation suggests that this type of collisionless
reconnection can be Alfvénic even as the macroscopic scale length of the system
becomes very large [SHAY et al., 1999]. Particles could attain a broad energy dis-
tribution via these inertial effects since they are accelerated in a random way inside
the layer, and the plasma could appear to be heated virtually immediately upon

entering the reconnection region.

The study of non-classical mechanisms both for the dissipation of magnetic field

energy and for the heating of ions is very much an open research area at present.

1.3 Overview of previous work

Laboratory experiments have made important contributions toward understanding
reconnection. In this section, past efforts to study ion heating and acceleration are
reviewed briefly, and it is seen that steady progress was made toward being able to
address the problem fully. However, clear cause and effect between reconnection and
ion heating was not established, and truly local measurements of ion temperature
in a fully diagnosed reconnection layer were not obtained, leaving the problem very

much open.
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1.3.1 Early experiments

Early studies of ion heating in “magnetic neutral points” were performed in dense,
pinch plasmas which lasted only a few micro-seconds. Current disruptions were
common in these experiments, which are reviewed in [BAUM and BRATENAHL,
1977].  Strong claims were made, such as the identification [BRATENAHL and
YEATES, 1970] of Petschek shocks [PETSCHEK, 1963] and turbulent resistivity
[BAUM and BRATENAHL, 1973]. However, many of the results were interpreted
with a lack of diagnostics. Also, the applicability of the results to the MHD theories
with which they are compared is not straightforward (Lundquist number was very
low, S ~ 1). In general, magnetic field measurements were not sufficient to deter-
mine the properties of a reconnection layer. Spectroscopic measurements, made in
a “double inverse pinch” between two current-carrying rods, suggested sub-Alfvénic
ion flows and slight ion heating near a neutral point [BAUM and BRATENAHL, 1974].
Anomalous resistivity and strong ion heating were reported in a similar neutral
point discharge with four current-carrying conductors [OHYABU et al., 1974], but
almost no information was given regarding the magnetic field. Particle acceleration
was studied in “current sheet” #-pinch type devices [FRANK, 1989], and intensive
plasma heating and generation of super-Alfvénic flows were reported. Based on the
early work, it is clear that particles were accelerated and heated efficiently. How-
ever, due to the short time scales involved and lack of diagnostics, nothing definitive
regarding the role of reconnection as a mechanism for ion heating and acceleration

could be said in these early experiments.

1.3.2 UCLA experiments

Detailed magnetic field topology was first measured in the pioneering experiments
at UCLA [STENZEL and GEKELMAN, 1981]. Experiments were performed in a lin-
ear device in the “electron MHD” regime, in which the characteristic scale length is
¢/wpe and ions are unmagnetized. In these experiments, detailed ion flow velocities
were measured with electrostatic probes and noted to agree with the Sweet-Parker
flow pattern. The fluid acceleration was a factor of three to five smaller than ex-
pected based on the measured jX B and Vp forces, and scattering off wave turbu-

lence was postulated to account for the difference. The nature of the turbulence was
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not identified, but it was noted that the frequency spectrum of fluctuations (max-
imum on/n ~ 20%, maximum §B/B =~ 100%) was broadband, extending from
MHD to lower hybrid (/fpefpi ~ 200 kHz) and ion acoustic (fy; ~ 300 MHz) up to
even the electron plasma frequency (10 GHz) [GEKELMAN et al., 1982]. Electron
heating and anomalous resistivity were also observed, and the resultant electron
thermal energy was much larger than the ion flow energy [STENZEL et al., 1982].
However, ion temperature was not reported, and ion heating could not be addressed
since there was no ion confinement. These experiments were comprehensive and ex-
cellently diagnosed, but application of the results to the full reconnection problem

is not straightforward since ions play a critical role in reconnection dynamics.

1.3.3 TS-3 experiments—Univ. of Tokyo

Ion temperature rise in a fully diagnosed reconnection experiment was first mea-
sured on TS-3 at the University of Tokyo [ONO et al., 1996], also the first experiment
to address MHD reconnection physics. In these colliding spheromak experiments,
toroidal Alfvénic flows were believed to be accelerated by the tension force of re-
connected field lines, and global ion heating to 200 eV was attributed to viscous
damping of the sheared Alfvénic flows [ONO et al., 1996; ONO et al., 1997]. How-
ever, it is unclear whether reconnection was indeed the dominant ion acceleration
and heating mechanism. This is because the reconnection process was generated
by the collision of two spheromaks traveling at a substantial fraction of the Alfvén
speed. Compressional heating or conversion of the spheromak translational energy
via other mechanisms were not ruled out. Some uncertainty exists due to the un-
folding of the chord-averaged polychromator measurements. In the presence of a
large flow velocity, accurate (and local) values of both ion temperature and flow ve-
locity can only be obtained through a proper Abel-inversion technique [BELL, 1997],
but this is very difficult to perform. Additionally, the spectroscopy was based on
neutral (Hg) and impurity ion (C II) emission, respectively, requiring assumptions
regarding charge-exchange and ion-impurity energy equilibration in order to infer
information about the majority ions. Despite these questions, it is still likely that
the majority ions were heated globally due to viscous damping of energetic flows

driven by the reconnection process.
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1.3.4 Swarthmore Spheromak Experiment

In another colliding spheromak experiment, SSX (Swarthmore Spheromak Exper-
iment),5 Alfvénic ion jets downstream from the reconnection layer were reported
based on measurements of ion flux by a retarding grid energy analyzer (RGEA) sit-
uated at the vacuum wall [KORNACK et al., 1998]. When the RGEA was oriented to
collect ions from the upstream region, only thermal ions were detected. The RGEA
is an electrostatic probe with a negatively biased grid to repel electrons, then a
variable positively biased grid to select ions, and a negatively biased collector plate
to collect ion current. The resulting /-V characteristic can yield ion temperature
and directed flow information. The SSX results are consistent with the flow pat-
terns of the classical reconnection picture. This experiment must also contend with
the ambiguity introduced by the high translational energy of the initial colliding
spheromaks, which interact at a gap in the flux conservers at the midplane. The
gap in the flux conservers also may play a role in limiting the removal of reconnected
flux. This could change the data interpretation. Also, it might be mentioned that
there is inherent ambiguity in fitting a single RGEA I-V characteristic to an ion
distribution with both drift and thermal components, and more data would solidify

the results reported.

1.4 Dissertation objectives

The primary objectives of this dissertation were to study ion heating and acceler-
ation during magnetic reconnection in a controlled and well-diagnosed laboratory
experiment. The lack of a detailed experimental characterization of this process
represented a gaping hole in reconnection research. The experimental goals were
to determine (1) if ion heating during reconnection could be observed, (2) whether
the observed ion heating could be causally linked to the reconnection process itself,
(3) whether energetic ion flows existed and could serve as an important ion heating
mechanism, and (4) the nature of the ion heating mechanism(s). Two significant
improvements on previous work are the ability to obtain local measurements of

ion temperature and the improved way in which reconnection can be studied. The

5SSX came online after MRX, but their results on ion acceleration came before this work.
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latter is due to the experimental capability of MRX (Magnetic Reconnection Ex-
periment), on which experiments for this dissertation were performed. In MRX,
2-D reconnection layers are formed quasistatically, allowing for truly isolated and
versatile studies of the reconnection process. A further distinguishing feature of
this research is the thorough characterization of magnetic field topology with more
than 135 internal magnetic probes.

The entirety of this research consisted of the following: (1) helping bring MRX
up to full research capabilities, (2) performing experiments to characterize the re-
connection process in detail, (3) developing and implementing low-cost diagnostics
for measuring local ion temperature and flow velocity, and (4) performing experi-

ments to identify and investigate ion heating and acceleration during reconnection.

1.5 Dissertation findings and outline

The main findings of this research are the identification of ion heating as an unam-
biguous consequence of magnetic reconnection and the occurrence of the heating
predominantly through non-classical dissipation mechanisms. Ion acceleration is
measured and shown to be energetically small, and the associated viscous heating
by the flows is also small. There is some indication that ion heating scales with
the enhancement of resistivity over the Spitzer value, possibly indicative of wave-
particle interactions providing the non-classical dissipation and heating, but other
collisionless effects such as inertial resistivity cannot be ruled out. Following is an

outline of the dissertation.

Chapter 1. This introductory chapter motivates the research by presenting ex-
amples of where ion heating via magnetic reconnection could be important
in nature and in the laboratory. Then a physical description of reconnection
and how it could heat and accelerate ions is given, followed by an overview
of previous work done. Finally, the dissertation objectives and findings are

summarized.

Chapter 2. This chapter describes the experimental apparatus of the Magnetic

Reconnection Experiment, including details about diagnostics.
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Chapter 3. This chapter describes the reconnection process realized in MRX,
showing in detail the magnetic field and electron temperature and density
measurements, and how relevant reconnection physics quantities are derived

from the data. Key physics results from MRX are summarized.

Chapter 4. This chapter describes the ion heating and acceleration experimental
measurements. It is shown that ions are heated directly due to the recon-
nection process, and that ion flow speeds are sub-Alfvénic , consistent with
the observed high downstream pressure. An energy ion energy balance is pre-
sented, showing that the ion heating must have occurred predominantly via
non-classical mechanisms. There are indications that ion heating scales with

resistivity enhancement over the classical value.
Chapter 5. This chapter draws conclusions and presents ideas for future work.

Appendices The appendices present (A) an independent check of Mach probe
measurements using local spectroscopy measurements, (B) a study of probe
perturbation of the plasma, and (C) detailed analysis of helium ion emission

lines for Doppler spectroscopy.
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Experimental Apparatus

XPERIMENTAL results reported in this dissertation were obtained on the
Magnetic Reconnection Experiment (MRX) [YAMADA et al., 1997a], a
laboratory facility located at the Princeton Plasma Physics Laboratory.

MRX is a unique reconnection laboratory experiment in that 2-D reconnection lay-
ers can be formed quasi-statically (slow compared to the characteristic Alfvén time)
and studied in plasmas which satisfy the MHD approximation globally. The ability
to interpret, understand, and reproduce the experimental data requires detailed
knowledge of the experimental apparatus and operation. Section 2.1 describes the
vacuum hardware, magnetic field coils, and power system; Sec. 2.2 describes the
plasma formation sequence and achievable plasma parameters; and Sec. 2.3 de-

scribes the diagnostic methods and data acquisition system.

2.1 Experimental setup

2.1.1 Vacuum hardware

A photograph of the vacuum chamber is shown in Fig. 2.1 and a side-view schematic
is shown in Fig. 2.2. The vacuum chamber is made of 1/2 in. stainless steel and
has over fifty ports of various sizes for versatile diagnostic access. Several ports
have windows for non-invasive optical diagnostics. Flanges are generally sealed
with copper gaskets (Conflat). However, rubber O-rings (Wilson-seal or “quick
connect”) are also used on probe shafts, magnetic coil cable feed-thrus, and the

two large end domes of the vacuum chamber.

17
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Figure 2.1: Photograph of MRX vacuum vessel with PPPL physicist Hantao Ji.

A base pressure of 1-2 x 107¢ Torr is achieved with a turbomolecular pump.! A
cryo-pump? is often used to reduce the base pressure further by 30-50%. For initial
pump-down, a mechanical forepump brings the base pressure to below 100 mTorr
before the turbomolecular pump is engaged to continue pumping to the final base
pressure. Fill gases, including Hy, Dy, He, Ne, and Ar, stored in compressed gas
cylinders are introduced into the vacuum chamber via a electronically-gated gas

valve. Stainless steel pipes with 3/8 in. outer diameter (OD) are used to connect

I Pfeiffer model TPU-2200
2Varian Cryostack 8
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Figure 2.2: Side-view schematic of MRX vacuum vessel showing outlines of the
internal flux-cores and the external equilibrium field coils, as well as the multiple
diagnostic ports.

the regulated gas cylinders to the gas valve, which is attached directly to one
port of the vacuum chamber. Typically, it takes approximately three seconds to
introduce 2-12 mTorr of working gas into the chamber before the capacitor banks
are discharged and the gas ionized (to be described later in this chapter). The base
pressure is monitored with an ionization gauge and a residual gas analyzer (RGA),
and the injected gas pressure is monitored with a 10 Torr (full-scale) Baratron

gauge.

2.1.2 Power system

The main power system consists of two capacitor banks, charging and firing circuits,

high current coaxial cables, and copper bus-bar interface to the coils. Each capacitor
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bank consists of eight 60 uF oil-filled capacitors rated for 20 kV,? corresponding to a
total stored energy of 96 kJ in each bank. High current switching is performed with
Mercury-filled ignitrons,* which are triggered electronically using delay timers and
fiber optic links. This system is used to energize the pulsed internal magnetic field
coils, to be described below. External coils which provide a DC shaping field, also

described below, are energized by rectified AC power from a PPL power sub-station.

2.1.3 Magnetic field coils
Flux-cores

Two “flux-cores,” which are the same type used in S-1 spheromak research [YA-
MADA et al., 1981], are used to generate the pulsed magnetic fields in MRX. The
flux-cores are toroids with a major radius of 38 cm and a minor radius of 9 cm and
are placed inside the vacuum vessel, each supported by three legs which also serve
as feed-thrus for the coil currents; a side view of the setup is shown in Fig. 2.2.
Inside each flux-core, there are two independent sets of coils: the poloidal field (PF)
coil and the toroidal field (TF) coil. The PF coil consists of four 1-turn toroidal
windings wound along the minor axis of the flux-core, and the toroidal field coil
(TF) consists of two 18-turn solenoidal windings. The individual windings within
each PF and TF coil can be connected in series or parallel, and likewise the two
flux-cores can be connected in series or parallel. This flexibility allows different coil
inductances and hence different discharge time scales and coil currents for the same
capacitor voltage. The data reported in this dissertation were taken with every-
thing connected in series except the two flux-cores in parallel. The inductances of
each PF coil (four turns in series) and each TF coil (two 18-turn solenoids in series)

were both measured to be approximately 30 pH.

The coils are insulated #2 gauge copper braid wound onto a machined G10 core
material. This internal structure is covered with fiberglass and then an aluminum
shell, which has two toroidal and two poloidal gaps to allow field penetration. On

top of the aluminum is a layer of polyester fiber, then wrapped fiberglass braid,

3Westinghouse style 5SNA489981
4General Electric GL-37207A
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then two-component epoxy,® and finally a coating of Inconel.® The fiberglass braid
prevents cracking on the layers above it, and the epoxy is intended to eliminate
vacuum leaks, although some still remain and are differentially pumped through
the flux core legs. The Inconel coating makes the flux core surface a conducting
boundary, minimizing plasma-surface interactions, but at the same time gives it a
relatively high resistivity, allowing for faster field penetration during the plasma
formation stage.

The positions of the flux-cores along the symmetry axis can be adjusted. In all
the experiments reported in this dissertation, the nearest surface-to-surface distance

of the flux cores was 50 cm.”

Equilibrium field coils

The equilibrium field (EF) coils are two external coils (diameter = 64 in.) arranged
in a Helmholtz-like configuration. They each contain 28 turns of hollow copper
conductors, which allow for water cooling. The resistance of each coil is approx-
imately 30 m{2. The EF coils are pulsed on for approximately 3 s, during which
the approximately 200 ps main plasma discharge occurs. Peak current is limited
to 5 kA. Typical operational values are about 1.5 kA, which generates an on-axis

magnetic field on the order of 200 Gauss.®

2.2 Plasma formation and achievable parameters

2.2.1 Plasma formation sequence

MRX utilizes the flux-core plasma formation scheme [YAMADA et al., 1981] used
on S-1, except that two smaller flux-cores are used instead of one larger flux-core.
The coil currents in a typical discharge sequence, measured with Pearson current

probes, are shown in Fig. 2.3. The formation sequence is as follows. PF coil

SPart# EP21TCHT-1 from Master Bond, Inc., Hackensack, NJ

6 Applied using an industrial electro-arc spray process, performed offsite at White Engineering
Surfaces Corporation, Newtown, PA.

"Except for results in Fig. 4.2, which had a distance of 40 cm.

8In June of 1998, a new set of EF coils with minor differences in dimension were installed.
Other specifications are kept identical. The original EF coils are now installed on NSTX as PF
coils.
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Figure 2.3: PF and TF coil current waveforms for a typical “pull” reconnection
discharge. Plasma breakdown begins with initiation of the TF current at t = 180 pus.
Pull reconnection occurs between approximately ¢ = 240 and 290 us.

currents, initiated at ¢ = 100 us (¢ = 0 is defined as the arbitrary time at which the
firing circuit delay timers are first triggered), establish a quadrupole magnetic field
as shown in Fig. 2.4(a). Shortly before the PF current peak is reached, the TF coil
currents are initiated at ¢ = 180 us and generate a time-varying toroidal field inside
the flux core. This in turn induces a poloidal inductive electric field around the
flux-core. The inductive electric field ionizes the gas and creates a poloidal plasma
current flowing around the flux-core. This plasma current generates a toroidal
magnetic field outside the flux-core and within the plasma. The TF current keeps
rising and therefore the toroidal field grows, creating a rotational transform and
ultimately a toroidal plasma current. The sequence of events up to this point
corresponds roughly to ¢t = 230 us in Fig. 2.3. The TF current keeps rising strongly
and net toroidal flux is injected into the “private” flux regions of each flux core and
transferred into the “public” flux region, as indicated by the arrows in Fig. 2.4(b);
this is “push” reconnection [YAMADA et al., 1997a]. When the TF current reaches
its peak, the TF capacitor bank is shorted-out (or “crowbarred”) by an ignitron
at t = 270 pus, which allows the current in the TF circuit to damp away about

its peak value instead of swinging back down to zero. At the same time, the PF
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Figure 2.4: Shown schematically are cross-sectional views of the flux-cores with
symmetry axis and poloidal flux contours at three different times. (a) Initial
quadrupole field corresponding to time of peak PF current. “Public” and “pri-
vate” flux regions are defined. (b) Formation stage of plasma during ramp-up of
TF coil current and “push” reconnection. (c¢) TF current “crowbarred” and PF
current ramps down, forming the “pull” reconnection layer. Note: distance between
flux cores is fixed; the three drawings are not to scale.
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Figure 2.5: Visible-light photograph of the plasma during pull reconnection. The
horizontally elongated current sheet coincides with the bright emission stretching
across from one flux-core to the other. Many of the diagnostics are also in the
field-of-view. Photograph, taken by D. Cylinder, first appeared in [WEISS, 1999].
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current is ramping down strongly, and flux is “pulled” back from the public region
into the private region of each flux-core (240-290 us in Fig. 2.3); this corresponds
to “pull” reconnection as illustrated in Fig. 2.4(c). For about 20-30 us, which is
approximately 15-20 Alfvén transit times, the “pull” reconnection layer is stable
and quasi steady-state, allowing detailed study of the reconnection process. A
visible-light photograph of the pull reconnection layer is shown in Fig. 2.5.

If the polarities of the two TF coils are equal, then the toroidal fields generated
by the two flux-cores add, resulting in “co-helicity” reconnection in which field lines
reconnect at a finite angle, as shown in Fig. 2.6(ii). If the polarities are opposite,
then the fields generated reconnect at 180°, or exactly antiparallel. This case in-
cludes two sub-cases, “null-helicity” or “counter-helicity” reconnection, as shown

in Figs. 2.6(i) and 2.6(iii), respectively. The “null-helicity” case is obtained only

(i) Null-helicity (i)  Co-helicity (iii)  Counter-helicity
(Antiparallel) Reconnection Reconnection
Reconnection

Figure 2.6: Illustration of three-component field line reconnection. (a) 2-D picture
is independent of out-of-plane field, but (b) 3-D picture is clearly different. Out-of-
plane magnetic fields in the merging plasmas are (i) zero for null-helicity, (ii) finite
and add for co-helicity, and (iii) are finite and cancel for counter-helicity. Figure
first appeared in [YAMADA et al., 1997b; YAMADA et al., 1997a).

during pull reconnection, in which public flux containing almost no toroidal field is

reconnected into private flux. The “counter-helicity” case is obtained during push
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reconnection,’ in which private flux containing strong toroidal fields is reconnected
into public flux.

The PF current is crowbarred at ¢ = 290 us for pull reconnection. If the current
were allowed to continue ramping down to large negative values, then the plasma
would be “pinched-off” from the flux-cores and a spheromak or a field-reversed
configuration (FRC) would be produced for the co-helicity or null-helicity cases,
respectively. This scheme can be used to produce and study compact toroids, as
proposed in the SPIRIT program [YAMADA et al, 1998]. If the PF current is
crowbarred earlier, e.g. t ~ 220 us, then pull reconnection can be suppressed. This
technique is utilized in Ch. 4 for correlating ion temperature rise with reconnection.

External coils provide a poloidal equilibrium field (EF). The coils are oriented
to reduce the poloidal field generated by the PF coils, reducing it more strongly
near the symmetry axis than away from the axis. Therefore, by adjusting the
magnitude of the EF current, the radial force balance of the current sheet can
be fine-tuned. The EF current is measured using a shunt resistor and input into
a simple Fortran code to determine the magnetic field produced as a function of
space. The accuracy of the code is checked with real measurements of the field at

different spatial locations using a Gauss meter.

2.2.2 Plasma parameters

Plasma parameters are as follows: n. ~ 2-15 x 103 em™3, T, ~ 5-20 eV, T} ~ 5
40 eV, and B =~ 200-500 Gauss. Relevant frequency and length scales are calculated
and tabulated in Table 2.1 for typical hydrogen and helium discharges.

It is important to emphasize that the MHD criteria are satisfied globally in
MRX, i.e. pp < L, Vy < ¢, and § > 1. By varying the initial gas pressure, n,
and hence A\pg, o can be varied over one order of magnitude, allowing the study of
reconnection physics both in a collisional regime (Amgpe ~ ) and a collisionless
regime (Amfpe > 0). For hydrogen discharges, the classical energy equipartition

time between electrons and ions ranges approximately from 20-80 us. For helium

9Presently, it is difficult to achieve a robust current sheet during push reconnection since the
plasma formation phase and push phase overlap and use the same volt-seconds supplied by the
capacitor bank. A third capacitor bank, which is currently being fabricated, would allow the push
phase to be initiated after the formation phase is completed.



2.2. Plasma formation and achievable parameters 27

H discharge ‘ hydrogen ‘ helium H
Toe (GI2) 90 63
fpl (GHz) 2.1 0.7
Q. (GHz) 0.84 0.70
Q; (MHz) 0.46 0.10

Voo ~ Vei (MHz) 101 28
vi (MHz) 1.7 0.2
vie (kHz) 39.7 2.3
pi (cm) 1.9 3.2
Pe (mm) 0.25 0.37
c/wpi (cm) 2.3 6.4
Amfp,e (€M) 1.3 5.9
Amfp,i (€cm) 3.2 9.5

d (cm) 1.5 3
L (cm) 10 5-10

A (1) 1.5 2.6

S (using 7nsp) 228 185

Table 2.1: Relevant frequency and length scales in MRX plasmas. For typical
hydrogen discharges: peak n. = 10" cm™3, B = 300 G, T, = 10 eV, and T} =
30 eV, and for typical helium discharges: n. = 5 x 10 cm™3, B = 250 G, and
T. =~ T; = 15 eV. Electron-neutral collisions are estimated to be negligible; however,
their effects must be characterized in more detail.

discharges, this value increases to more than 200 us, due to the difference in ion
mass and also higher Ti,. Therefore, classical energy exchange between electrons and
ions during the reconnection process (Tiec & 20-30 us) is a small effect in hydrogen

discharges and can be ignored completely in helium discharges.

Electron-neutral collisions

It is also important to characterize the effect of electron-neutral collisions. In hy-
drogen, 7e; ~ 10 ns (T, = 10 eV). The total reaction rate coefficient for electron

interactions with ground state hydrogen neutrals is (ov) ~ 1.6 x 1078 cm?3/s.10 If

10The reaction rate coefficients are taken from [JANEV et al., 1987].
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the neutral density is taken to be equal to n. &~ 1 x 10 ¢cm™ (an extreme upper
bound), then 7o, ~ 607 ~ 0.6 s, indicating that electron-neutral collisions are
a negligible effect. The reaction rate coefficient can be a factor of 100 larger for
electron collisions with excited hydrogen neutrals, but the density of the excited
neutrals should be very small since they are quickly ionized. Diatomic hydrogen
also exists, and the sum reaction rate coefficient for all electron collisions with
non-excited Hy is (ov) & 2.1 x 107® cm?/s, resulting in a collision time (also as-
suming a neutral density equal to n, = 1 x 10" em™) of 507, ~ 0.5 ps. Thus,
these interactions are also negligible. In helium, 7 ~ 35 ns (7, = 15 eV). The
total reaction rate coefficient for electron interactions with ground state helium
neutrals is (ov) ~ 4 x 1072 cm?®/s. If the neutral density is taken to be equal to
ne ~ (5x 10" cm™3, an extreme upper bound), then 7, ~ 1427 ~ 5 us, indicating
that electron-neutral collisions are a negligible effect in helium also. Extreme over-
estimates were used for the neutral density in arriving at these answers, and thus
the conclusion that electron-neutral effects are negligible appears to be reasonable.
Nevertheless, a more detailed calculation using computer codes is warranted to fully

characterize the effect of electron-neutral collisions.

2.3 Diagnostics

Choices for diagnostics have been driven mainly by two concerns: (1) the need for
local measurements with good time resolution (< 7) and spatial coverage (over
a 20 X 60 cm area) and (2) a limited budget. Due to the relatively low tempera-
tures (< 20 eV) and short pulse-lengths (< 300 us) of MRX discharges, insertable
magnetic and electrostatic probes,!! which satisfy both critera above, can be used
routinely. Additionally, the availability of a spectrometer, CCD camera, and novel

spectroscopy probe made the local ion temperature measurements possible.

' All designed and constructed by David Cylinder.
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2.3.1 Magnetic probe arrays

Local magnetic field measurements are obtained using arrays of miniature pickup
coils. The time rate of change of magnetic flux through a small coil can be deter-
mined by measuring the voltage Vi across the two leads of the coil. If the size of
the coil is very small compared to spatial variations of the magnetic field, Faraday’s
law yields

0P 0B

——~-NA— 2.1
ot ot’ (2.1)

Veoil =
where ® is the total flux through the coil, V is the number of turns in the coil, A is
the area of the coil, and B the average time-varying magnetic field passing through
the coil. Integrating the voltage electronically then yields the magnitude of B at
the coil.*2

Throughout most of the experimental operation, three probe arrays were used,
as shown in Fig. 2.7: (1) a 2-D 6x 5 array with a 4 cm square grid and 3 orthogonally
oriented probes at each grid point (henceforth, called “90-channel probe”), (2) a
2-D 5 x 4 array with 6 cm R resolution and 8 cm Z resolution and also 3 probes at
each grid point (henceforth, called “60-channel probe”), and (3) a high-resolution
29 channel 1-D array with 0.5 cm resolution (1 probe at each position). The two 2-D
probes are located 90° apart in the 6 direction. The 29-channel probe can be rotated
in the # direction but it’s default position is near the toroidal location of the 90-
channel probe. Also shown in Fig. 2.7 are the placement of flux loops and Rogowski
coils, which measure total magnetic flux and plasma current, respectively,'3 and the
cylindrical coordinate system (R, Z, ) used throughout this dissertation.

Probe pickup coils are each wound with eighty turns of #38 gauge insulated
copper wire on custom-made spools with alumina (Al;O3) cores and mylar ends.
The coil spools have length and diameter of 3 mm. They are aligned precisely and
glued onto fiberglass strips with the help of a pre-machined jig and then slid down
5 mm O.D. glass tubes. The glass tubes of 2-D probe arrays are oriented with
respect to each other using another pre-machined jig, and then all the glass tubes

are attached to a 3/8 in. stainless steel shaft using epoxy. The spatial orientation

12See e.g. [LOVBERG, 1965] for a complete account of magnetic probes.
13See e.g. [HUTCHINSON, 1987] for details.
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Figure 2.7: Setup of magnetic probe arrays, flux loops, and Rogowski coils. Note
the definition of the cylindrical coordinate system, which is used throughout this
work.

of each individual probe in the final assemblies should be better than a few degrees.
A photograph of one of the arrays, the high-resolution 1-D probe array, is shown in
Fig. 2.8. Approximately 1.5 m lengths of the #38 wire are left connected to both
ends of each spool. They are arranged in twisted pairs (to minimize inductance)
and then brought out of the vacuum chamber inside the supporting stainless steel
shaft. From there, they are connected to RG-174/U cables for a 35 ft. run to the
integrators in the control room next door. The RG-174/U cables are bundled inside

a grounded aluminum conduit to shield out electrostatic noise.

Before installing probe arrays into the vacuum vessel, the NA (~ 1.5 cm?)
of each individual pickup coil was determined (with 2% measurement error) by
(1) placing each probe into the known, spatially uniform field B of a Helmholtz coil

driven with a sinusoidal current (f = 10 kHz), (2) measuring the peak coil voltage
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Figure 2.8: Photograph of the high-resolution 1-D magnetic probe array. The glass
tube has an OD of 5 mm. The pick-up coils inside are spaced by 5 mm and are
oriented to measure the reconnecting field component.

Vinax on an oscilloscope, and (3) using Eq. (2.1) which becomes

Vmax

NA - .
27 f Bax

(2.2)
Coil voltages are integrated electronically using home-made active integrators with
effective time constant R;C; (~ 100 us), which are each determined (also with 2%
measurement error) by inputting a sinusoidal signal V; (f = 1 kHz) from a function

generator into the integrator and measuring the output Vg,

‘/i max 1
R(Ci = —/——. 2.3
‘/o,ma,x 27Tf ( )
The time-varying magnetic field B is then
~ RiCi
B = Vs. 24
NA (2.4)

Probe sensitivity and frequency response are determined by N A and R;C} values.
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The probe sensitivity is

Vo, NA _1.5cm’
B RC: "~ 100 ps

~ 150 mV /kG, (2.5)

which, for typical peak B ~ 500 G, results in an easily detectable 75 mV signal. The
probe signals are digitized with a bit resolution of approximately 5 G. The probe
frequency response is limited by the inductance L of the coil and the resistance R

seen by the coil. The shortest time scale which can be resolved by the coils is
T=—=~_——=~0.5ns, (2.6)

which is well below the necessary time resolution (~ 5 us). In fact, the frequency
response is limited to a few MHz by the RG-174/U cable and the filtering effect of
the integrators.*

The total field B is the sum of the time-varying field B and the corresponding
component of the DC EF field Bgg, which is not detected by the magnetic probes.
A computer code is used to calculate all the components of the EF field, which is
then subtracted from the result in Eq. (2.4) at each probe location to arrive at the
final result for B used in subsequent data analysis,

B(t) = B(t) — Bgr = ?Vi—(jm(t) — Bgp. (2.7)
The relative error in B arises from both the measurement error of R;C; and NA
and the bit resolution of the digitized signal. For large values of B, the relative
error is less than 5%. As B gets small near the reconnection layer, the relative error
can become large due to the bit resolution; however, in these instances the absolute
error is still limited to 5 G and should not affect any of the data interpretation.
To illustrate the comprehensiveness of the magnetic probe measurements, a surface
plot of the 90-channel probe array measurement of the reconnecting field By is

shown in Fig. 2.9.

!4Measurement of high-frequency fluctuations (> 1 MHz), perhaps driven by instabilities in the
reconnection region, would require further, careful consideration of the frequency responses of all
components along the signal path and the identification and reduction of spurious high frequency
noise in the power system [CARTER et al., 1999]. It would also require the use of electrostatic
probes to be described in the next section.
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Figure 2.9: Surface plot of the reconnecting field By as measured by the 90-channel
probe array. Interpolation from the 4 cm by 4 ¢m probe grid to the 1 cm by 1 cm
data set shown above is done numerically.

2.3.2 Electrostatic probes

One triple Langmuir probe and two Mach probes are used routinely to measure
plasma density, electron temperature, and ion flow speeds. Placement of the probes

in the vacuum vessel is shown in Fig. 2.10.

Triple Langmuir probe

The triple Langmuir probe [CHEN and SEKIGUCHI, 1965] is a standard diagnostic
used in many laboratory plasma experiments. It yields measurements of instanta-
neous temperature 7T, and ion saturation current I,y without requiring a voltage
sweep, which is necessary for single and double Langmuir probe measurements.!®
A schematic of the triple probe bias circuit is shown in Fig. 2.11. As is evident

in the figure, the triple probe is a combination of a double probe (biased to collect

15See e.g. [CHEN, 1965; HUTCHINSON, 1987] for a general account of single and double Langmuir
probe theory.
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Figure 2.10: Setup of triple Langmuir and Mach probes. The triple Langmuir and
V; Mach probe can be scanned in R and Z, and the V3 Mach probe can only be
scanned in R.

ILs.) and a floating single probe. The voltage V. (as a function of time) between the
positively biased electrode of the double probe and the floating probe is measured
with one channel of an attenuating optical isolator unit!'® (10 M input impedance).
A relationship between V¢ and T, can be derived by writing down equations for the
currents and voltages at each probe tip, and using the fact that the ion current is
Lot and the electron current is governed by the Boltzmann factor exp[(V —V},) /T,
where V,, is the plasma potential and 7 is in eV units. Combining the equations
yields!'”

1 _ 1— eXp(_V-i—f/Te)
21— exp(—Viias/T)’

(2.8)

16 Tektronix model A6907
17See [CHEN and SEKIGUCHI, 1965; J1 et al., 1991] for a thorough development of the triple
probe theory.
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Figure 2.11: Schematic of triple Langmuir probe biasing scheme.

which, in the limit Vi,.s > T, simplifies to

Vit
T, = — ~ 1.44V ;. 2.9
In2 Vae (2:9)

Typically in the experiments, Vs = 40 V and T, ~ 10-20 eV, and thus the
approximation made in Eq. (2.9) is correct to better than 2%. The floating potential
Vt is generally around -100 V during pull, null-helicity reconnection and +50 V for
pull, co-helicity reconnection (both with respect to machine ground).!® The bias
voltage is applied by charging up an 82 pF electrolytic capacitor (with 0.1 uF and
0.01 uF bypass ceramic capacitors in parallel)'? using a DC power supply. Thus,
Vhias can be varied arbitrarily from shot-to-shot. The power supply is disconnected
from the capacitor prior to the plasma discharge so the entire probe circuit has no
DC path to ground.

For confirmation of the 7T, measurement, an /-V characteristic using the well-

known double probe method?® was obtained whenever a new probe was installed, a

8This is an interesting result which is admittedly not understood at present. It clearly has
implications for ion and electron losses in the two configurations.

9Bypass capacitors are used to supply charge on short time scales so that the bias voltage can
be maintained even in the presence of fast spikes in the probe potential.

20See e.g. [HUTCHINSON, 1987].
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new fill gas used, or a new machine condition encountered (e.g. after re-coating the
flux cores with Inconel). Generally, the T, obtained using the double probe -V

characteristic was seen to agree with the triple probe value to better than 20%.

The time-resolved ion saturation current s, (%), typically on the order of 500 mA
(probe area is given below), is measured by placing a 1 V/A current monitor®! on
the double probe current path. Bohm’s sheath criteria [BOHM et al., 1949] gives,
for T} < T,

[ 1e
Lot = exp(—1/2) Aen; s (2.10)

from which the ion density n; can be deduced. In MRX, however, T} ~ T, in helium
discharges, in which 7} can be measured rigorously via spectroscopy (see Sec. 2.3.3).
Exact numerical solutions of Iy for 7;/T, = 0 — 1 are given in [LAFRAMBOISE,
1966], which shows that I, varies by only a few percent as 73 /75 is varied from 0 to
1. Therefore, Eq. (2.10) can be used to determine n; and ne, the latter by invoking

quasi-neutrality.

In the experiments, there is some evidence that T; 2 2T, for hydrogen discharges,

although these results are not rigorous and are not emphasized in the dissertation.
In this case, Eq. (2.10) does not apply, and there is no generally accepted theory

for Ist. However, a commonly used modified expression for 7; 2 T is [STANGEBY,

1984b)
T.+T;
Liar = exp(—1/2) Aens /%. (2.11)

Since T; is not known precisely in hydrogen discharges, values of density are cal-
ibrated with an independent measurement using a second-harmonic interferom-
eter system [BRETZ et al., 1997], which gives an absolute measurement of the
line-integrated density. By comparing the triple Langmuir probe n, profile using
Eq. (2.10) with the absolute line-integrated value, it was determined that n. calcu-
lated using Eq. (2.10) was a factor of two too small. This, however, is within the
generally expected accuracy of Langmuir probe density measurements. An empiri-

cal calibration factor of two was used in determining n. for hydrogen discharges. In

21pearson Electronics model 2877
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Figure 2.12: Photograph of the triple Langmuir probe, with a fourth tip for backup.
The tungsten tips are spaced apart by 4 mm and held in place by alumina rods.

helium, pressure balance, i.e. n(T} +T) in the reconnection layer is equal to B2/2uq
outside the layer, indicates that the triple probe n, measurement is approximately
correct.

The MRX triple probe, shown in Fig. 2.12, consists of a 1/4 in. OD stainless steel
shaft, attached to the end of which is a piece of cylindrical alumina which is 0.5 cm
in diameter and 2.3 cm long. The alumina houses four smaller alumina rods, which
in turn each house a 30 mil diameter tungsten rod. The small alumina rods extend
beyond the big alumina rod by 1.25 cm, and the tungsten rods extend beyond the
small alumina rods by 1 mm. The area of each probe tip is 2.85 x 1072 cm?. The
tips are spaced 2 mm apart in a square configuration. Four twisted leads, which run
along the inside of the stainless steel shaft, provide electrical connections to the four
tungsten rods. The stray capacitance between leads and from each lead to machine
ground is on the order of 150 pF, which is negligible for the (non-fluctuating) time
scale of interest (5-10 us).

Mach probe

Local ion flow speed V; is measured by a Mach probe, which collects ion saturation

current s [Eq. (2.10)] on each of two oppositely facing electrodes. Intuitively, it is
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reasonable to expect that the difference between the collected currents should reveal
information about the average ion drift speed past the probe. The experimental

quantity measured is

o L1

= 2.12
i (2.12)

where I, and I_ are the (ion saturation) currents collected by the upstream and
downstream electrodes, respectively. By considering the appropriate probe sheath

physics, a theoretical relationship between K and Vi can be postulated.

A large number of Mach probe papers exist in the literature, e.g. [HUDIS and
LiDsKY, 1970; STANGEBY, 1984a; CHUNG, 1990; PETERSON et al., 1994], and a
review of them will not be attempted here. The important parameters to consider
are a/Ap, Ti/T., and p;/a, where a is the characteristic probe electrode dimension.
MRX plasma and Mach probe parameters fall into the regime a/A\p > 1, T; 2 T,
and p;/a > 1, in which there is no general, rigorous theory to predict Is,. However,
the model of [HuDIS and LIDSKY, 1970] can be used as a starting point. This model
is based on the Bohm sheath model [BoHM et al., 1949], in which 7} < T, but
modified to include a net ion drift Vi (< Cs = /(T. + T;)/ma) at the sheath edge.

The ion saturation current in this case can be approximated by

Vi VmiliV
I, = exp(—1/2)njpeACs exp (”;Td ) exp (ib) , (2.13)

e Te

where n;o is the density far from the probe. As mentioned in the previous section,
numerical solutions for I from [LAFRAMBOISE, 1966] showed that the Bohm
sheath model is not strongly dependent on 7; for T} < T,. Since T} ~ T, in the
experiments for which ion flow speeds are measured, Eq. (2.13) can still be used.
Substituting /1 into Eq. (2.12) yields

[T, [T, _
V= T ;%Ztanh 'K. (2.14)

It must be emphasized that, as a general rule, theoretical expressions for elec-
trostatic probes such as Eq. (2.14), and likewise Eq. (2.10), are only correct to

within a factor of two. This is not surprising given the non-rigorous justifications
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Figure 2.13: Photograph of the Mach probe. Ion saturation current is collected by
tungsten tips on either side, which are biased against the floating tip in the center.
The width of the probe is 1/4 in.

relied upon in the above discussions. The trends (spatial profile and temporal
evolution) which are measured, however, are still meaningful. Ideally, Mach probe
results should be checked with an independent measurement. It is found that Mach
probe measurements using Eq. (2.14) agree with Doppler shift of ions obtained by
spectroscopy to better than 50%. Thus, Vp values reported in this dissertation are
based on Eq. (2.14) but include an empirical calibration factor of 0.75. Details of
the independent check are presented in Appendix A.

Physically, the Mach probe, as shown in Fig. 2.13, is housed at the end of a
0.25 in. OD stainless steel shaft, which is covered by fiberglass braid to minimize
surface-plasma interactions. The back-to-back electrodes are 1 mm x 3 mm ex-
posed sections of 1 mm diameter tungsten rods slid into 2.5 mm diameter hollow
alumina rods. Slots are milled into the sides of the alumina so that each tungsten
rod is exposed to the plasma in only one direction. Between these two alumina rods
is a third alumina rod with a tungsten rod sticking out of the end by 1 mm. This
third electrode gives a reference potential against which the other two electrodes are

biased to —45 V. The tungsten rods are crimped onto copper wire, which are then
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Figure 2.14: Simple schematic of Mach probe circuit, showing collection of ion
saturation currents by electrodes facing the flow (/) and facing away from the
flow (1-).

run down the length of the stainless steel shaft. A 35 ft. four-conductor shielded
cable brings the signals to the control room. The 45 V DC bias is implemented
with batteries (with parallel 0.1 pF and 0.01 uF bypass ceramic disc capacitors).
Voltages across the 10 € resistors are measured using the attenuating optical iso-
lator (10 MS2 input impedance), from which the currents /L = V.. /(10 ) can be

determined. A simple schematic of the bias circuit is shown in Fig. 2.14.

Biasing against a floating electrode rather than machine ground is desirable
because the plasma potential in MRX is known to vary by up to 100 V on very fast

time scales of less than 10 us. Typical values of current collected are 200 mA.

2.3.3 Ion Dynamics Spectroscopy Probe (IDSP)

The IDSP?? [FIKSEL et al., 1998] is an insertable optical probe capable of measuring
local ion temperature and flow velocities via Doppler spectroscopy. This diagnostic
made possible the first rigorous measurements of local 7 in a well-characterized

reconnection layer. IDSP Doppler shift measurements also provided an absolute

22This probe was developed by Dr. Gennady Fiksel at the University of Wisconsin—Madison
and generously loaned to the MRX group during September, 1999.
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calibration for Mach probe measurements of ion drift speeds, as discussed in Ap-
pendix A. This section will describe the probe, the instrumentation used for spec-
troscopy, and the methods for obtaining a light-intensity versus wavelength spec-

trum suitable for Doppler broadening analysis.

Description of the IDSP

A schematic of the IDSP is shown in Fig. 2.15, which indicates its characteristic
physical size (5 cm). The principle of the probe is as follows. Collimated plasma
light from two perpendicular lines-of-sight, which are each terminated by view-
dumps 7 cm away, is collected and delivered via fiber optics?® to a spectrometer
(see below) next to the vacuum vessel. The Doppler broadened spectrum from each
sightline yields local T} information, and the relative Doppler shift between the two
sightlines yields ion flow information. Even if only one sightline is used at a time,
as was done in this work, Doppler shift could still be obtained by rotating the IDSP
180° and comparing the relative shift in the data from the two positions.

The probe housing is boron nitride, and the probe shaft is stainless steel. The
collimating holes have a diameter of 0.2 cm and a length of 2 cm. At the end of the
holes are fused silica prisms, which protect the fibers from the plasma and can be
replaced easily. Figure 2.16 shows the placement of the IDSP in MRX (to scale);
the lines-of-sight can be oriented in an R—Z or R—0 plane, i.e. the IDSP shaft can
be rotated. The fiber bundles are brought out of the vacuum vessel (via the probe
shaft) and are terminated in standard 11 mm ferrules. The experiments to be
reported used only one ferrule at a time due to incompatibilities in the mounting
hardware and due to the limited height of the CCD intensifier.

Due to the relatively large size of the IDSP, it is important to determine whether
the probe perturbs the plasma and whether it yields meaningful measurements.
A systematic empirical study, described in Appendix B, showed that the global
magnetic topology, plasma density, electron temperature, and global ion emission
were essentially unaffected by the probe, as long as 10-15 conditioning discharges
were fired before each day’s experiments. However, the total toroidal plasma current
in the layer is reduced by 20% (typical of shot-to-shot variation) when the IDSP

23Custom made by Fiberguide Industries, Stirling, NJ. Each bundle consists of 135 thermo-
coated jacketed fused silica fibers with core diameters of 200 pm.
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Figure 2.15: Schematic of the IDSP. The boron nitride housing is supported at the
end of a stainless steel shaft. Characteristic size, as shown, is 5 cm. The whole
probe can be moved in and out through a Wilson seal, and it can also be rotated.
This figure taken from [FIKSEL et al., 1998].
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Figure 2.16: Setup of the IDSP in MRX. The probe can be moved in the R direction
and rotated. A poloidal flux plot is superimposed onto the schematic to illustrate
the position and size of the probe compared to the reconnection region.

is placed at R = 37.5 cm compared to R = 52.5 cm. Based on this study, it is
concluded that the IDSP does not destroy the global reconnection dynamics and
that systematic studies of ion heating using this probe are still meaningful, as long

as the small effects of the probe are taken into account.

Spectrometer and imaging

The IDSP fiber optic ferrules are coupled, only one at a time due to hardware in-
compatibility, to the entrance slit of a 1.0 m spectrometer®! (2400 line/mm grating,
0.05 A resolution, f/8.7, wavelength range of 185-650 nm). The light output from
the spectrometer is imaged with an intensified CCD camera® (512 x 512 pixels, 16
bit per pixel), and the images are saved?® on a PC and subsequently transferred to
the PPPL UNIX cluster for analysis. The CCD intensifier is triggered and gated
using a digital delay/pulse generator.?” Gate widths are typically 10-20 us and

temporal scans are done on a multi-shot basis by advancing the trigger timing from

24McPherson model 2061

25Princeton Instruments ICCD-MAX

26ysing Princeton Instruments WinSpec 32 frame-grabbing software
27Stanford Research Systems DG-535
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Figure 2.17: CCD image of (left) He I 4713 A and (right) He IT 4686 A emission
lines (CCD gate opening t = 260 — 270 ps). The abscissa is proportional to
inverse wavelength, and the ordinate corresponds to the vertical position of the
spectrometer entrance slit.

shot to shot.

A typical image from a helium discharge is shown in Fig. 2.17. There are two
Doppler broadened and shifted emission lines in the figure: He I 4713 A on the left
and He IT 4686 A on the right. The abscissa represents frequency, or equivalently
inverse wavelength, of the collected light, and the ordinate is a spatial dimension
representing the vertical position along the spectrometer entrance slit at which each
individual fiber is placed. This spatial information is not utilized, however, since
the image is “binned” in the vertical direction in order to produce sufficient signal
level. Thus, in producing an intensity (photoelectrons) versus inverse wavelength
(in pixels) plot, as shown in Fig. 2.18, the 2-D data is summed in y at each pixel in x.
Each photoelectron which strikes the microchannel plate of the intensifier results in
14 CCD “counts” (for the chosen intensifier gain setting of 150) [LEVINTON, 1999].
Therefore, the number of counts recorded should be divided by 14 for the number of

photoelectrons collected. Invoking Poisson statistics, this means that the detection
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Figure 2.18: Photoelectrons versus CCD pixel number (representing inverse wave-
length) after adding the light in the vertical direction of the spectrometer slit. Error
bars represent the photoelectron detection error using Poisson statistics.
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Figure 2.19: Ne I emission lines from a discharge lamp: 4715.35 A, 4710.07 A,
4708.86 A, and 4704.40 A (from left to right). Corresponding pixel numbers are
shown on the plot. CCD pixel resolution is calculated to be 0.074 A /pixel.

error, shown as error bars in Fig. 2.18, is simply the square root of the number of

photoelectrons at each pixel.?®

In order to determine the full-width half maximum (FWHM) or Doppler shift
of the measured spectrum in A, a wavelength per pixel calibration is needed. This
is obtained using a neon discharge lamp. Figure 2.19 shows a plot of four Ne I lines
with known central wavelengths: 4715.35 A, 4710.07 A, 4708.86 A, and 4704.40 A
(from left to right). It can thus be determined that the CCD pixel resolution
is 0.074 A per pixel. Obviously, an absolute calibration between wavelength and
pixel number can also be obtained from Fig. 2.19. However, this procedure was
not repeated for the spectrometer setting used for real helium experiments because
an absolute calibration was not necessary for 7; and Vi measurements using the

IDSP. (Thus abscissa values in Figs. 2.17 and 2.18 are in pixel number rather than

28There is an issue of pixel-to-pixel correlation in the CCD which could increase the calibrated
number from 14 to 50 [TRINTCHOUK, 2000]. However, the only effect this could have is to increase
the line profile fitting error of T} from < 10% to approximately 15%, still smaller than the dominant
source of uncertainty which is shot-to-shot variation.
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wavelength.)

2.3.4 Data acquisition system

The data acquisition system consists of a desktop computer running National In-
struments LabVIEW? and five CAMAC crates containing more than 150 digitizer
channels of varying sampling times, dynamic range, and bit resolution (summarized
in Table 2.2). The CAMAC crates are each controlled by a LeCroy 8901A GPIB
interface. All the magnetic probe signals are first integrated electronically and then
digitized using LeCroy 2264 digitizers. Triple Langmuir probe and Mach probe sig-
nals are digitized using LeCroy 8210 digitizers. High frequency digitizers (LeCroy
8828B and Transiac T2001) are available for studying fluctuations or other quanti-
ties requiring better than 2 us time resolution. The digitized data are analyzed on
the PPPL UNIX cluster using IDL.3°

I Digitizer 2264 | 8210 | TR8828B T2001
Channels 8 4 1 1
Sampling time used 2 us 2 us 5 ns 10 ns
Bits 8 10 8 8
Dynamic range +256 mV | £5 V | £256 mV, £2.56 V | £256 mV
Resolution (mV /bit) 2 10 2, 20 2
Input impedance 50 1 MQ 50 50

Table 2.2: Specifications of the various digitizers used for data acquisition.

2Prior to July, 1999: Apple Power Macintosh 8100/100AV running LabVIEW 3.1; after July,
1999: Sun Sparc 10 (UNIX cluster: lupus.pppl.gov) running LabVIEW 4.1.

30Interactive Data Language from Research Systems, Inc., Boulder, CO; custom IDL routines
are located on the PPPL UNIX cluster at /mrxdata/idl/ and were developed over the past four
years by members of the MRX group.
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Chapter 3

Characterizing the Reconnection

Process

HOROUGH characterization of the reconnection process is necessary for

demonstrating cause and effect between reconnection and any ion heating.

It is also necessary for gaining insight into the particular heating mecha-

nisms. A substantial part of this dissertation research was devoted to characterizing
in detail the physics of the reconnection process in MRX.

In every plasma discharge, more than 135 independent magnetic probe signals as
well as triple Langmuir probe measurements of electron density and temperature in
the reconnection region are obtained, the experimental details of which are discussed
in Ch. 2. This chapter is concerned with analyzing the magnetic probe and triple
Langmuir probe data sets, calculating key physics quantities from the data sets, and
developing both a qualitative and quantitative understanding of the reconnection
process in MRX.

The chapter is organized as follows. The global magnetic field topology is con-
structed from the individual probe measurements and visualized using computer
graphics. Key signatures of reconnection are then easily identified by visualizing
the time evolution of the poloidal magnetic field vectors and contours of the poloidal
magnetic flux function. Next, high resolution 1-D plots of the reconnecting field are
shown, revealing sharp gradients. From these high-resolution measurements, the
current density profile and the thickness of the reconnection layer can be calculated
by fitting an analytic function to the reconnecting field profile. Basic quantities

such as the Alfvén speed, the classical resistivity, and the ion skin depth can be
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calculated using the magnetic probe and triple Langmuir probe data. Further de-
rived quantities such as the reconnection rate, the reconnection electric field, the
plasma resistivity, and the dissipated magnetic energy will then be presented. The

chapter concludes with a summary of MRX reconnection physics results.

3.1 Magnetic field topology

The clearest way of identifying reconnection is to observe a change in magnetic field
topology and the annihilation of magnetic flux. Experimentally, this is achieved by
visualizing the experimentally measured magnetic field data in 2-D plots.

As discussed in Sec. 2.3.1, the field reversal region is monitored by the 90-
channel probe array, which yields all three components of B at 30 spatial positions.
The data set is interpolated down to a grid size of 1 ¢m using the IDL library rou-
tine min_curve_surf. The interpolated Bz(Z, R,t) and Br(Z, R, t), which together
comprise the poloidal magnetic field Bp, are then illustrated in a 2-D vector plot
using the IDL library routine velovect. The 2-D toroidal field By profile can be
visualized easily as a contour plot or 3-D surface plot.

In Fig. 3.1, two vector plots are shown for null-helicity reconnection, represent-
ing two different situations in the experiment. The first is early in the discharge
sequence before a strong reconnection electric field is established. In this case, the
merging field lines form an X-point with a 90° separatrix, indicative of vacuum
reconnection in which (VXBp)y = 0Br/0Z — 0Bz/0R = ppje = 0. The second
is during the pull reconnection phase during which a field null region elongated in
the Z direction develops, a key indicator of reconnection due to the existence of
a large (VXBp)g ~ —0Bz/0R and therefore a large toroidal sheet current. From
the vector plot, the approximate half-length of the current sheet, L ~ 10 c¢m, can
be estimated. It should be emphasized that the vector plots shown in Fig. 3.1
represent the area covered by the 90-channel probe and are taken in one plasma
discharge.

Magnetic flux is an especially useful quantity in analyzing plasmas which satisfy
the ideal MHD approximation (S > 1, p; < L, Vi < ¢) because motion of magnetic
field lines can be envisioned to be “frozen-in” to the motion of the plasma and vice

versa. Therefore, calculating and displaying the poloidal magnetic flux function v
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Figure 3.1: Vector plots of the poloidal magnetic field (left) early during the dis-
charge when the field is vacuum-like and (right) later during the discharge when pull
reconnection is induced and a long narrow layer is formed (shot 3453, null-helicity).

can reveal much information about both the magnetic field topology and the global
plasma motion.

Experimentally, the poloidal flux function v is determined as follows,
R
W(Z,R,t) = / 21 R'By(Z, R, t)dR/, (3.1)
0

where axisymmetry 9/00 = 0 is invoked and 1 is defined to be zero at the ma-
chine axis (R = 0 cm). Contour plots of ¢ early in the discharge and during pull
reconnection are shown in Fig. 3.2. Magnetic field data from R = 6 — 24 cm is
taken with the 60-channel probe, and data from R = 28 — 44 cm is taken with
the 90-channel probe simultaneously. The field is uniform near the axis, and there-
fore the value at R = 6 cm is used for R < 6 cm. Because By data are known
only at the toroidal positions of the two magnetic probe arrays (which are situated
90° away from each other in #), the calculation of 1 relies upon the assumption of
toroidal symmetry. Since MRX is a toroidal device with good toroidal symmetry, it
is expected that the plasma should exhibit good global toroidal symmetry. Several

experimental observations confirm this expectation. First, rotating the 1-D probe
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Figure 3.2: Contour plots of the poloidal magnetic flux function ¢ (contour labels in
units of mWb): (left) early during the discharge when the field is vacuum-like and
(right) later during the discharge when pull reconnection is induced and a toroidal
current sheet is formed (shot 3453).

to a few different 6 positions shows Bz(R) profiles with similar magnitude at the
edge of the layer and similar null point R position (within a few percent). Second,
there is very good agreement between the vector plots (which do not invoke ax-
isymmetry) in Fig. 3.1 and the contour plots of ¢ (which do) in Fig. 3.2. Third,
radial scans of the 90-channel probe (within the same toroidal plane) over multiple
discharges yield virtually the same 1 contour plot, as shown in Sec. 3.7.1.
Calculations of ¢ are performed numerically using the IDL library routine
int_tabulated, which is based on a closed five-point Newton-Cotes formula.? It
must be emphasized that the By data used here are taken every 4 c¢cm in both
the R and Z directions and that the smoothness of the 1 plots on scales smaller
than 4 cm is a result of interpolating Bz(Z, R,t) spatially. The flux plots clearly
reveal the topology of the magnetic field, which is a vacuum-like X-point early in
the discharge and an elongated “double-Y” shaped region during pull reconnection,

which is similar to the idealized picture of the Sweet-Parker model. The narrow

!Therefore, unless otherwise noted, global toroidal symmetry, i.e. 9/96 = 0, will be assumed
in all subsequent sections of the dissertation.
2For details on the numerical scheme, see e.g. [BURDEN and FAIRES, 1993].
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reconnection layer persists for approximately 20-30 us, or roughly 15-20 Alfvén

transit times.

3.2 Thickness of the layer and current density
profile

The thickness of the reconnection layer 0 is an important parameter because it
is closely related to the physical processes which determine the reconnection rate,
such as resistive dissipation of the current sheet as well as the mass flow into and
out of the reconnection region. In the case of pull reconnection, the Bz component
undergoes reconnection and large gradients are expected in R. Local features with
spatial scales smaller than the 4 cm resolution of the 90 channel magnetic probe
array are studied with the 29 channel 1-D magnetic probe array, which has 0.5 cm
resolution in the reconnection region. The 1-D magnetic probe array is usually
placed at the midplane (Z = 0 c¢m), giving a high resolution radial profile of the
reconnecting field By (R) across the reconnection layer. The time evolution of By (R)
during pull reconnection is shown in Fig. 3.3. Note that the field-reversal region
is spanned by more than ten data points, ensuring that the profile measurement is

not limited by probe resolution.

It was noted that the Bz measurements could be fit very well to several ana-
lytic functions: arctangent, hyperbolic tangent, and error function, for which the
corresponding jy profile would be Lorentzian, hyperbolic secant squared, and Gaus-
sian, respectively. The fitting is a convenient and precise way to determine the peak
current density and sheet thickness . The different functions give virtually indistin-
guishable fitted By profiles, although the error function always has a slightly larger
reduced-x2.3 It was then noticed that the hyperbolic tangent profile corresponds to
the well-known and oft-quoted collisionless current sheet model of [HARRIS, 1962],
despite significant physical differences between the MRX current sheet and the

assumptions of the model. This problem is addressed separately in Sec. 3.7.3.

The close agreement between the data and Harris’ solution led to the routine

3See e.g. [BEVINGTON and ROBINSON, 1992].
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Figure 3.3: Time evolution of (top) reconnecting field By profile and (bottom)
current density jg taken from a single plasma discharge. Measured data points are
represented by squares, and solid lines are from the fitting functions. Error bars
for By represent the measurement error of the magnetic probe system. This figure
is to be published in [YAMADA et al., 2000).

use of the hyperbolic tangent as a fitting function for Bz(R),

R—-R
By (R) = ap + a1 R + ay tanh ( 5 0) , (3.2)

where ag and a; are determined from the EF and initial quadrupole fields, is fit to
the By(R) data using the IDL library routine curvefit. The field at the “knee”
determines as and is also used to define the upstream Alfvén speed V. For elon-

gated layers in the Z direction, the toroidal current density jy can be deduced from
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Ampere’s law,

. 1 (0Bgr 0By 1 0By
=— ==~ ——— 3.3
yielding
jo(R) = josech” (R _(SRO) : (3.4)

The factor a; does not appear in Eq. (3.4) because it is cancelled exactly by 0 Br/0Z
of the background quadrupole field. The profile of jy(R) is illustrated in the bottom
row of Fig. 3.3, from which the peak current density can also be determined. From
Egs. (3.2) and (3.4), ¢ is determined precisely. It should be mentioned that although
the three different fit functions give virtually indistinguishable By profiles, the
derived values of peak jy and ¢ can be different by as much as 30%. This uncertainty
may be considered an upper bound in the measurement uncertainty of ¢ and jo,
which are used in calculating other quantities and interpreting reconnection models,

to be discussed in the following sections.

3.3 Electron density and temperature profiles

Electron density n. and temperature 7T, are measured by a triple Langmuir probe
which is scanned spatially to yield profiles in R and Z. In general, both n. and
T, rise rapidly early in the formation sequence and then stay roughly constant
during the reconnection phase. Spatially, both n, and T, are peaked radially near
the reconnection layer, as shown in the third and fourth rows of Fig. (3.4), but
are roughly uniform along the Z direction. The radial profiles of n, and 7. are
generally asymmetric about the peak of the current sheet, higher for R > 40 cm
than for R < 35 cm. This feature is consistent with the existence of a stationary
pressure balance, p+ B?/2py = constant, since B? is slightly smaller on the outside
compared to the inside. The establishment of pressure balance is discussed further
in Sec. 3.7.3

Using the measured By, ne, and T. in Fig. (3.4) (shown for null-helicity re-

connection), other critical quantities can be calculated, such as the Alfvén speed
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Figure 3.4: Radial profiles of (from top to bottom) By, js (or jr for toroidal),
ne, and T, in null-helicity hydrogen discharges. The solid line in the By graph is
the fitted tanh function, and the jr (or jy) plot is the derivative of tanh, or sech?.
Error bars represent one standard deviation of the statistical spread among multiple
plasma discharges.
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Vi &~ 6.5 x 10° cm/s (using B = 300 Gauss and n. = 10" ¢cm™3), the classical
Spitzer resistivity? [SPITZER, 1962] n, ~ 5 x 107> Qm = 5.6 x 10715 s in Gaussian
units (using 7., = 8 V), and the Lundquist number S = gLV, /n. =~ 163 (using
L = 10 cm). Also, the ion skin depth ¢/wp;, which has been shown in two-fluid
theory and simulations [SHAY et al., 1998] to be the relevant length scale for the

thickness of the reconnection layer, is determined to be approximately 2.3 cm.

In general, electron temperature is consistently higher by up to a factor of two
in helium discharges (T, ~ 15-20 eV) compared to hydrogen discharges (T, ~ 8-
10 eV). The discrepancy exists for the same discharge voltage. This difference is
not understood at present but could be related to one or more of the following (all
speculations): (1) different ionization process due to higher ionization potential
of He and necessity of breaking diatomic Ha, (2) lower plasma density in He dis-
charges, which translates to higher temperature for given pressure, (3) faster energy
exchange in H, and (4) different proportion of heating to electrons versus ions due
to reconnection depending on ion mass. The difference in 7T, between H and He
discharges contributes to important plasma parameter differences, as shown in Ta-
ble 2.1. The differences between hydrogen and helium discharges warrant detailed

further investigation.

3.4 Reconnection rate

The reconnection rate is traditionally defined as a normalized quantity Vi,/Va,
where Vi, is the inflow speed of both the plasma and the “frozen-in” magnetic
flux toward the reconnection layer. The Alfvén speed is known from the magnetic
field and density measurements, as discussed in the prior sections, and Vi, can be
deduced by invoking the flux-freezing condition,?

dy _ Oy

=0 V= (3.5)

4The relevant resistivity, perpendicular or parallel, depends on whether reconnection is co-
helicity or null-helicity. This is discussed in 3.5.
°See e.g. [FREIDBERG, 1987].
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Figure 3.5: Radial profiles of reconnection speed Vi at Z = 0 cm determined from
motion of frozen-in magnetic flux (solid line) and from Mach probe measurements
(square data points) averaged over the duration of pull reconnection (t = 260-
280 us).

In regions where the MHD criteria are satisfied, Vi, (= Vi for pull reconnection)

can be deduced from Eq. (3.5) using the experimental values for ¢/(Z, R, t),

iz (2)(2)"

where axisymmetry and 0v/0Z ~ 0 are used; the latter can be verified easily from
the ¢ data. This is essentially the radial £ x B drift speed. The derivatives are
performed using the IDL library routine deriv. The radial profile of the resulting
Vk(R) at the midplane (Z = 0 cm) is shown in Fig. 3.5 (solid line), showing that

the fluid plasma and magnetic flux are being brought toward the reconnection

: (3.6)

(Z,Rt)

region at speeds on the order of 0.1V4. The calculation of Vi diverges at the
layer since 01)/OR — 0 there; in the figure the divergent points are not shown

and instead replaced by interpolated data. This result is independently verified by
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direct measurements of Vg using a Mach probe, also shown in Fig. 3.5.5

The scaling of reconnection rate with S can be studied in detail, and one of
the primary MRX results to-date is the verification of a generalized Sweet-Parker
model [J1 et al., 1998; J1 et al., 1999] which includes the effects of non-classical
resistivity, downstream pressure, and finite plasma compressibility. This result is

discussed in more detail in Sec. 3.7.2

3.5 Plasma resistivity

The physical effects that dominate in determining the plasma resistivity are really
at the heart of the reconnection problem, which can be thought of in the follow-
ing simple manner. Destruction of magnetic flux (e.g. by the forcing together of
two coronal flux tubes by footpoint motions in the photosphere) induces a self-
consistent electric field and current sheet in the plasma. However, the current
is limited because the current-carrying particles can be scattered by collisions or
wave fields, or they can leave the reconnection region due to inertial effects. These
processes dissipate the current and can heat the plasma, in effect converting field
energy to plasma kinetic energy. In MRX, the effective plasma resistivity n* has
been observed to be as large as ten times the classical Spitzer value g, in the more
collisionless regimes of null-helicity discharges, as shown in Fig. 3.6. Collisionality is
characterized by the electron Coulomb mean free path Ang, divided by the current
sheet thickness . The measured resistivity * and the classical value 7g, are shown
as a function of density in Fig. 3.7, indicating that lower densities correlate with
higher n*. Collisions with neutrals are estimated to be unimportant, and a more
detailed assessment of this effect is the subject of current MRX research. As men-
tioned in the previous section, a generalized Sweet-Parker model using n* instead
of ns,, is consistent with the measured reconnection rate in MRX [J1 et al., 1998; J1
et al., 1999]. The problem then turns to the source of the resistivity enhancement,
which is also likely to be closely related to the observed ion heating reported in the
next chapter.

In order to determine the plasma resistivity experimentally, consider the toroidal

6The asymmetry of Vg about zero can be attributed to the slight motion (=~ 2 km/s) of the
entire reconnection sheet toward the axis of symmetry (due to the force of the equilibrium field).
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N/

Figure 3.6: Ratio of measured resistivity to classical resistivity, n*/nsp, versus an
inverse collisionality factor, Amgp/d, for null-helicity reconnection in hydrogen dis-
charges. Resistivity enhancement rises as plasma becomes more collisionless. Figure
first appeared in [J1 et al., 1998].

component of the simple Ohm’s law,
Eo + (BrVz — Vo Bz) = njo. (3.7)

In resistive MHD, 7 is the classical Spitzer value [SPITZER, 1962] due to Coulomb
collisions. At the center of the reconnection region, where both the second and
third terms on the LHS vanish, Eq. (3.7) simplifies to

- (3.8)

Ui
This is a convenient expression since it is not necessary to consider the flow ve-
locities, which are more difficult to determine precisely. Outside the reconnection
region, jy is small and Fjy is balanced by the V' x B term. The toroidal electric field
Ey is determined using Faraday’s law (and invoking axisymmetry),
1 oy

By=——2" 9
o 2rR Ot (3.9)
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Figure 3.7: Measured and classical resistivities versus density for hydrogen, null-
helicity discharges.

where the poloidal flux v is differentiated numerically again using the IDL library
routine deriv. The current density is determined using Eq. (3.4). It should be
noted that Eq. (3.9) gives only the inductive electric field. However, since the
geometry is toroidal, the electrostatic Ey should be zero over 6, meaning Eq. (3.9)

gives the correct average total electric field.

Each term of Eq. (3.8) can be plotted as a function of R, as shown in Fig. 3.8 for
null-helicity reconnection. The BrVyz term in Eq. (3.7) is negligible since Bgr < By,
for the pull reconnection geometry [see Fig. 3.1(right)]. Outside the reconnection
layer FEjy is indeed balanced by —VgByz. However, using Eq. (3.8) and the known
values of Ey and jp in the center of the reconnection region, it is seen that n} =
Ey/jo ~ 2n, in this discharge (shot 3444), leading to a factor of two discrepancy in
the simple Ohm’s law inside the layer. The perpendicular classical resistivity n, is
the relevant quantity for comparison in null-helicity reconnection since the current
in this case is perpendicular to the field.” The resistivity enhancement in co-helicity

hydrogen discharges is generally about 2, almost within error bar of being classical.

Although 77} is not a rigorous determination of the true plasma resistivity (be-

cause the true plasma resistivity need not be a scalar relationship between Fjy and

TA detailed calculation including profile effects is given in [KULSRUD, 1997].
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Figure 3.8: Radial profile of the terms in the simple Ohm’s law (shot 3444, ¢ =
266 us), showing that classical resistivity is a factor of two too small to account for
the measured Fy and jp inside the current sheet. The relative errors in the curves
are about 10%, mostly due to error propagation of measurement uncertainty in By.

Jo), it still in some sense represents an “effective” plasma resistivity. Equation (3.7)
is valid only for resistive MHD with ns,, and wave-particle interactions and par-
ticle inertial effects are not included in Eq. (3.7). The effective resistivity n* is a
good indicator of the nature of the dominant physics in the reconnection region,

i.e. classical Coulomb processes versus non-classical dissipation mechanisms.

3.6 Magnetic energy dissipation

The first step to understanding the energy conversion process is to determine how
much magnetic energy is dissipated due to reconnection. This can be understood

through Poynting’s theorem,

LvExp) =2 () gy (3.10)
Ho ot b .
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in which the displacement current term is neglected. The LHS is the Poynting flux,
which represents the energy per unit volume carried by the magnetic field into the
reconnection region plus the work done per unit volume by the incoming magnetic
flux. The first term on the RHS represents the build-up or decay of magnetic field
energy density, and the second term is the power dissipation per unit volume due
to reconnection. The E-j term is the total power per unit volume available due to
reconnection to accelerate and heat plasma particles.

The inductive electric field associated with the incoming magnetic flux is bal-
anced by a relative drift between ions and electrons, V; — V., = j/ne. However,
classical (such as Coulomb collisions) and non-classical (such as wave-particle in-
teractions or inertial effects) remove momentum from the ions and electrons, dissi-
pating the current and also possibly thermalizing the particles accelerated by the
electric field. Thus the E-j term represents the work done per unit time and vol-
ume by the reconnection electric field in sustaining the current, i.e. magnetic field
energy is effectively converted to particle kinetic energy.

Taking the dot product of Ohm’s law, E + vxXB = nj, with j and using a
vector identity, it can be seen that the dissipated magnetic energy consists of two

components,
E-j =nj° + v-(jxB). (3.11)

The LHS is the total available power density due to reconnection. The first term on
the RHS is power dissipation in the current sheet, or Ohmic heating in the classical
picture. The second term on the RHS is acceleration due to magnetic field pressure
and tension, as well as the work done by the magnetic field. Thus, energy conversion
due to reconnection can be distributed between the two components. In the Sweet-
Parker model, ions can be accelerated due to pressure buildup and field line tension
(which was actually neglected in the model) in the layer, and then thermalize due
to viscosity. There are also many possible mechanisms for ion heating not included
in the MHD description. Already mentioned was simple particle acceleration in the
current sheet followed by classical or non-classical collisions. Another mechanism is
the acceleration and subsequent mixing of incoming ions due to ambipolar electric
fields arising from two-fluid effects [SHAY et al., 1998].

The total energy released due to reconnection in volume V' and from time t; — t,
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can be calculated as follows:

to to
Wiee = / / Ejd*Vdt ~ / / Eyjo d°Vdt. (3.12)
t1 JV i1 1%

Since accurate measurement of jy for narrow current sheets (null-helicity) requires
the 0.5 cm spatial resolution of the 1-D probe, which is normally situated at Z =
0 cm, the determination of Wi.. for null-helicity reconnection is limited also to
Z = 0 cm. However, as evident from the contour plots of ¢, variation in the Z
direction between Z = +5 cm is small, and therefore W, is not strongly dependent
on Z. The reconnected field energy Wi, can be compared to the average plasma flow
and thermal energies in order to create a detailed energy budget of the reconnection

process, as presented in Ch. 4.

3.7 Highlight of MRX physics results

Based on the experimental measurements and analysis techniques described in pre-
vious sections, several reconnection physics topics have been addressed on MRX
over the past four years. This section will summarize these results, which all either
have been published or have been submitted for publication. This section is not
meant to be comprehensive or exhaustive, as it is not the central topic of the disser-
tation. However, these results aid the interpretation of ion heating and acceleration

measurements, and thus the inclusion of this summary is appropriate.

3.7.1 Structure of the reconnection region

The results in this sub-section appear in [YAMADA et al., 1997b]. Prior to this work,
the detailed structure of the reconnection layer had not been studied experimentally
in plasma in which the MHD approximation was valid globally. This study focused
particularly on the effects of an out-of-plane, toroidal magnetic field By on both
qualitative and quantitative features of the reconnection layer. A prime motivation
for this study was the fact that many influential theoretical reconnection models are
2-D and do not include the effects of an out-of-plane field. Therefore, experimen-
tal results are important for determining the applicability of such models to real

reconnection events, which generally feature three-component field reconnection.
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Figure 3.9: Contour plots of the poloidal flux function 1 for (a) null-helicity and
(b) co-helicity reconnection, showing a clear qualitative difference in the shapes of
the reconnection regions. This figure appeared in [YAMADA et al., 1997b].



66 Chapter 3. Characterizing the Reconnection Process

Using the 90-channel magnetic probe array, the time evolution of the global
magnetic field topology was characterized in detail for both null-helicity (no Bp)
and co-helicity (finite By) reconnection. All three components of B were measured
in one R-Z plane by scanning the 90-channel probe in R over multiple shots. The
poloidal flux ¢ was calculated (see Sec. 3.1) for both cases. Contour plots of ¥, as
shown in Fig. 3.9, concisely illustrate the key findings of these experiments.

The shape of the reconnection layer (or diffusion region) is seen to depend
markedly on the presence of By. The classical “double-Y” shape, as postulated
by Sweet and Parker, appears in null-helicity reconnection. In this case, the half-
thickness § of the layer narrows to 1 or 2 cm, which is on the order of p; (defined at
the “knee” of the field profile) and also equivalently ¢/wp; (defined at the center of
the reconnection layer).® In contrast, a much thicker layer with an O-point appears
in the co-helicity case, eventually growing into a spheromak configuration. Also, it
was found that the reconnection speed (at which plasma and magnetic flux enter
the reconnection region) was up to three times faster in the null-helicity case than
the co-helicity case, confirming a similar finding in merging spheromak experiments
reported in [YAMADA et al., 1990b].

The differences between null-helicity and co-helicity reconnection described above
are consistent with the effects introduced by finite By. First, the toroidal field pres-
sure in the co-helicity makes the plasma effectively less compressible. This in part
explains why 0 is much smaller for null-helicity reconnection, in which the plasma is
quite compressible. The incompressibility of the plasma in co-helicity reconnection
also slows down the inflow of plasma and frozen-in flux, which piles up outside the
reconnection layer. This is evident by comparing the density of contour lines in
Fig. 3.9 for the two cases. Furthermore, the presence of By introduces an absolute
minimum-B configuration, in which case the current channel is stabilized, allowing
the O-point to grow to a macroscopic scale size. The presence of the O-point for
co-helicity reconnection and the absence of the O-point for null-helicity reconnec-
tion both have been reproduced in an MHD simulation [WATANABE et al., 1999]
and the results interpreted using a Taylor state [TAYLOR, 1974; TAYLOR, 1986]

analysis.

8This equivalence results from the plasma having a 8* of unity, where 3* is defined as the
plasma thermal pressure in the reconnection layer divided by the magnetic field pressure at the
edge of the layer.
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These findings share some common features with the interaction of the solar
wind with the Earth’s magnetosphere. Space satellite observations at the day-
side magnetopause show that solar winds with southward magnetic field recon-
nect faster with the Earth’s (northward) dipolar field than do northward magnetic
fields.” These two situations are somewhat analogous to null-helicity and co-helicity

reconnection in MRX, respectively.

It is clear that the third field component introduces important effects in the
reconnection process. More subtle consequences, however, still need to be stud-
ied. One key example is the fact that the reconnection current is a combination
of parallel and perpendicular current in the co-helicity case, while it is entirely
perpendicular in the null-helicity case. This could have ramifications in the micro-
physics inside the layer, which determines the plasma resistivity and ultimately the
reconnection rate and plasma heating mechanisms. In fact, as will be shown in
Ch. 4, null-helicity and co-helicity reconnection result in significantly different ion

temperatures.

3.7.2 Verification of a generalized Sweet-Parker model

The results in this sub-section appear in [J1 et al., 1998; J1 et al., 1999]. For forty
years, the seminal MHD reconnection model of Sweet [SWEET, 1958] and Parker
[PARKER, 1957] has, on the one hand, been the foundation for countless reconnec-
tion theories and, on the other hand, been dismissed for predicting a reconnection
rate believed to be orders of magnitude too slow to explain solar flare energy release.
In all this time, the details and applicability of the model had not been studied

experimentally, which motivated the work described here.

The Sweet-Parker model is a 2-D, steady-state, incompressible fluid theory for
reconnection. The reconnection geometry is postulated to consist of an outer re-
gion, in which ideal MHD is valid and magnetic flux is frozen into the plasma fluid,
and a rectangular reconnection region, in which ideal MHD breaks down and resis-
tive diffusion becomes important. Using the continuity equation and force balance

along and across the reconnection layer, it is straightforward to derive a normalized

9For a list of references, see [KIVELSON and RUSSELL, 1995].
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reconnection rate of

Viee [ 7 1
= = . 3.13
Va woLlVa — /S (3.13)

The derivation assumes equal plasma pressures in the upstream and downstream
regions. If the Spitzer value is used for 1, then typical values for S are 10'° or
higher in solar and space plasmas, yielding unacceptably slow reconnection rates.
Due to the discrepancy, the Sweet-Parker model, although generally considered to
be a useful framework for reconnection, was considered to be incorrect for realistic
reconnection scenarios, and attention turned to other models, such as Petschek’s
slow shock model [PETSCHEK, 1963], which yield faster reconnection rates. How-
ever, MRX experimental results suggest that the Sweet-Parker model may yet be

applicable to reconnection in nature.

Since all the necessary parameters are measured in MRX, and a quasi 2-D and
steady-state reconnection layer can be generated, as shown in the previous sub-
section, the Sweet-Parker model could be tested experimentally for the first time.
A straightforward application of Eq. (3.13) showed that the measured normalized
reconnection rate did not scale with 1/4/S. The next step was to check the as-
sumptions in the Sweet-Parker model one by one. First, and most importantly, it
was found that the effective plasma resistivity, n* = Ey/jg, was enhanced over the
appropriate Spitzer value ng, (= 1. for null-helicity and 7 for co-helicity) by up
to a factor of ten for cases where Ay /0 > 1, usually in null-helicity discharges
with low initial gas pressure. Second, the plasma was compressible in null-helicity
discharges, allowing a higher inflow speed since mass could be accumulated in the
reconnection layer during the time of interest. Third, the downstream plasma pres-
sure was higher than the upstream pressure, reducing the outflow speed and altering
the force balance along the layer. Including these three effects, a new generalized

reconnection rate, analogous to Eq. (3.13) can be derived:

Viee * 1+ Ln/nVey 1
_ L Li/nVow , (3.14)
Va poLVa  Va/Vour Seff

where Vot is the downstream plasma outflow speed. The measured Vie./Va for

both null-helicity and co-helicity reconnection fit very well to Eq. (3.14), as shown
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in Fig. 3.10. The excellent agreement suggests that this generalized Sweet-Parker
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Figure 3.10: Normalized reconnection rate versus generalized Sweet-Parker model
parameter Se_ﬂl/ 2,

model, which takes into account enhanced (non-classical) resistivity, plasma com-
pressibility, and finite downstream pressure, may be applicable to quasi 2-D, steady-

state reconnection events in nature.

A possible interpretation of these results is that the basic Sweet-Parker formu-
lation is not incorrect, but rather it is the assumption of classical resistivity which
is inapplicable. In reality, non-classical effects can enhance the resistivity and make
Seg many orders of magnitude smaller than S, perhaps leading to fast enough re-
connection rates to explain solar flares. The logical next step is to study what
mechanisms determine the enhanced, non-classical resistivity in MRX and how the

resistivity scales in even more collisionless regimes (higher 5).
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3.7.3 Measurement of a Harris-like neutral sheet profile

These results have been submitted for publication in [YAMADA et al., 2000]. An oft-
used equilibrium model for studying the reconnection layer (or “neutral sheet”),'°
especially in numerical simulations, is a collisionless current sheet model known as
the “Harris sheet” [HARRIS, 1962]. Detailed field and pressure profile measurements
on MRX agree remarkably well with the Harris profiles, despite the fact that the
Harris theory does not include reconnection since there is no dissipation. In the
present work, the Harris theory is modified slightly to account for T} # T, and the

modified sheet thickness § is seen to agree with the data.

The Harris collisionless current sheet, generalized to include T} # T, is analyzed
by solving the 1-D, steady-state Vlasov-Maxwell system of equations. The particle

distribution function is

()" { e o VI l) eV )],

2T T
(3.15)

where T' = T, (T3}) is the electron (ion) temperature and V' =V, (V}) is the electron
(ion) drift speed in the current direction y. Since the argument of the exponential
can be written as (=W +p,V —mV?/2)/T, then f is a function of the constants of
the motion and therefore a solution of the Vlasov equation. Harris realized that this
shifted Maxwellian is the most natural solution. Here, Harris” assumptions T, = T}
and Vi = —V, have been relaxed. Substituting Eq. (3.15) into the Vlasov-Maxwell

system results in the Harris profile solutions:

B. = —Bytanh (%) (3.16)
Jy = % sech? (%) (3.17)
p = no(T.+T;) sech’ <%) : (3.18)

10«Neutral” refers to magnetically neutral, where the magnitude of the field goes to zero, as in
null-helicity discharges in MRX.
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where B2 /(2110) = no(T. + T;). The current sheet thickness § is given by

2 Te ﬂ i 2 S
P (Ze + Ti)/m :iﬂ’ (3.19)
Wi ‘/1 — ‘/e Whpi ‘/dr

where V, = \/m and Vg, = Vi — V4 is the relative drift between ions and
electrons. The original Harris solution can be recovered by setting T, = 7} = T" and
Vi= -V, =V in Eq. (3.19) to yield 6 = (c/wpi)(~/T/mi/V).

The solutions in Eqs. (3.16)—(3.19) are compared to the experimental data.
Radial profiles of the magnetic field, current density, and plasma pressure across
the neutral sheet are shown in Fig. 3.11. The 7} component of the plasma pressure is
estimated from global Doppler spectroscopy to be roughly twice to three times the
T, component. Note the excellent agreement between By data and the hyperbolic

tangent fit function. The current sheet thickness § is seen to scale with c¢/wpy;
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Figure 3.11: Radial profiles of By, plasma pressure n(7,+17;), and the sum of plasma
and magnetic pressures. lon temperature is estimated from global Doppler spec-
troscopy. Pressure balance is maintained during the main part of pull reconnection.
This figure is to appear in [YAMADA et al., 2000].
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and to agree well with the prediction of the modified Harris theory, as shown in

Fig. 3.12. The scaling of § with ¢/wy; may be suggestive of two-fluid effects becoming
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Figure 3.12: The sheet thickness ¢ scales with ¢/wy,; and agrees with the predicted
thickness of the modified Harris solution, Eq. (3.19). This figure is to appear in
[YAMADA et al., 2000].

important, which has been demonstrated in a simulation [SHAY et al., 1998].

As suggested earlier, the agreement between experiment and theory in this case
might be considered suprising since the Harris theory does not include the effects
of reconnection. However, upon further examination, this may not be surprising.
In realistic reconnection current sheets, the dissipation which leads to steady-state
reconnection is exactly balanced by energy supplied by the incoming field. As long

as the equilibrium across the layer can be maintained, then the Harris solution
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can still be an applicable solution. Pressure balance is seen to exist during pull
reconnection in the third row of Fig. 3.11. Because the shifted Maxwellian velocity
distribution used in Harris’ theory satisfies the full Fokker-Planck equation, it also
appears to be the natural state for a steady-state reconnecting plasma.

However, deviations from the Harris model still exist. Measured floating poten-
tial radial profiles suggest a plasma potential which decreases monotonically from
V =~ 0 V (machine ground) at R = 30 cm to V =~ —100 V at R = 45 cm (see
Sec. 4.2.2), in contrast to the Harris solution. The measured potential would give
rise to a radial electric field and consequently an E x B rotation that could modify
the expected diamagnetic toroidal drift speeds V; and V.. This point is discussed

further in Sec. 4.2.2 and is also currently under further investigation.

3.8 Summary

In this chapter, the experimental characterization of the reconnection process in
MRX was given a thorough treatment. From raw magnetic probe data sets, the
formation and evolution of the global magnetic topology could be visualized, and
details about the structure and characteristic length scales of well-characterized re-
connection layer were resolved for the first time. Together with the triple Langmuir
probe data, a detailed quantitative understanding of the reconnection process in
MRX was developed, including investigations of the reconnection rate and how it
scales with Seg, the non-classical nature of the plasma resistivity, and the initally
surprising agreement of the current sheet profile with the oft-quoted Harris model.
Now armed with the capability to produce and thoroughly diagnose the reconnec-
tion process, the study of ion heating and acceleration due to reconnection becomes

a possibility.
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Chapter 4

Ion Heating and Acceleration

During Reconnection

ON TEMPERATURE AND FLOW measurements during reconnection are pre-
sented in this chapter. Conversion of magnetic field energy to ion kinetic and
thermal energy via reconnection is invoked frequently but not often character-

ized in detail, largely due to the limited accessibility of such events in both naturally
occurring and laboratory plasmas. The process is often considered as a “black box,”
in which the input parameters are, for example, hints of magnetic nulls (such as
sunspot groups) or measurable magnetic fluctuations (as in RFP’s), and the out-
put parameters are energetic particle beams or enhanced global ion heating. The
details of the black box, however, are fundamental to basic plasma physics since
reconnection is a virtually unavoidable process in any magnetized plasma. Because
local reconnection changes global magnetic field topology, previously distinct regions
of plasma can mix. A good example of this is the interaction of the solar wind with
the Earth’s magnetoshere, in which reconnection along the day-side magnetopause
and the polar cusp regions allows solar wind plasma to penetrate into the magneto-
spheric cavity. Detailed understanding of the magnetic energy conversion process
could also be the first step toward eventual creative application of such under-
standing to areas like alternative concept fusion or even minimization and control
of confinement-degrading processes in tokamak plasmas, e.g. [VON GOELER et al.,
1974).

The goal of the work presented in this chapter is to examine ion heating and

acceleration during reconnection in detail by measuring basic quantities needed to

75
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develop physical understanding. With the aid of a unique laboratory experiment in
MRX, it becomes possible to capture cleanly one possible scenario of what recon-
nection does to a real plasma when magnetic flux is destroyed. Important questions
to address include: (1) whether ions are heated, (2) whether energetic flows develop,
(3) what fraction of the dissipated magnetic energy is converted to ion energy, and
(4) what is the nature of the energy conversion mechanism(s). Because the time
scale of the reconnection process in the experiment (/ 30 ps) is much shorter than
the characteristic electron-ion energy equilibration time (~ 400 ps), any ion heat-
ing is completely isolated from classical ion-electron interactions, leading to easier
interpretation of the data. In light of the above statement, really the only available
classical ion heating mechanism due to reconnection on such short time scales would
be viscous heating by ion flows which may develop due to reconnection. Other pos-
sibilities would involve non-classical mechanisms such as wave-particle interactions

or collisionless inertial effects.

Until this work, local ion temperature had not been measured in conjunction
with a well-characterized reconnection event. Thus, the measurements presented in
this chapter represent an important contribution to the problem. The 7} measure-
ments were rigorous in that they were (1) a direct measurement of the majority
plasma ion Tj, (2) spatially localized, and (3) temporally resolved. All three require-
ments were satisfied by using a novel, spectroscopy probe (the IDSP, described in
Sec. 2.3.3) and a gated-CCD camera in pure helium discharges. Use of the IDSP
and gated-CCD camera ensured spatial (5 cm) and temporal (10 ps) resolution,
and use of helium discharges gave Doppler broadened spectra of the majority ions
(singly ionized He I 4686 A) Details of the Doppler broadening analysis is given in
Appendix C. It is important to note that all the data presented in this chapter are
from helium discharges with the following typical parameters: n. ~ 5 x 103 cm=3
and T, ~ 15 eV in the reconnection layer, and Bz ~ 250 G at the edge of the layer,

all of which remain fairly constant in time during the main pull reconnection phase.

This chapter is organized as follows. Section 4.1 presents ion temperature mea-
surements which show a rise in 7; that is linked to reconnection, both in the sense
that the 7; rise is observed only when reconnection is driven, and that the strongest
rise in 7} is spatially localized near the reconnection layer. Section 4.2 presents mea-

surements of both downstream and toroidal ion flow Vj, showing that flows which
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develop in either direction are sub-Alfvénic in magnitude. Viscous heating is esti-
mated to be small. Section 4.3 gives a budget for the energy conversion process,
showing that more than half of the reconnected field energy is converted to ion ther-
mal energy, and that the conversion is predominantly due to non-classical mecha-
nisms. Section 4.4 discusses the relationship between resistivity enhancement with
ion heating, and Sec. 4.5 describes some plausible ion heating mechanisms. The

chapter concludes with a summary.

4.1 Identification of ion heating

The first step of the investigation was to determine (1) whether a rise in 7} was
indeed observable and (2) whether any observed rise in 7; could be causally linked to
the reconnection process in convincing fashion. This section reports experimental

results which answer the two questions above simultaneously and affirmatively.

4.1.1 Time evolution of ion temperature

If ions are heated predominantly by the reconnection process, one might expect T}
to increase with time in the reconnection layer when reconnection is driven and
T; to remain constant when reconnection is not driven, provided that all other
controllable parameters are unchanged.!

With the IDSP situated in the center of the reconnection region (R = 35 —
40 cm and Z = —2.5 — 2.5 c¢m), as shown in Fig. 2.16, 7} as a function of time
was obtained for four cases: with and without reconnection (defined below) for
both null-helicity and co-helicity discharges. Reconnection (pull mode) is driven
when the PF current, as shown in Fig. 2.3, is allowed to ramp down after reaching
its peak, which induces the requisite Fy in the plasma from ¢ ~ 250 — 280 us,.
To suppress reconnection, the PF circuit is shorted out (crowbarred) at the ap-
proximate time of peak current? so that the current decays away over hundreds

of microseconds and the induced FEj is much smaller. For more details regarding

Tt should be mentioned, however, that failure to observe a rise in 7} does not preclude ion
heating because the observed T; also depends on the rate of ion heat loss from the volume being
sampled.

2The PF crowbar time settings were ¢ = 220 us for null-helicity and ¢ = 200 us for co-helicity.
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plasma formation and control, see Sec. 2.2. All other controllable parameters, such
as capacitor bank voltage and initial gas pressure, were kept constant.> The T}
time scan is accomplished by advancing the gate trigger timing for the CCD cam-
era over multiple plasma discharges. The duration over which the CCD gate is

open is typically 10 ps.*

Null-helicity

A substantial rise in 7} in the center of the reconnection layer, from approximately 6
to 17 eV, is observed when reconnection is driven, and no rise in 7} is observed when
reconnection is not driven, as shown in Fig. 4.1(top) for null-helicity reconnection.’
The rise in 7T; is strongly correlated with the magnetic energy dissipation rate, as
represented by the value of Fyjy in the center of the reconnection layer, shown in
Fig. 4.1(middle). For the case in which no reconnection is driven, the dissipation
rate is down by a factor of ten, consistent with 7} remaining constant. Taking the
time integral of Ejyjy gives the dissipated magnetic energy per unit volume at the
center of the reconnection layer, as shown in Fig. 4.1(bottom). Note the remarkable
agreement in the time evolution of 7} and the dissipated magnetic energy for both
cases, but especially for the case with reconnection. These observations are highly
suggestive of reconnection being the ion heating mechanism.

The time evolution of T, is interesting, as shown in Fig. 4.1(top). The T,
is already at 15 eV early in the discharge, likely due to Ohmic heating during
plasma formation as well as the push reconnection phase before t ~ 245 us in
which toroidal field is reconnected. The time evolution of T starts to diverge around
t =~ 250 us for the two cases of with and without reconnection. It might appear
surprising at first that T, decreases when reconnection is driven and stays constant
when reconnection is not driven. However, there are a few possibilities which may
explain this observation. First, when reconnection is driven, the reconnection layer

is pushed toward smaller values of R, which means that the center of the layer

3QOperation conditions: TF/PF bank voltages = 13/11 kV, fill pressure: 6 mT, helium gas

41t is increased to 20 us near the start and end of the time scans due to limited plasma light.

5The initial T} ~ 3-5 eV before ¢t ~ 245 us for both cases is believed to result from reconnection
associated with current ramp-up and plasma formation. In Fig. 4.1(top), error bars in the ordinate
represent standard deviations in an ensemble of 7} measurements (5-10 discharges), and error bars
in the abscissa represent the CCD gate time.
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Figure 4.1: Time evolution of (top) 7 and T, (middle) local heating rate FEjyjy,
and (bottom) dissipated magnetic energy f2t40“s(E9j9)dt’ per unit volume, all in
the center of the reconnection layer for null-helicity discharges (IDSP located at
R =375 cm and Z = 0 cm). The rise in 7; is clearly linked to magnetic energy
dissipation associated with reconnection.
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with highest T, can sweep past the stationary triple Langmuir probe. Second, the
electron confinement characteristics of the two cases may be very different; this
needs further investigation. Finally, the most interesting possibility is that electron
energy can be converted to ion energy via non-classical processes which arise only
when pull reconnection is driven. This is only speculation, but such a process would

be consistent with the T, measurements.

A direct ion heating mechanism must be operative if reconnection is in fact
responsible for the ion heating. “Direct” means that dissipated field energy is con-
verted to ion energy without the need for classical energy exchange with electrons.
In these helium discharges, ions cannot be heated classically by the electrons be-
cause the ion-electron energy equipartition time is 400 us or more, and furthermore,
the energy gained by electrons during reconnection due to Ohmic heating is insuf-
ficient in magnitude (see Sec. 4.3.6). One obvious direct ion heating mechanism is
classical viscous heating by ion flows accelerated due to reconnection. This method
of ion heating would likely scale with increased magnetic energy dissipation (e.g.
due to increased magnetic tension force) and possibly explain the good agreement
between the T rise and dissipated field energy. However, classical viscous heating
is estimated later to be insufficient in MRX (see Sec. 4.3.6). This leaves only the
possibility of non-classical mechanisms.

It is tempting to read into the direct proportionality between the 7T; rise and the
dissipated magnetic energy, which suggests that the magnetic energy dissipation
rate is linearly related to the ion heating rate. If true, this would imply that
the mechanism allowing reconnection to proceed, i.e. some form of non-classical
resistivity, is the same mechanism which is heating the ions. Note that in general
the two mechanisms do not have to be the same. This interpretation must be taken
cautiously because the rise in 73, which is observed, does not have to be proportional
to the ion heating rate, which is not observed, due to the likely variation of ion loss
rates as the dissipation rate changes.

Prior to using the IDSP, preliminary measurements of 7} were obtained using
chord-averaged spectroscopy in null-helicity discharges with slightly different ex-
perimental parameters.® The 7} measurements from this work were also taken from

Doppler broadening of He II 4686 A ion emission in helium discharges, but the

STF/PF voltages = 12/10 kV, initial gas pressure 8 mT
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viewing chord (approximately 3 cm diameter) spanned the entire machine and was
tangent to the current sheet at R = 37.5 cm. Shown in Fig. 4.2 are the time evo-

lution of both the chord-averaged Doppler T} and the local T, in the reconnection
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Figure 4.2: Time evolution of chord-averaged Doppler temperature for 7} and local
Te in the reconnection layer. These earlier measurements are consistent with the
IDSP results. This figure is included in [YAMADA et al., 2000].

layer (the latter measured by the triple Langmuir probe). Since the chord-averaged
spectroscopic data was not Abel-inverted, e.g. according to [BELL, 1997], the T;
values in Fig. 4.2 are likely overestimates. Nevertheless, this data, shown here for
completeness, is generally consistent (both in magnitude and time evolution) with

the more rigorous measurements of the IDSP.

Co-helicity

In the co-helicity case, T also rises during reconnection, from approximately 3 to
7 eV, as shown in Fig. 4.3(top). Again, no rise in 7T; is observed if reconnection is not
driven. The local magnetic energy dissipation rate Fyjg is shown in Fig. 4.3(middle).
In magnitude, it is on average a factor of two smaller than the null-helicity case,
consistent with the observed smaller rise in 7;. The energy dissipation Fyjy goes
through zero at ¢t = 270 us due to an unstable plasma “pinching off” from one flux-

core, resulting in a negative Ejy in the measurement area. The dissipated magnetic
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Figure 4.3: Time evolution of (top) 7 and T, (middle) local heating rate Fjyjy,
and (bottom) energy dissipated f; 4ous(E9 Jo)dt' per unit volume, all in the center of
the reconnection layer for co-helicity discharges (IDSP located at R = 37.5 cm and
Z =0 cm). The rise in 7} is much smaller than the null-helicity case, consistent
with the smaller dissipated magnetic energy. The reduction of Fyjy to zero at
t = 270 us (before the end of the expected pull reconnection phase) is due to
an unstable plasma “pinching oftf” from one flux-core, which also explains the non-

physical decrease in dissipated energy (represented by the dotted line in the bottom
panel).
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energy as a function of time is shown in Fig. 4.3(bottom), and the initial rise in
T; is well-correlated to the dissipated magnetic energy. The dotted section of the
curve after ¢ = 270 us is a result of the Fyjy term going negative, and this should
not be interpreted as part of the main reconnection sequence. The continued rise
in T} after t = 270 us is likely due to uncontrolled reconnection and the improved
confinement of the spheromak configuration which forms.

The time evolution of T, shown in Fig. 4.3(top), for the co-helicity case differs
from the null-helicity case. First, T, &~ 10 eV for the co-helicity case compared to
15 eV for the null-helicity case. The discussion given previously to account for the
difference in T, after t = 250 us for null-helicity should apply to the co-helicity case
also, except in this case the T, rise at ¢ = 270 ps (with reconnection) may be due
to the improved confinement of the “pinched-off” spheromak. The difference in T,
before ¢ =~ 250 us in this case may be attributed to a very early PF crowbar time of
t =200 ps for suppressing reconnection (compared to t = 220 us for null-helicity),

although the details need further investigation.

Comparison of null-helicity and co-helicity

Figure 4.4 shows the key results from null-helicity and co-helicity together. In the
null-helicity case, T; rises by an amount AT} ~ 11 eV (from ¢t = 245 — 280 us)
and the local dissipated energy at ¢ = 280 s is 2.1 kJ/m3. In the co-helicity case,
which is valid up to t = 270 us (due to Ey going negative), AT} ~ 2.5 eV (from
t = 245 — 270 ps) and the local dissipated energy is 0.8 kJ/m? and ¢ = 270 us.
These numbers indicate that null-helicity reconnection heats ions more effectively
since 2.6 times more dissipated energy resulted in 4.4 times rise in 7;. Furthermore,
the large difference exists despite the fact that co-helicity likely has better ion
confinement due to a strong toroidal field.”

Stronger ion heating might suggest the increased effect of non-classical dissi-
pation, and this can be investigated with respect to resistivity enhancement over
Nsp, as discussed in Sec. 3.5. Figure 4.5 shows the time evolution of Ey and jg

separately (as well as Ejyjg) for null-helicity and co-helicity reconnection,® from

"There is evidence for this in that the measured floating potential is always more positive (with
respect to machine ground) for co-helicity than for null-helicity (see Figs. 4.11 and 4.12).

8The negative values of Ey and jy before t ~ 248 us for co-helicity are due to the end of the
push reconnection phase (see Sec. 2.2), in which the induced Ey is in the other direction. The zero
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Figure 4.4: Time evolution of (top) 7; with the IDSP placed in the center of the
reconnection layer (R = 37.5 cm and Z = 0 cm) and (bottom) dissipated magnetic
energy for both null-helicity and co-helicity reconnection.

which a time-averaged effective resistivity, n* = FEy/jy, can be determined for
the two cases. For the null-helicity case (averaging over t ~ 245 — 280 us),
n* ~ (140 V/m) /(0.4 MA /m?) ~ 3.5x10™* Q-m and the classical n; =~ 2x107° Q-m
(T, ~ 15 eV, using Zog = 1),” resulting in an enhancement factor of 18. For the co-
helicity case (averaging over t ~ 250 — 270 us), n* ~ (50 V/m)/(0.35 MA /m?) ~
1.4x107* Q-m and the classical n; ~ 1.8 x 107> Q-m (T, ~ 10 eV, using Zeg = 1),

resulting in an enhancement factor of 8. In hydrogen discharges, the enhancement

crossing occurs earlier for null-helicity due to the shorter L/R time of the null-helicity plasma.
And, as explained previously, the negative Ey after t = 270 us is due to the plasma “pinching off”
from one flux-core.

9The use of 1, for null-helicity is based on [KULSRUD, 1997].
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factor is generally smaller, especially for co-helicity reconnection for which the en-
hancement is only a factor of two. It is important to note that the higher values of
n* /nsp in helium discharges may be due in part to the presence of double-ionized
helium as well as double-ionized impurities (since 7. is more than 50% higher in
helium). However, even a Z.g = 2, which would be an extreme upper limit in MRX,
would still yield enhancement factors of approximately 9 and 4 for null-helicity and
co-helicity, respectively. The difference between hydrogen and helium discharges
warrants further investigation. The larger resistivity enhancement for null-helicity
compared to co-helicity in helium seems to be consistent with the implied stronger

heating.

The reduced dissipation rate in co-helicity is due to a factor of two reduction
in Ep, which translates to a slower reconnection speed (since reconnection speed
is proportional to Ejp). This is consistent with previous findings that co-helicity
reconnection is up to a factor of three slower than null-helicity [YAMADA et al.,
1997b; YAMADA et al., 1997a] and counter-helicity reconnection [YAMADA et al.,
1990b].

Summary

In these T; temporal-scan experiments, an increase in 7; during reconnection was
indeed identified and causally linked to the presence of reconnection. This finding
is a significant result because local ion heating due to reconnection had not been
identified before experimentally. In both null-helicity and co-helicity reconnection,
T; increased when reconnection was driven and stayed constant when reconnection
was not driven. The Tj increase correlated well with the dissipation of magnetic
energy due to reconnection, showing remarkable proportionality with the dissipated
field energy in the null-helicity case. Null-helicity reconnection resulted in a dispro-
portionally higher 7} increase compared to the co-helicity case, indicating stronger
ion heating for null-helicity. This is consistent with the fact that null-helicity recon-
nection had a higher value of resistivity enhancement, which suggests the possible

role played by non-classical dissipation mechanisms.
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Figure 4.5: Time evolution of (top) Fy, (middle) jp, and (bottom) Ejyjs for null-
helicity and co-helicity, all in the center of the reconnection layer.

4.1.2 Radial profile of ion temperature rise

If ions are heated predominantly by the reconnection process, one would also expect
the observable rise in 7j to be largest near the reconnection layer (R ~ 35 — 40 cm).
Indeed, this was seen experimentally.

To determine the spatial profile of the ion heating, the IDSP was scanned in
R for two CCD gate times, t; = 250 — 260 us and ty = 260 — 270 us; define
AT; = Ti(ta) — Ti(t1). Figure 4.6 shows a peaked profile for AT;/Ti(t1) for null-
helicity reconnection, suggesting that ion heating occurred in the vicinity of the

reconnection layer. The reconnecting field By, profile averaged over the same shots
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AT./T,

Figure 4.6: Radial profiles of (solid line) the relative rise in 7; from ¢ = 255 — 265 us
(R =375 cm, Z =0 cm) and (dashed line) the reconnecting field By during the
same time (also at Z = 0 cm) for null-helicity discharges (shots 11614-11659). Rise
in 7; is localized near the reconnection layer.

is also shown to indicate the location of the reconnection layer (between the “knees”
of the By profile, R ~ 35 — 40 cm). Ion temperature rises approximately 75% in
the reconnection layer and not at all elsewhere. Error bars in the ordinate repre-
sent one standard deviation in an ensemble of AT} measurements (approximately
5 discharges at each gate time), and error bars in the abscissa represent the spatial

region from which plasma light is collected by the IDSP.

For the co-helicity case, rise in 7T} is small compared to the statistical error
between shots, and the observed spatial heating profile is essentially flat (within
error bars). Better temporal and spatial resolution than what is currently possible

is required to reveal a meaningful spatial profile of AT;/T; for co-helicity discharges.

In the above experiment, a spatial correlation between the rise in 7} and the
location of the reconnection layer was shown. This is further indication that the

reconnection process is directly responsible for the observed rise in 7;.
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4.2 lTon flow measurements

Reconnection is generally expected to accelerate bulk plasma flows. Flows may
arise due to large electric fields, jx B forces, and pressure gradients. In T'S-3 [ONO
et al., 1996; ONO et al., 1997], downstream Alfvénic flows were attributed to jx B,
specifically the tension force of reconnected field lines. In basic theoretical pictures
like the Sweet-Parker model [SWEET, 1958; PARKER, 1957], Alfvénic flows develop
due to large pressure gradients between the reconnection layer and the far-away
downstream region. Indeed, in the research community, reconnection can hardly
be mentioned without the expectation of Alfvénic plasma flows, and one of the
conventionally accepted means of ion heating is via viscous damping of energetic
flows produced by reconnection. However, measurements of ion flow in MRX indi-
cate that a different scenario is possible, namely that ion heating can occur with

sub-Alfvénic flows and small viscous heating.

4.2.1 Downstream flow

Ion downstream flow speed profiles were measured locally using a Mach probe,
which was calibrated using the IDSP (see Appendix B). The maximum downstream
flow Viz ~ 8 km/s, as shown in Fig. 4.7 for null-helicity reconnection, is equal to
0.2V, where Vi ~ 39 km/s (n. ~ 5 x 10 cm™, B ~ 250 G, and mass of
helium). The flow speed is also seen to increase linearly from 0 to 8 km/s along
the layer from Z = 0 — 10 cm. The pattern of the flow is consistent with 2-
D theoretical reconnection models, e.g. Sweet-Parker, but the magnitude of the
flow differs substantially (theoretical models generally predict Alfvénic downstream
flows).

The maximum energy density of the measured flow (pVZ/2 ~ 11 J/m?, using
ne = 5x 10 ¢cm™3) is an order of magnitude smaller than the observed ion thermal
energy density increase (3nAT}/2 =~ 120 J/m3, using n. = 5 x 10" ¢cm™3 which
remains roughly constant in time and AT} = 10 eV), implying that the observed
ion heating is unlikely to result from thermalization of the outflow. Furthermore,
since the flows are stronger at the edges of the layer (Z = £10 cm), ion heating
due to viscosity could not easily explain the observed ion heating in the center of

the reconnection region (Z = 0 cm). Estimates of the ion heating due to viscosity
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Figure 4.7: Mach probe measurements of Viz as a function of R at Z = 10 ¢m and
as a function of Z at R = 38 cm averaged over t = 250 — 270 ps. The magnitude
of the flow exiting the reconnection layer is only 20% of V) ~ 39 km/s, consistent
with a non-negligible downstream pressure.

are estimated in Sec. 4.3 and shown to be small. The absence of energetic flows
in MRX is an important difference compared to the situation in TS-3 [ONO et al.,
1996; ONO et al., 1997], in which ion acceleration to Vi was attributed to the high
tension forces of reconnected field lines during the collision of two spheromaks. Also,
the downstream pressure in T'S-3 was likely to be much lower than the pressure in
the reconnection layer. In MRX, ion heating occurs without the occurrence of
energetic downstream flows, an important new observation.

The sub-Alfvénic Viz in MRX is consistent with the buildup of high downstream
pressure which reduces the Vp force along Z, as mentioned in [J1 et al., 1998; J1
et al., 1999]. Theoretical models generally do not account for high downstream
pressure impeding the flow, and thus ion flows are accelerated to V. In MRX,
high downstream pressure!® has been verified by Langmuir probe measurements of

ne and T, in the downstream region, as shown in Fig. 4.8. However, the T} Z-profile

10The high downstream pressure in MRX may arise due to fast pressure equalization along
field lines which connect the reconnection region to the finite-volume downstream regions near
the flux-cores. This is best visualized in Fig. 2.4(c). The thermal transit time of 15 eV electrons
along this path is on the order of 1 us, meaning that the buildup of downstream pressure due to
recirculating electrons over the 20-30 us duration of pull reconnection is completely plausible.
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was not measured since the IDSP could not be placed there. The Z-profile of nT,
is peaked near Z = 0 cm early in the reconnection phase but it becomes flat later

in the reconnection phase, mostly due to a rise in n,.
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Figure 4.8: Triple Langmuir probe measurements of n, and 7 as a function of Z and
time for null-helicity, hydrogen discharges, showing an example of how downstream
pressure (at Z < —10 cm) builds up during reconnection, consistent with the
measured sub-Alfvénic downstream ion flows.

The suppression of Alfvénic downstream flows in MRX due to the buildup of
high downstream pressure is interesting and is an example of how global boundary
conditions might affect the local reconnection dynamics. In pull reconnection, the
downstream region consists of the two “private flux” regions surrounding each flux-

core [see Sec. 2.2 and Fig. 2.4(c)|. In the near future, push reconnection experiments
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will be possible.!!

In push reconnection, the downstream region would be the
“public flux” region [see Fig. 2.4(b)] surrounding both flux cores. The volume of
the public flux region is larger than the two private flux regions by roughly an
order of magnitude. The buildup of downstream pressure would thus be expected
to take an order of magnitude longer for push reconnection, pushing it beyond the
duration of reconnection. In this case, it is possible that Alfvénic flows might be
observed, with interesting consequences for the reconnection rate (which would be
expected to increase) and the ion heating (which would be expected to occur also

in the downstream region).

4.2.2 Toroidal flow

The out-of-plane reconnection electric field is generally considered to be a likely
candidate for particle acceleration to very high energies, especially for highly col-
lisionless events such as solar flares [Somov and Kosuci, 1997]. In MRX with
an Fy ~ 150 V/m, acceleration via this mechanism is marginal even if particles
are allowed to free-stream unimpeded by magnetic fields (it would take more than
one classical collision time, 5 us for ions and 36 ns for electrons, for either species
to reach a 15 eV thermal speed). In reality, the ions are magnetized at the edge
of the layer and follow serpentine orbits throughout most of the layer [SPEISER,
1965] and thus cannot accelerate freely, while the electrons are magnetized down
to the p scale (an unresolvable 0.4 mm in MRX). From these considerations alone,
it may be possible to rule out toroidal ion acceleration as a mechanism for the
observed ion heating. Experimental measurements indeed support this hypothesis.
Furthermore, the nature of the toroidal flow, e.g. which species contributes more to
the current, may hold important clues for understanding the equilibrium properties
of the current sheet, as discussed in Sec. 3.7.3. The Harris equilibrium [HARRIS,
1962; YAMADA et al., 2000] implies a diamagnetic current, but this is not observed
in the present measurements.

Since the IDSP is physically located in the perfect position to measure toroidal
flow, the measurements reported here are based on Doppler shifts of the He II

4686 A ion line. Mach probe measurements of Viy are also available and indicate

HDue to the addition of a third capacitor bank, which will allow the push phase to be extended
beyond the plasma formation stage.
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relatively good agreement (see Appendix A). Thus, these are direct measurements
of the majority ion Doppler shift. The IDSP is scanned over several radial positions.
At each radial position, 5-10 shots are taken with the sightline at a 45° angle to
the +6 direction, and then this is repeated with the sightline at a 45° angle to the
—0 direction. The averaged difference (accounting for the angle of course) gives the
relative Doppler shift, which translates to an absolute toroidal flow velocity. CCD
gate time is t = 250 — 270 ps. It is important to recognize that these measurements
have limitations due to averaging effects of the 5 cm light collection volume and
the 10 pus CCD gate time and thus may be underestimating the true local V.
Shown in Fig. 4.9 is the radial profile of toroidal flow speed Vi for null-helicity

/‘ 5 [T T T LI N LI e T
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Figure 4.9: IDSP measurement of toroidal ion flow Vjy at Z =0 c¢m and ¢t = 250 —
270 ps for null-helicity reconnection (shots 10981-11097). Ion flow is energetically
insignificant inside the reconnection layer (R ~ 37 c¢m) but rises on the outside,
where there is no toroidal current, to nearly the ion thermal velocity.

reconnection. Vertical error bars represent shot-to-shot variation and horizontal
error bars represent the spatial extent of the IDSP. The profile shape is somewhat
unexpected, but it has been verified many times by different measurements (Mach
probe and chord-averaged spectroscopy). Since there is very little current beyond
R = 40 cm, these measurements imply that the whole plasma (not just ions) is

rotating on the outside. Most importantly, note that the magnitude of Vi in the
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layer (R ~ 35 — 40 cm) is only one-tenth the ion thermal speed (=~ 20 km/s for
15 eV helium ions) and cannot account for the observed ion heating via viscosity,
which is estimated later in Sec. 4.3.6.'2 The co-helicity case is quite different,
as shown in Fig. 4.10. The flow profile is symmetric and peaked slightly outside
the current sheet. The peak value of Vjy is higher than for the null-helicity case.
However, Vig in the layer, only a few km/s at most (< 1 eV), is also insufficient to

account for the smaller observed ion heating for co-helicity reconnection.
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Figure 4.10: IDSP measurement of toroidal ion flow Vjy at Z = 0 cm and ¢t = 250 —
270 ps for co-helicity reconnection (shots 11343-11428), showing a more symmetric
profile.

The important conclusion of the toroidal flow measurements is that the observed
ion heating is not due to acceleration of energetic toroidal ion flows in the layer. In
the reconnection layer, the instantaneous energy density of these flows (pVi2/2 <
1.5 J/m?) is two orders of magnitude smaller than the observed ion thermal energy

density (=~ 120 J/m3, as given in the previous section). Regarding the toroidal

12Tt may be possible, however, for ions to be heated outside the layer (beyond R ~ 45 cm)
due to scattering of rotating ions off neutrals [ANDEREGG et al., 1986], depending on the degree
of ionization. However, the density far outside the layer is down by an order of magnitude
(ne ~ 5 x 102 cm™3) compared to the center of the reconnection layer, and thus there is not
much total energy content. Is not known at present if and how this plasma rotation is related to
the reconnection process.
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current, the magnitude of the measured Vjy implies that the current cannot be
diamagnetic, which would predict an ion drift speed of jy/2ne ~ 30 km/s (using
Jjo = 0.5 MA/m? and n. = 5 x 10" cm™3). Below, speculation regarding the

contradiction is given.

Speculations regarding toroidal ion flow

The value of peak toroidal current density in the layer, j, ~ 0.5 MA/m? de-
rived from By measurements implies a relative drift between ions and electrons of
Vb = Vig — Veg = jo/ne = 62 km/s (using n, = 5 x 10" cm™3). The toroidal flow
measurements are not consistent with this. The deviation from the expected dia-
magnetic picture as well as the difference in Vjy between null-helicity and co-helicity
reconnection might be explained by the different radial electric fields Er present
in the two cases. Langmuir probe floating potential V; measurements are shown in
Figs. 4.11 and 4.12 for null-helicity and co-helicity, respectively. In the null-helicity
case, V; decreases monotonically with R, yielding very crudely'® Egr ~ 1000 V /m.
The resulting toroidal Fr x By drift [~ (1000 V/m)/(0.03 T) = 33 km/s| is the
same order of magnitude as the strong ion rotation outside the layer, as seen in
the data of Fig. 4.9, and can cancel the contribution of ion diamagnetic drift in
the layer. This possibly explains why the diamagnetic drift speed is not observed
in the Viy measurements. In contrast, the V; profile for co-helicity reconnection is
essentially flat, meaning there is no macroscopic radial electric field. In this case,
Vig(R) is fairly symmetric and limited in magnitude. In the co-helicity case, the
current would not be expected to be diamagnetic since there is a strong flow com-
ponent parallel to the toroidal field. It is unclear what ion drift speed ought to
be expected in the co-helicity case. Clearly, further investigations are necessary in
order to understand the dynamics which determine the observed characteristics of
toroidal ion flow and probe potential V;.1* Obvious first steps are to obtain floating
potential measurements beyond R = 44 cm and to use a Langmuir probe array to

obtain V; measurements simultaneously at several radial positions, thus eliminating

13The floating probe potential V; is related to the plasma potential usually through a function
of T,. Since the T, profile is fairly broad, taking it as constant is sufficient for this crude estimate
of ER.

14 As mentioned in Sec. 3.7.3, the observed potentials are also a significant deviation from the
Harris theory.
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the effects of shot-to-shot variation.
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Figure 4.11: Radial profile of Langmuir probe floating potential (with respect to
machine ground) at three times during null-helicity reconnection (shots 11010-
11133).
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Figure 4.12: Radial profile of Langmuir probe floating potential (with respect to ma-
chine ground) at three times during co-helicity reconnection (shots 11386-11424).

4.3 Ion energy balance during reconnection

In this section, an energy balance for ions during null-helicity reconnection is con-
sidered in detail. The goal is to determine the energy gained by ions during the

reconnection process and how much of that energy is converted non-classically. The
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energy balance equation used here is based on Eq. (1.23) of [BRAGINSKII, 1965]:
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where the terms on the LHS are (from left to right) rise in ion thermal energy
density, a compression term including work done by pressure, convective heat loss,
conductive heat loss, and energy lost to neutrals. The terms on the RHS are sources
of energy for the ions, including (from left to right) viscous heating, heating due
to electron-ion collisions, and any non-classical ion heating mechanisms (e.g. due
to wave-particle interactions). The first two terms on the RHS represent classical
heating mechanisms. The total ion heating is some fraction of the reconnected field
energy, which is known from Fjyjy derived from magnetic probe measurements. Each
term of Eq. (4.1) will be estimated based on experimental data wherever possible.
Note that Q);_. can be neglected immediately since the characteristic classical ion-
electron energy equilibration time is more than 400 ps and thus irrelevant on the
time scale of the reconnection process (30 us). Incidentally, note that the kinetic
energy of flows, i.e. 9(pV;2/2)/0t, does not appear explicitly in Eq. (4.1), which is
only one possible way to express the ion energy balance. In this case, it has been

eliminated by use of the continuity and momentum equations [BRAGINSKII, 1965].

The results, to be presented in detail, show that a substantial fraction (more
than half) of the reconnected field energy is converted to ion energy, and mostly
due to non-classical mechanisms. These results differ from the TS-3 results [ONO
et al., 1996; ONO et al., 1997], in which ion heating was attributed predominantly
to viscous damping of Alfvénic ion flows, and from classical MHD reconnection
models, in which ions are heated both by viscosity and by energy exchange with

Ohmically heated electrons.

In discussing an energy budget, a finite volume and time duration must be
defined. Here, the energy budget is considered for a given volume V' = 5.9x 1073 m?3,
which is the area monitored by the IDSP (R = 35 — 40 ¢cm and Z = —2.5 —
2.5 cm) revolved around the axis of symmetry. The volume V' is essentially a toroid
coinciding with the center of the toroidal current sheet, with the area monitored

by the IDSP as its toroidal cross section. The time duration At is defined as
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t1 = 245 — t9 = 265 ps, which is during the pull reconnection phase. The data
are from a set of null-helicity discharges with the same parameters'® as the ones in
Figs. 4.1 and 4.6. Note that all the calculations in this section invoke axisymmetry,

as discussed in Sec. 3.1, since measurements are only known at one toroidal position.

4.3.1 Reconnected field energy

Before examining the terms in Eq. (4.1), the energy released due to reconnection
will be calculated. Section 3.6 discusses how dissipated magnetic field energy can

be calculated according to

to to
Wiee = / / Ejd®Vdt ~ / / Epjo d*V dt, (4.2)
i1 1% i1 1%

which represents the total energy due to reconnection available to heat ions (and
electrons). The toroidal electric field Ey and current density jy as a function of

space and time are shown in Figs. 4.13 and 4.14, respectively.

Note that Fj is relatively uniform in space, while jy is peaked near R = 37 cm.
Both quantities increase in time as pull reconnection proceeds and then reach a
short flat-top around ¢ = 260 us before starting to decrease. Energy dissipation is
clearly strongest in the reconnection layer where jy is concentrated. Using the FEj
and jy data in Eq. (4.2) gives Wiee ~ 4.8 £ 0.7 J.1® It should be noted that the
volume V', is only a fraction of the total reconnection region, and that the total
energy dissipated in the entire reconnection region during At is estimated to be on
the order of 30 J.

I5TF/PF bank voltages = 13/11 kV, initial gas pressure = 6 mT, helium discharges

16The given error is based on the standard deviation of the mean, see e.g. [BEVINGTON and
ROBINSON, 1992], of Ey and jg since these values used are taken from an average of approximately
30 shots. All the error values reported for the energy budget analysis henceforth in this chapter are
based on the standard deviation of the mean. In reporting raw measurements in this dissertation
(such as in figures), the error bars represent the standard deviation of an ensemble of shots, not
the standard deviation of the mean. This gives the reader more complete information regarding
the shot-to-shot variation. However, because the calculations in this section are based on averaged
values, the standard deviation of the mean is the more meaningful error estimate.
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Figure 4.13: Surface plot of null-helicity Ey as a function of radius and time, av-

eraged over Z = —2.5 — 2.5 cm (from 90-channel probe measurements, averaged
over shots 12233-12266).
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Figure 4.14: Surface plot of null-helicity 7y, which is peaked in the reconnection
layer, as a function of radius and time at Z = 0 cm (from high-resolution 1-D probe
measurements, averaged over shots 12233-12266).
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4.3.2 Increase in ion thermal energy

The increase in ion thermal energy, the first term on the LHS of Eq. (4.1), in volume

V' during reconnection is calculated as follows,

AW = g[ﬁ(tg)ﬂ(tg) ATV ~ 054 0.2 7, (4.3)

where 7i(t1) ~ fi(ty) ~ 54+ 1 x 10" em™ is the density averaged over area A, and
T(t;) =~ 6+1eVand T(t2) =~ 13+2 eV (see Fig. 4.1). Note that AW,y ; is only the
remnant ion thermal energy in V' and does not include ion heat loss during At. The
rise in ion thermal energy is due predominantly to a rise in 7j, while the density in

the layer remains fairly constant during At, as shown in Fig. 4.15.

n, (10" cm™)

220 230 240 250 260 270
time (us)

Figure 4.15: Time evolution of n, measured by triple Langmuir probe at R =
37.5 cm and Z = 0 cm.

As an aside, an additional set of experiments in which the firing voltage was
varied is reported here. A range of AWy, ; and W, were obtained in this exper-
iment. Figure 4.16 shows that AWy, ; scales with Wi, i.e. T; rises more as more
energy is released due to reconnection. Each data point represents the average of 5
plasma shots at a given firing voltage, and error bars (from data point to extreme)
represent one standard deviation in the shot-to-shot scatter. This is consistent
with the conclusion from Sec. 4.1 that the observed rise in T} is causally linked to

reconnection.
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Figure 4.16: Observed increase in ion thermal energy AWy, ; versus reconnected
field energy Wye. for null-helicity discharges with varying firing voltages.

4.3.3 Compression

The second term on the LHS of Eq. (4.1) is a compression term including the work
done by pressure forces. It can be estimated approximately as (nT;(0Vr/OR +
OVz/0Z))V At,'" where the brackets indicate a spatial average over V and temporal
average over At. Using values of n ~ 5+ 1x 10 em™ T, ~ 10+ 1 eV, 0V /OR ~
—(4.8 km/s)/(0.05 m) = —9.6 £ 1 x 10* s7!, and 9Vz/0Z ~ (8 km/s)/(0.1 m) =
842 x 10* s7!, the compression term is Weompression & —0.16 £0.31 J. The negative
value means that there is some ion heating in volume V' due to compression. The
large relative error arises due to the subtraction of the velocity gradient terms,
which results in a small number with large relative error. It will be shown that
this compression term is small compared to the ion loss terms, and thus the rough

estimate adopted above is justified.

4.3.4 Ion energy losses

Since volume V' is an open system, a complete energy budget must consider ion

energy losses due to convective and conductive heat loss. The energy lost must

"The Vi /R term of V-V averages to nearly zero over V and is neglected.
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be accounted for since their original source was the dissipated magnetic energy.
The heat conduction estimates in this sub-section are based on classical transport.
Therefore, they represent a lower bound on ion energy loss since the transport is
almost certainly not classical. It is important to emphasize that this would only
lead to an underestimate of energy conversion to ions. In general, ions may also

lose energy to neutrals, and this is discussed.

Convection

Convective heat loss, the third term on the LHS of Eq. (4.1), out of V' during At

can be estimated as the heat convected out of V,
3
Wout = lin(layer)ﬂ(layer)] X (volume of plasma out), (4.4)
minus the heat convected into V,
3 .
Win & lin(upstream)ﬂ(upstream)] X (volume of plasma in), (4.5)

during At. The volumes of plasma flowing out of and into V' are determined based
on the outflow speed Viz ~ 3 + 0.8 km/s and inflow speed Vig ~ 3 + 0.4 km/s,
respectively. At the boundaries of volume V', the two speeds are approximately
equal and thus the volumes convected in and out are also equal (1.4 x 1072 m?).
The density in the layer n(layer) is approximately 5 + 1 x 10'® ¢cm™3, and the
average upstream density is approximately 3 £ 0.4 x 10'3 cm™3. The layer 7; is
approximately 12 & 0.9 eV and the average upstream 7} ~ 10 £ 1.3 eV.'® These
numbers combine to yield a total ion energy loss due to convection out of volume
V' during time At of Weonvection = Wout — Win = 1.0 £ 0.7 J.

18The measured radial T} profiles are broad. However, it must be mentioned that the minimum
CCD gate-opening time of 10 us is likely longer than the time it takes for any sharp gradients in
T; to flatten, and this likely leads to an underestimate of Weonyection due to an underestimate of
VT.
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Conduction

Ion heat loss due to thermal conduction is estimated using classical transport.
This estimate likely represents a lower bound because (1) 7; gradients may be
underestimated due to the time resolution of the measurements, and (2) enhanced
non-classical transport mechanisms are unknown but almost certainly exist. Ion

energy loss due to classical conduction can be written as [BRAGINSKII, 1965]

5enT;

Vg = =Vi- (kL VAT = V(5 V) 1) + Ve |

(B/BxVT})|,
(4.6)

where the last term on the RHS vanishes since (B/B X VT}) has only a § component
and 0/00 = 0, and k; and k| are the perpendicular and parallel ion thermal

conductivities, respectively [BRAGINSKII, 1965]:

2nT; 1

KL = —— ~ 2.840.6 x 10* (4.7)
miwg T m-sS
3.9nTi; 1
ko= S A 110422 x 102—— (4.8)
my m-s

Average values during At have been used: n =541 x 103 ecm™3, T, =10 £ 1 eV,
and B = 250 G. The total surface area of V is 0.48 m?, and it is equally divided
between being intercepted by By in the perpendicular and parallel directions. Using
these values and V, T} = (2+1 eV) /(5 cm) and V|T; ~ (1£0.5 V) /(10 cm),'? the

ion heat loss due to classical transport is estimated to be Weonduction =~ 1.7 0.7 J.

Collisions with neutrals

Ion-neutral collisions can be another energy loss channel for heated ions. In MRX
regimes, charge exchange is expected to be the dominant ion-neutral interaction.
By any reasonable estimate, the plasma inside the current sheet with 7, > 15 eV
should be better than 99% ionized. The cross section for He-He™ charge exchange

for 10 eV ions is (ov) ~ 4 x 107 cm?®/s.2° The ion density is approximately

9The perpendicular gradient is based on IDSP measurements. However, the parallel gradient
was not measured, and thus a conservative lower limit had to be assumed.
20See e.g. [JANEV et al., 1987].
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5x 10" em™3. A 1% concentration of neutrals?®! would result in a charge exchange
time of 500 us, completely negligible on the reconnection time scale of 30 us. It
would take more than a 50% concentration of neutrals in the reconnection layer
to bring down the charge exchange time to a more relevant 10 us. A 50% neutral
concentration in the presence of 15 eV electrons is highly unlikely. Therefore, ion
energy loss to neutrals is neglected. In any case, note that ion-neutral energy loss

would only increase the estimate of ion heating due to reconnection.

4.3.5 Classical viscous heating

(Classical heating per unit volume due to viscosity in the absence of a magnetic field

(justified since ions are unmagnetized in the layer) is [BRAGINSKII, 1965]

oV,
Qvis = 770W

gLy 4.
S s (4.9)

where 19 = 0.96nTi7; &~ 1.8x107* J-s/m? (using n = 5x10'3 cm ™3 and 7} = 10 eV),

and the rate-of-strain tensor is

oV, 0OVs 2
—L  Z5,5VV. (4.10)

Wag = -— -
7 axg+6xa 3

The non-zero velocity gradients averaged over volume V are®?

ok 48 km/s

R Y Torm - 26 10* 571 (4.11)
aa‘;z ~ 8oﬁmn/1 S 8.0 x 10" s~ (4.12)
% < zlggnr/s = 6.0 x 10* s~ (4.13)
g‘g < %E;nr/j = 4.0 x 10% 57, (4.14)

21Both the Baratron gauge reading of 6 mT — 2.1 x 10'* cm ™2 and Langmuir probe density
measurement might be expected to have factor of two uncertainties. In this case, the Langmuir
probe density reading seems the more accurate one because it gives a value of n, which satisfies
pressure balance across the reconnection layer, i.e. n(T}+17,) inside the layer balances with B2 /2y
outside the layer.

22The Z and 6 flows are based on Mach probe and IDSP measurements, and the R flows are
based on taking the EyBy inflow velocity outside the layer and dividing by the scale length of the
layer.
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and therefore the classical viscous heating per unit volume is

N A% oVy oVy Ve _ 6 3
Qvis = Mo (WRR R + Wy 57 + Wzr R +W0R6R) ~6.5+22x10 J/(ZE)

Using these numbers, the maximum ion energy gained via viscous damping of ion

flows is Wyis =~ QyisVAt =0.8 £ 0.3 J.

4.3.6 Non-classical ion heating

The important terms of Eq. (4.1) are summarized in Table 4.1, which gives a quan-

titative description of energy conversion to ions based on experimental data. The

process energy (J)
Wiee 4.8+ 0.7
total Wigns | 3.1+ 1.0
AWin; 0.54+0.2

Weompression | —0.14 £0.28
Wconvection 1.0£0.7
Wconduction >1.7+0.7
Weis 0.8+0.3

Table 4.1: Ton energy budget between t = 245 — 265 us in volume V', showing that
some 65% of the dissipated magnetic energy was converted to ions.

numbers show that 65 4+ 21% of the dissipated field energy is converted to ion en-
ergy. Now the question is how much of that energy was converted via non-classical
mechanisms. As mentioned before, classical heating due to ion-electron collisions
is neglected due to the long ion-electron energy partition time. In any case, energy
available due to Ohmic heating is insufficient, estimated to be ng,jaV At ~ 0.2 J
(using nsp = 2 x 107° Qm and jp ~ 0.3 MA/m?). Note that this is only 4% of the
total dissipated magnetic energy. The other classical mechanism is viscous heating
by the ion flow, which was estimated in the previous section to be 0.8 £ 0.3 J.

Subtracting Wiiscosity from Wigns leaves 2.3 1.0 J of energy which must have been
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converted to ion energy via non-classical mechanisms. Thus, 48 4+ 21% of the dis-
sipated magnetic energy was converted to ions non-classically.?
Although the kinetic energy of ion flows does not appear in Eq. (4.1), an estimate

will be given here,
1
Wiow = / 5pvfaﬁv <0.05 J, (4.16)
4

which is very small [using a density of 5 x 10'® cm™ and a flow V; ~ (V& + V2 +
V12 < 5 km/s]. Thus, in MRX, ion flows are energetically insignificant, about
1% of Wiee. This is in direct contrast with classical MHD models as well as TS-3
experimental results [ONO et al., 1996; ONO et al., 1997], in which bulk flows are
accelerated to Vi during reconnection and account for a significant fraction of the
energy balance. The energy distribution is illustrated in Fig. 4.17.

In summary of this section, the energy budget of ions was considered carefully.
The total energy released due to reconnection was calculated from experimental
data and compared to the different components of ion energy, including observ-
able rise in ion thermal energy and ion heat loss due to convection and conduc-
tion. The energy budget showed that some 48% of the dissipated magnetic energy
was converted to ions non-classically. This finding on non-classical ion heating
during reconnection, based on experimental measurements, has significant implica-
tions for reconnection research since the basic mechanisms which are responsible
for enhanced reconnection rates and the energy conversion process are still poorly

understood.

4.4 Resistivity enhancement and ion heating

In the previous sub-section, it was established that ions must have been heated
via non-classical dissipation mechanisms. In this sub-section, experimental data
is given suggesting a correlation between ion heating and resistivity enhancement.

Resistivity enhancement is defined as the ratio of the measured plasma resistivity

23The remainder of the energy, about 1.7 J, must go to electrons which, due to their fast parallel
thermal transport, show no marked temporal change in T, (=~ 15 eV) during At. Classical Ohmic
heating in V' during At accounts for only about 0.2 J of the 1.7 J of energy converted to electrons,
also suggesting non-classical heating of electrons. However, electron flow energy is not known.
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Figure 4.17: Illustration of the field and ion energy budget for null-helicity recon-
nection. Ions gained 65% of the dissipated field energy, and 48% of the dissipated
field energy was converted non-classically.

n* to the classical Spitzer resistivity ngp, the determinations of which are discussed
in Ch. 3. The relative importance of non-classical versus classical dissipation is
embodied in the enhancement factor n*/ns,, which has been shown to increase as
collisionality decreases [J1 et al., 1998] (see Fig. 3.6). One possible explanation
for this effect is that as the plasma becomes more collisionless, wave fields can
scatter current-carrying particles, increasing n* (and possibly also heating ions more
efficiently). Generally, enhanced values of resistivity might be expected to be an
electron effect since they are expected to carry most of the current. However, in
null-helicity reconnection (the case being studied), the current is cross-field, and
it is not clear that electrons should be carrying most of the current. In fact, the

current may be largely diamagnetic [YAMADA et al., 2000].

By varying the discharge voltage in a set of null-helicity experiments, AWiy i/ Wiee
and 1*/ns, are varied, as shown in Fig. 4.18. Increasing the discharge voltage in-

creases reconnection and thus increases ion heating. The scaling of the quantities
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Figure 4.18: (top) Rise in ion thermal energy AW,y ; normalized by reconnected
field energy Wi and (bottom) resistivity enhancement factor n*/ns, versus firing
voltage.

with each other can provide insight into the nature of the non-classical ion heat-
ing mechanisms. Shown in Fig. 4.19 is AWy, ;/Wiee versus n*/ns,. The fraction
AWin,i/Wree increases from approximately 4% to 14% as n*/ns, increases from 8 to
15, as shown in Fig. 4.19. (Note again that AWy, is not the total energy gained
by ions but only the remnant ion thermal energy in volume V not including ion
heat loss.) Although the error bars are sizable, the trend between the energy con-
verted to ions and the resistivity enhancement is clear. The subtle, and perhaps
unexpected, hint provided by Fig. 4.19 is that the (non-classical) mechanism de-
termining the enhanced reconnection rate (and hence increased reconnected field
energy) is also responsible for channeling the reconnected field energy to the ions.

The non-classical dissipation mechanism in MRX should exhibit this trait.
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Figure 4.19: Increase in ion thermal energy normalized by reconnected field energy
for varying resistivity enhancement factors, showing a correlation between the two.

4.5 Possible ion heating mechanisms

The experimental data have indicated the existence of non-classical ion heating,
non-classical resistivity, and possibly a correlation between the two. The obvious
next step experimentally is to investigate the frequency spectrum of turbulent fluc-
tuations with the possibility of identifying relevant modes which can explain the
enhanced resistivity and possibly also the ion heating.?* Theoretically, much effort
has been devoted to addressing these issues (mostly the resistivity aspect) and a full
review is beyond the scope of this work.?> Non-classical current sheet dissipation
mechanisms can be divided into two classes: wave-particle interactions and colli-
sionless inertial effects. Here, one example of each will be suggested as plausible
mechanisms for explaining the observed non-classical ion heating in the null-helicity

reconnection environment of MRX.

The lower-hybrid drift instability [DAVIDSON and GLADD, 1975] is a high fre-
quency (£; € w < €),) mode driven unstable by cross-field current and associated

pressure gradients, and it persists in the regime T, < T} as required in MRX. This

~Y

24This is Troy Carter’s dissertation research.
25See e.g. [CORONITI, 1985] for a good discussion.
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mode has been proposed to explain satellite measurements of electrostatic and mag-
netic fluctuations in the magnetotail [HUBA et al., 1978]. Recently, this mode has
been analyzed in the context of MRX [CARTER et al., 1999], and a linear analy-
sis shows marginal stability at Vg, = jg/ne equal to vy,; and a very fast growth
rate equal to the lower hybrid frequency (~ 30 MHz). The observation of a con-
stant Vi, /v over a wide range of densities in MRX [J1 et al., 1999] is suggestive
of the current being limited at marginal stability by a current-driven instability.
The proposed mode, which propagates at an angle of (m,/m;)'/? with respect to
the current, is driven by electron Landau damping because it is a negative energy
mode. Since the wave can Landau damp simultaneously on electrons and ions, this
could lead to direct ion heating. Preliminary estimates show that it is plausible for
this mode to explain the enhanced resistivity and the ion heating observed in MRX
[KULSRUD and CARTER, 2000]. This is an electrostatic mode which is stabilized at
high-( and is expected to operate only at the edges of the current sheet (since (3 is
large near the field null), seemingly reducing its effectiveness. However, preliminary
indications in 3-D simulations are that the mode can propagate into the center of

the reconnection layer nonlinearly [ROGERS et al., 1999].

Another possible ion heating mechanism is suggested in [SHAY et al., 1998]. This
work uses a 2.5-D hybrid code (kinetic ions, fluid electrons) to study collisionless
reconnection including Hall dynamics and electron inertia. In this simulation, a two-
scale structure develops in the reconnection layer owing to the Hall effect, which
allows ions and electrons to decouple on scale lengths shorter than ¢/wy;, the scale at
which ions become unmagnetized. (MRX data also shows a current sheet thickness
of ¢/wpi.) The electrons continue inward into the layer until the ¢/wp. scale at
which they finally become unmagnetized and the flux-freezing constraint is finally
broken. A self-consistent electric field arises between the c/wy,; and c¢/wpe scales
due to the charge separation and can accelerate inflowing ions up to the Alfvén
speed. The counter-streaming ions which come in from both sides of the layer mix
and appear to be heated instantaneously. This would seem to be consistent with
the immediate rise in 7} observed in the center of the reconnection layer in MRX.
However, when 3-D effects are included in the simulations, the thin electron layer
breaks up turbulently [DRAKE et al., 1997], and it is not clear if this ion heating

mechanism would survive in a physical reconnection layer.
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Two examples have been mentioned as candidates for the observed ion heating

in MRX. Clearly, this area is forefront research, and answers are still forthcoming.

4.6 Summary

In this chapter, local ion temperature and flow measurements from a well character-
ized reconnection layer were presented. First, a rise in 7} during reconnection was
identified, for both null-helicity (6 — 17 eV) and co-helicity (3 — 7 eV) reconnec-
tion. The 7T; rise was then causally linked to the existence of reconnection, i.e. the
T; rise occurred only when reconnection was driven, and furthermore the magnitude
of the rise was in direct proportion to the amount of magnetic field energy dissi-
pated. Additionally, the rise in T} was also shown to be localized spatially in the
region of the reconnection current sheet and magnetic field reversal. These results
collectively could be interpreted as the first clear demonstration of ion heating due
to magnetic reconnection.

Local downstream ion flow measurements showed the flows to be small, at most
25% of Vi (0.25Vy ~ 8 km/s). This observation is consistent with the high down-
stream pressure observed in MRX, postulated to arise due to fast pressure equal-
ization in the finite downstream volume. The small flow speeds of MRX are in
direct contrast to the results of TS-3 [ONO et al., 1996; ONO et al., 1997], as well
as to classical MHD reconnection theories which did not account for the effects of a
non-negligible downstream pressure. Toroidal flows were also measured and shown
to be small (a few km/s at most) and not a possible energy source for the observed
ion heating. The toroidal flow measurements are not consistent with diamagnetic
ion drift, which is an order of magnitude larger than the measured value, but the
discrepancy may be related to the existence of a radial electric field which causes
an F x B drift modifying the diamagnetic drift. This needs further investigation.

An energy budget for the reconnected field and ion energy was considered. The
analysis showed that substantial ion heating occurred and that approximately 65%
of the reconnected field energy was converted to ion thermal energy. Without the
action of non-classical heating mechanisms, at most only about 17% of the dissi-
pated field energy would have been converted to ion energy via classical viscosity,

meaning that 48% of the energy was converted non-classically. Finally, there is a
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hint of stronger ion heating with increased resistivity enhancement, suggesting a
relationship between the non-classical mechanisms responsible for enhanced resis-
tivity and for ion heating.

The exact mechanism for the heating is still an open question and is the subject
of ongoing research, both experimentally and theoretically. Conversely, the iden-
tification of non-classical ion heating on MRX should impact current thinking on

the possible non-classical micro-physics in the reconnection layer.
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Chapter 5

Conclusions and Future Work

ON HEATING AND ACCELERATION during magnetic reconnection have
been investigated experimentally in a controlled laboratory experiment. The
measurements presented in this dissertation, from characterization of mag-

netic field topology during reconnection to the measurements of local T} in the
reconnection layer, have led to a more comprehensive understanding of the recon-
nection process, which is often postulated but had never been shown in detail to
heat and accelerate ions. The experimental identification of non-classical ion heat-
ing during magnetic reconnection is a significant result which can potentially impact

many research disciplines.

5.1 Conclusions

The main result of this research is the local measurement of non-classical ion heating
during fully diagnosed magnetic reconnection events. One of the guiding philoso-
phies in this work was to listen to the plasma, and to consider and learn from the
implications of theory but not to rely on theory. This is because a comprehensive
experimental picture of reconnection in high Lundquist number (S > 1) plasmas
(relevant to reconnection processes of interest in nature and in laboratory plasmas)
had not been produced prior to this work.! Relevant quantities were measured as
much as possible in developing a physical understanding of the reconnection and

ion heating process.

!University of Tokyo experiments [ONO et al., 1997] are producing results in parallel with
MRX.

113
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A 2-D and quasi steady-state reconnection layer was formed and studied. The
layer is toroidal so there are no end effects. The 2-D and quasi steady state proper-
ties of the layer allowed clear interpretation of the data and easy comparison with
established theories. Detailed magnetic field measurements showed the time evo-
lution and detailed spatial characteristics of the reconnection layer. Highlights of
MRX reconnection physics results, discussed in Sec. 3.7, include the following. It
was found that the inclusion of an out-of-plane magnetic field significantly altered
the structure of the layer (forming O-points) as well as the reconnection speed
(decreasing it by a factor of three) [YAMADA et al., 1997b]. The Sweet-Parker
model was tested experimentally for the first time. Consideration of the measured
enhanced plasma resistivity, plasma compressibility, and pressure profile along the
layer led to a modified Sweet-Parker picture which correctly predicted the observed
reconnection rate [J1 et al., 1998; J1 et al., 1999]. Finally, the equilibrium profile of
the reconnecting current sheet was seen to agree with the oft-quoted Harris solution
for a collisionless current sheet [HARRIS, 1962], and the thickness of the current
sheet was seen to scale with ion skin depth ¢/wy; [YAMADA et al., 2000].

For the ion heating study, the goal at the outset of this work was to determine
conclusively if ions are heated directly due to the reconnection process. Many pre-
vious experiments obtained ion heating results with varying degrees of success and
relevance to reconnection in plasmas with S > 1. The most comprehensive picture
was obtained on TS-3 at the University of Tokyo [ONO et al., 1996; ONO et al.,
1997], which reported acceleration of ions to super-Alfvénic speeds via a “sling-
shot” effect (tension force) of reconnected field lines, and then subsequent viscous
thermalization of this flow to explain the measured substantial global ion heating.
As discussed in Sec. 1.3.3, reconnection was likely not the only energy conversion
process present in T'S-3. In the present experiments, the reconnection process is
better isolated from other effects and characterized in greater detail so that clear
cause and effect between reconnection and ion heating can be established. The
other important new contribution is the direct, local measurement of the majority
plasma ion temperature and flow velocity. This was made possible by a novel spec-

troscopy probe? which could be placed directly in the current sheet and scanned

2The IDSP (ion dynamics spectroscopy probe) [FIKSEL et al., 1998] was generously loaned to
MRX by Dr. Gennady Fiksel of the University of Wisconsin—-Madison.
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radially. Helium discharges were used so that spectroscopy of the He I 4686 A line

gave direct information on the majority plasma ions.

Based on these new measurements, local ion heating during magnetic reconnec-
tion was identified for the first time [HSU et al., 2000]. The ion temperature rose
by approximately a factor of three during null-helicity reconnection and approxi-
mately a factor of two in co-helicity reconnection, consistent with the observation
that null-helicity reconnection is faster and thus dissipates more magnetic energy.
Null-helicity reconnection appears to heat ions more efficiently than co-helicity re-
connection since only a factor of two increase in dissipated magnetic energy (com-
pared to co-helicity) resulted in a factor of four larger increase in 7;. The resistivity
enhancement in null-helicity is observed to be a factor of two larger compared to
the co-helicity case, indicating the possible role played by non-classical dissipation
mechanisms in heating ions. The ion heating could not be explained by energy
exchange with electrons (7, ~ 10-15 eV) since the characteristic ion-electron en-
ergy relaxation time is approximately 400 ps in helium discharges. The ion heating
also could not be explained by viscous heating of flows, which are accelerated to
only 0.2Vx. An ion energy balance for null-helicity reconnection shows that ap-
proximately 48% of the reconnected field energy is converted to ion thermal energy
non-classically, with an additional 17% converted via classical viscosity. This is
supported by observations of resistivity enhancement over the Spitzer value by an

order of magnitude.

An experiment was performed to investigate the scaling of ion heating with
resistivity enhancement. The results hint at a marginal scaling (error bars are large)
between the rise in ion thermal energy normalized by the total reconnected field
energy and the resistivity enhancement. If true, this indicates that as collisionless
effects become more important, direct heating of ions goes up correspondingly. This
suggests a close relationship between the physics of the plasma resistivity (which
limits the current and dissipates magnetic energy) and the physics of ion heating

(which is due to acceleration and subsequent scattering of ions possibly by wave
fields).

The existence of “enhanced plasma resistivity” has been questioned. Contri-

butions of Z.g > 1 and electron-neutral collisions to the resistivity have not been
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determined experimentally, although the effects are expected to be small. Further-
more, there is always the question on what “Spitzer resistivity” ought to be in
MRX.? However, the observed ion heating can be taken as proof that non-classical
mechanisms are important in MRX, for none of the above effects can produce the
observed ion heating. The exact mechanism in the reconnection layer responsible
for the heating is an open question. The possibilities include wave-particle inter-
actions and inertial effects, as discussed in Secs. 4.3.6 and 4.5. It is possible that
current-driven instabilities may produce the observed heating; this mechanism has
been investigated theoretically [KULSRUD and CARTER, 2000}, and efforts to iden-
tify fluctuations in the relevant range of frequencies is underway experimentally
[CARTER et al., 1999]. Straightforward inertial effects, e.g. due to Speiser orbits
[SPEISER, 1965], are unlikely to be important in MRX because even Coulomb col-
lisions occur more frequently. However, a self-consistent inertial model and simula-
tions based on “whistler mediated” reconnection [MANDT et al., 1994; SHAY et al.,
1999] are not inconsistent with ion heating observations in MRX. In this model,
separation of charge on scales smaller than c¢/wy,; leads to ambipolar fields which
can accelerate ions effectively. Scales smaller than c/wy,; are difficult to diagnose
in MRX, but an electrostatic probe array with better than 1 cm spatial resolution
may be able to distinguish such a potential well. However, in 3-D, the simulation
results show turbulent breakup of the smaller scale, and it is unclear whether the

ambipolar fields survive.

Finally, an example of how the findings of this dissertation might impact another
research discipline is given. Typically, when a model of coronal activity invokes re-
connection, it almost always assumes acceleration of particles to very high energies.
This prompts researchers to look for tell-tale signs of high energy particles colliding
with other material, which would give off hard X-rays and other energetic radiation,
as a signature of reconnection. Thus, if hard X-rays or other energetic radiation are
not seen, it might be assumed that there was no reconnection. The MRX results
suggest the possibility of “quiet” reconnection which would be very difficult to de-
tect via observations. Yet ions could be continuously heated, and the source of the
heating would be virtually undetectable (since detailed measurements of magnetic

field in the corona are unavailable). This scenario could be relevant to the problem

3This question has been addressed in part in [KULSRUD, 1997].
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of coronal heating, see e.g. [GOLUB and PASACHOFF, 1997].

5.2 Future work

Much work remains to be done to fully understand the mechanisms of the non-
classical ion heating process in MRX. It is expected that these mechanisms are
very closely related to (if not the same as) the dissipation mechanisms giving rise
to enhanced values of plasma resistivity. Other than the obvious next step of ex-
amining the frequency spectrum of turbulent fluctuations in hopes of identifying
relevant modes (this is already underway), the most effective ways of continuing
this study would be to improve the spatial and temporal resolution of the 7; mea-
surement and to expand the possible operational regime by improving the vacuum
quality of MRX and to alter boundary condition effects. These capabilities will all
be available in the near future.

Phenomena on scales smaller than 5 cm and shorter than 10 ps could not be ad-
dressed due to physical limitations of the IDSP and available plasma light. Small
spatial-scale and fast time-scale information could hold very important clues re-
garding the non-classical dissipation mechanisms. For example, T} anisotropy would
focus attention on either parallel or perpendicular heating mechanisms. IDSP mea-
surements suggest that 7;; ~ Tjj, but this information is limited because 10 pus is
enough time for 7} to isotropize if it started out anisotropic. Also, various proposed
non-classical mechanisms are sensitive to (3, which for null-helicity reconnection
might lead to local heating at the edge of the reconnection layer where 3 is small.
This requires spatial resolution of better than 1 c¢m, which is impossible for the
IDSP. A laser-induced fluorescence system is scheduled to be installed in the near
future onto MRX [TRINTCHOUK et al., 1999], which could potentially yield full
ion distribution functions with excellent spatial (< 1 cm) and temporal (< 100 ns)
resolution. A different working gas (Ar) or impurities may need to be used for the
LIF measurements, but this could also give new insight into the physics.

Improved vacuum quality could result in a factor of four increase in T,. The
plasma would become truly collisionless with An.g equal to or larger than the ma-

chine size. Radiative losses would be lower. It would be highly desirable to study

4The subject of T. A. Carter’s dissertation research.
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the reconnection and heating physics in these regimes and be able to obtain im-
proved scaling relations between, for example, heating and reconnection rate versus
resistivity enhancement and Lundquist number.

The development of a third capacitor bank will allow studies of “push” recon-
nection, as described in Sec. 2.2, by separating the plasma formation phase from the
push reconnection phase. Push reconnection would allow studies of counter-helicity
reconnection, also described in Sec. 2.2, in which a sheared out-of-plane field exists
in the layer. In this case, toroidal field is reconnected, as in TS-3, and larger ion
heating may be observed. Furthermore, the buildup of downstream pressure may
be modified in push reconnection because the global geometry would be changed,
with the reconnection layer oriented along R rather than Z. Since the downstream
region would have a larger volume in push reconnection, the downstream pressure
may not be significant during the reconnection phase, and it may be possible for
Alfvénic flows to develop, which could lead to significantly different reconnection
and heating dynamics.

Ultimately, the correlation of ion heating with fluctuations and, hopefully, the
identification of a wave dispersion relation is the goal for achieving a more complete
understanding of the reconnection (dissipation of magnetic energy) and ion heating

processes in MRX.



Appendix A

Independent Check of Mach

Probe Measurements

ON FLOW SPEEDS reported in this dissertation were obtained mainly using
I Mach probes. An unmagnetized fluid sheath model [HupDIS and LIDSKY,
1970] was generalized to include T; =~ T,, as described in Ch. 2, in order to
interpret the Mach probe data. Due to the complexity of plasma sheath physics,
Mach probe theories are commonly believed to be correct to within only a factor of
two. However, the availability of IDSP (see Sec. 2.3.3) Doppler shift data afforded a
unique opportunity to “calibrate” the Mach probe. This appendix chapter describes
an independent check of the Mach probe measurements using the IDSP. It is shown
that the accuracy of the generalized Hudis and Lidsky model is sufficient to support

the claim that downstream ion flow speeds are only 25% of the Alfvén speed.

In performing the independent check, toroidal ion flow speed Vj in the reconnec-
tion region is measured using both the IDSP and the Mach probe, and the results
are compared to each other. Data are taken at two spatial positions, R = 37.5 and
42.5 cm. Multiple shots are required to obtain a Vj value using the IDSP since only
one sightline is used. Approximately ten shots are fired with the IDSP sightline
facing the —@ direction, and an average and standard deviation for the location
(in CCD pixels) of the peak of the spectrum are obtained. This is repeated for
the sightline facing the +6 direction. The difference between the two central pixel
numbers translates into a net relative Doppler shift A\ between the emission lines

collected by the two opposing sightlines. It is straightforward to show (referring to
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Fig. 2.15) that

AN 1
Vo = c)\—072 cos(d)’ (A.1)
where ¢ is the speed of light, A\g = 4686 A is the unshifted wavelength of the spectral
line, and ¢ = 45° is the angle between the sightline and the toroidal flow. Thus, all
twenty shots are used to obtain an averaged Vjy £ dVj at each radial location using
the IDSP. Standard error propagation using the standard deviations of the peak
locations for each group of ten shots gives the representative shot-to-shot error 6 Vj.

A value for Vj is also obtained for each plasma shot using the Mach probe according

[Te [1e _
Vo = T Etanh 'K, (A.2)

as described in Ch. 2, where K is the difference in ion saturation currents divided

to

by the sum. The corresponding values for T, and 7} for each shot are taken from
triple Langmuir probe and IDSP measurements, respectively.

Results from both the IDSP and Mach probe are shown in Fig. A.1. Error bars
in the ordinate represent + one standard deviation in the shot-to-shot variation of a
group of twenty shots. Error bars in the abscissa represent the spatial extent for the
IDSP and the uncertainty in measuring the location of the Mach probe. From the
figure, it is seen that the Mach probe measurement is about twice the IDSP value
at R = 37.5 cm and only about 1.3 times the IDSP value at R = 42.5 cm. In both
cases, the error bars overlap significantly, and the Mach probe value overestimates
the IDSP value. Given the general accuracy of Mach probe theories, this agreement
can be considered to be better than average, and it certainly validates the values of
ion flow reported in Ch. 4, which include an approximate calibration factor of 0.7.

The fact that IDSP values are consistently smaller than Mach probe values
might be explained by an averaging effect of the IDSP measurement, which may

underestimate the true flow speed when there is a local gradient in the flow.
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Figure A.1: Comparison of Vj measurements using IDSP Doppler shift and Mach

probe based on an unmagnetized fluid sheath model (shots 12187-12232). Data are
for Z =0 cm and t = 260 — 270 us.
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Appendix B

Plasma Perturbation due to the
IDSP

ERTURBATION of the plasma by probes must be considered in interpret-
ing the experimental data. The IDSP is by far the most bulky and likely
the “dirtiest” probe inserted into MRX. This appendix chapter focuses on

the effects of the IDSP on magnetic field topology, density and electron tempera-
ture, and global ion emission.!

The basic procedure is to scan the IDSP radially and simultaneously monitor
the magnetic probe arrays, triple Langmuir probe, and global ion line emission. It
is found that the IDSP does not affect these measurements in any significant way;,
as long as approximately fifteen conditioning discharges are fired first. Before the
discharge cleaning, the electron temperature is reduced from normal levels by a
factor of two, and He II 4686 A emission is virtually undetectable. It is believed
that the conditioning discharges rid the IDSP boron nitride surfaces of adsorbed
impurities.

Figure B.1 shows the poloidal magnetic field during pull reconnection with the
IDSP far outside the reconnection region (R = 52.5 cm) and inside the reconnection
region (R = 37.5 cm). The vector plots are averaged over five shots for each

case. As seen in the figure, the magnetic topology is not significantly different

!The effects of magnetic and electrostatic probes have also been studied in the past. The
presence and positions of these probes generally have no detectable effects on other measurable
quantities beyond the standard shot-to-shot statistical variation. On occasion, significant devi-
ations in a large number of probe signals may occur simultaneously due to ground loop noise
pickup or an arc inside the vacuum chamber. These discharges are rejected.
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Figure B.1: Poloidal magnetic field measurements (for ¢t = 265 — 275 us) for two
IDSP positions (shots 11479-83 and 11494-98).

between the two cases; in fact, observable differences are not unlike typical shot-
to-shot variations. However, the total toroidal current calculated from the field
measurements is about 20% smaller when the IDSP is at R = 37.5 cm. This is
still within typical shot-to-shot variation, but it is an indication that the IDSP may
affect current sheet formation. Placement of the IDSP in the reconnection layer
does not alter global reconnection dynamics. However, in comparing shots with
and without the IDSP in the current sheet, the slight difference in toroidal current

should be taken into account.

Figure B.2 shows triple Langmuir probe data at R = 37.5 cm and Z = 0 cm for
different IDSP radial positions. Discharge parameters are held constant (TF/PF
= 13/11 kV, initial gas pressure = 6 mT, null-helicity). It can be seen that T¢, n.,
and the probe potential V¢ remain constant (within error bars) as the central IDSP
position is varied from R = 32.5 — 52.5 cm. This data shows that basic plasma
parameters inside the reconnection region are unchanged due to the presence and
position of the IDSP.

Figure B.3 shows the brightness and broadening of chord-averaged He II 4686 A
line emission as a function of IDSP radial position. The viewing chord is approx-
imately 2.5 cm in diameter and is tangent to R ~ 40 cm. The chord spans the
entire vacuum chamber at Z = 0 cm. As seen in the figure, both the brightness
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Figure B.2: Triple Langmuir probe measurements (at R = 37.5 cm and Z =
0 cm) as a function of IDSP radial position (shots 11479-11503). For reference, the
reconnection layer typically is centered at R = 37.5 cm.

and the broadening of the emission are approximately constant within error bars
as the IDSP is scanned radially, meaning that global ion properties are essentially
unaffected due to the presence and position of the IDSP. However, it is interesting
to note that both the intensity and line broadening suffer a slight dip when the
IDSP is located at R = 32.5 cm. This is likely due to the fact that the main
bulk of the IDSP housing sits in the current sheet when the viewing position is
R = 32.5 cm (see Figs. 2.15 and 2.16 for reference). Therefore, the overall density
and ion temperature may be reduced when the probe housing sits squarely in the

path of the current sheet. This result should be considered in interpreting IDSP
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Figure B.3: (top) Brightness and (bottom) Doppler temperature of chord-averaged
He II 4686 A emission. Viewing chord is tangent to R ~ 40 cm, and CCD gate
opening is ¢ = 260-270 us (shots 12127-12154).

data.

Overall, it is concluded that systematic studies of reconnection in MRX are
still meaningful with the IDSP placed in the current sheet. The small effects on
total toroidal current and the reduction in ion light emission when the IDSP is at

R = 32.5 cm must be taken into account properly when data interpretation calls
for it.



Appendix C

Doppler spectroscopy of helium

ion spectral lines

ON TEMPERATURE measurements are based on Doppler spectroscopy of the

He IT 4686 A ion spectral line. Two key factors contributed to very clean data
interpretation and hence robust physics conclusions. First, plasma light was
collected from a localized region using the novel IDSP diagnostic [FIKSEL et al.,
1998], which is described in Sec. 2.3.3. This contrasts with the usual method of
collecting plasma light along a chord spanning most of the plasma. The only way to
deduce localized T} using the latter method would be to utilize many such chords and
apply mathematical inversion techniques requiring varying levels of assumptions
such as axisymmetry, closed flux surfaces, etc. While this method is certainly
possible and has yielded many successful measurements of density and poloidal
flow (in tokamaks for example), it is extremely difficult. Some of the necessary
hardware for this multi-chord scheme was developed as backup for this work, and
hopefully it will be utilized in the future. The second factor is the use of pure helium
discharges for this set of experiments. Use of pure helium means that the Doppler
temperature deduced from He IT 4686 A spectra is the majority ion temperature
and that it is not necessary to rely upon details about charge exchange (necessary
for neutral spectroscopy) nor energy transfer between impurity and majority ions
(necessary for impurity ion spectroscopy). Details and limitations of the diagnostic
hardware, including the IDSP, the fiber optics, the spectrometer, and the CCD
camera are described in Sec. 2.3.3. Here, the emphasis is on deducing 7; from raw

spectra.
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C.1 Principle of Doppler spectroscopy

Via the Doppler effect, the width of a spectral line will in general be broadened by
the motion of emitters along the measurement line-of-sight; this is known as Doppler
broadening. If Doppler broadening is the dominant effect on the spectral line shape
and if the emitter line-of-sight velocity distribution is thermal with temperature
T, then the resulting wavelength spectrum will be a Gaussian centered at the
unshifted line wavelength \g. In this case, it is straightforward to deduce T from
the full width half maximum (FWHM) of the measured spectrum AXpwmy.! A

convenient expression is

(C.1)

A\ 2
T:L@xlmu(_g?%)em

where p is the mass of the emitter divided by the proton mass.

If the thermal emitters have a uniform bulk flow velocity V' along the line-of-
sight, then the measured wavelength spectrum will still be Gaussian but Doppler
shifted to a central wavelength A\j = \o(1 + V/c), where ¢ is the speed of light and

V' > 0 refers to flow away from the viewing point. Thus, V' can be determined,

vzc(%%”j, (€2)

if Aj — Ao is known absolutely. In this case, Ag in Eq. (C.1) must be replaced by {,
but this an imperceptible difference for |V| < c.

Note the two critical assumptions implicit in Eq. C.1: (1) Doppler broadening
is the dominant effect on the line shape and (2) the emitter line-of-sight velocity
distribution is thermal (with or without V). These points will be addressed in the

next section.

!These elementary points are discussed in detail in plasma spectroscopy and diagnostic text-
books such as [GRIEM, 1964; WIESE, 1965].
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C.2 Other line broadening mechanisms

Typically, measured spectra are not perfect Gaussians because Doppler broadening
is not the only physical effect which determines the spectral line shape. This section
discusses other effects and methods to overcome them if they are not negligible. The
discussion will focus solely on the He II 4686 A line since that is the line on which
all the T; data in this chapter are based.

C.2.1 Instrumental broadening

The instruments used for spectral measurements introduce unavoidable wavelength
dispersion in the collected light. This is known as instrumental broadening. Because
the instrumental broadening and Doppler broadening are independent processes,
the resulting spectrum which is ultimately recorded is a convolution of the two
independent spectra. Therefore, if the instrumental profile is known accurately, the
Doppler profile can be deduced using numerical de-convolution techniques. The
instrumental broadening needs to be small compared to the Doppler broadening to

yield very accurate values of T;.

The instrumental profile can be determined by coupling light from a helium
lamp into the spectrometer. Because the lamp is cold, only neutral helium lines are
available. In general, the wavelength dispersion of the spectrometer is a function of
wavelength. However, there is a helium neutral line at 4713 A, very close to the ion
line of interest at 4686 A, and thus it is reasonable to use the instrumental profile
at 4713 A for de-convolution.

An example of the instrumental profile is shown in Fig. C.1. This profile was
obtained using a spectrometer slit width of 100 um, the same setting used through-
out these experiments. The profile has a FWHM of approximately 5 CCD pixels,
which corresponds to 0.37 A. Using Eq. (C.1), it can be seen that this is equivalent
to a temperature of 5 eV, meaning that de-convolved T} values below approximately
5 eV will have large relative errors. The measured instrumental profile is used in

the curve-fitting and de-convolution procedures to be discussed in Sec. C.3.
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Figure C.1: Instrumental broadening profile of the Her 4713 A spectral line from a
helium lamp. Data points (squares) are fit to a sum (solid line) of two Gaussians
(dashed lines).

C.2.2 Fine structure

The He II 4686 A line consists of thirteen fine structure components of varying
intensities and spanning 0.5 A. These have been characterized using a helium
lamp [CHIU, 1995], albeit at different pressures and temperatures from MRX. Two
components, which are separated by only 0.1 A, are approximately an order of mag-
nitude stronger than all the others and thus dominate the total spectrum. These two
components should undergo the same Doppler broadening, and thus the fine struc-
ture effects can be modeled to lowest order using two equal-temperature Gaussians
separated by 0.1 A. Since the expected Doppler broadening is up to approximately
1 A, the difference in temperature obtained using one versus two Gaussians is small
(= 10%), certainly much smaller than the typical shot-to-shot variation (=~ 30%).

Therefore, all reported values of T} are based on single Gaussian fits.
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C.2.3 Pressure broadening

The perturbation of emitter energy levels due to emitter interactions with surround-
ing particles is known as pressure broadening, which in general includes resonance
(interaction with atoms of the same kind), Van der Waals (interaction with atoms
and molecules of different kinds), and Stark (interaction with charged particles)
broadening. In a plasma where long-range Coulomb forces dominate, Stark broad-
ening is usually the strongest pressure broadening mechanism.? Thus, the goal here
is to compare the magnitude of Stark broadening with the overall broadening of
the observed He II 4686 A spectra.

A relationship between the full Stark width A)g and the electron density n, for

hydrogen and hydrogenic (such as singly ionized helium) lines can be expressed as
ne = C(ne, T) AN, (C.3)

with 7. in em™ and A)g in A.®> The density and temperature regime of MRX
(ne &~ 5 x 10" cm™ and T} &~ 10-20 eV) is considered to be beyond the range in
which Stark broadening is important for He IT 4686 A, and the closest regime for
which a numerical value of C'(ne,T}) is given in [GRIEM, 1964] is n, = 10'° ¢cm™
and T; = 4 eV. In this case, C'(ne, T}) = 4.34 x 10" A=3/2cm~3, corresponding to
A)g = 0.081 A, almost an order of magnitude smaller than the expected Doppler
broadening. And in the MRX regime, where n, is more than an order of magnitude
less and T; a factor of 3-5 higher, A)\g should be at least another order of magnitude

smaller and is therefore completely negligible.

C.2.4 Plasma turbulence

In certain situations, it is possible for turbulent ion flows to produce a spectrum
similar to one produced by random thermal motion. In this case, ion temperature
would be overestimated. The most robust method for eliminating this possibility

is to obtain the full ion distribution function with sufficient spatial (< 1 cm) and

2For a detailed account of these matters, the reader is again referred to [GRIEM, 1964; WIESE,
1965].
3See Eq. (14-8) and Table 14-1 of [GRIEM, 1964].
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temporal (< 0.1 us) resolution, e.g. using laser-induced fluorescence (this measure-
ment is planned in future MRX experiments). The current IDSP measurement has
a spatial resolution of approximately 5 cm and a temporal resolution of 10 us, and
thus turbulent motion on smaller scales than these can affect the line profile. Some
physical arguments will be given on why this is highly unlikely. First, the measured
line profiles are extremely close to Maxwellian, as shown in Sec. C.3. It is unlikely
that ion flows would conspire to result in a line profile that is so highly Maxwellian.
Second, Mach probe measurements of plasma flow, albeit with only incrementally
better temporal resolution of 2 us, show well-developed and smooth flow patterns
that would all but eliminate the necessary gross ion motions needed to produce a

false line profile.

C.2.5 Zeeman effect

Perturbation of emitter energy levels by magnetic fields results in the Zeeman ef-
fect. Zeeman shifts are generally on the order of the electron cyclotron frequency.
Numerically, the order of magnitude of Zeeman shifts in a magnetized plasma is
AN ~ 1079X2B, where wavelengths are in A and B in kG [GRIEM, 1964]. For
Ao = 4686 A and B ~ 0.25 kG, the Zeeman shift is on the order of 5 x 1073 A,
more than two orders of magnitude smaller than the expected Doppler broadening.

Thus, the Zeeman effect can be ignored completely in MRX.

C.3 Curve-fitting of measured spectra

This section discusses in detail the steps taken to derive T} from a raw He IT 4686 A
data set, an example of which is shown in Fig. C.2 (square data points). The
abscissa is the pixel number of the CCD camera, and the ordinate is the number
of photoelectrons collected by the CCD intensifier. Each pixel number represents
0.0742 A, the calibration of which is described in Sec. 2.3.3. Error bars represent the
error in photoelectrons counted according to Poisson statistics (error = y/counts).

From the preceding section, it was determined that instrumental broadening is
the only significant effect other than Doppler broadening in determining the spectral

line shape. Therefore, the basic procedure is to fit the data to the convolution of a
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Figure C.2: Doppler broadened He II spectral line, fitted with the convolution of a
Gaussian and the instrumental broadening profile.

Gaussian and the instrumental broadening profile iteratively until the reduced-y?
is minimized.
Curve-fitting is done using two IDL routines.? The first routine (cgauss.pro)

generates a single Gaussian or a sum of multiple Gaussians of the form

2
r—a
f(x) = ap + a17 + azexp [—41n2( 3) tasexpl-]+ -,

Qg

(C.4)

where a4, ar,... are the FWHM of each separate Gaussian. The second routine
(kurvefit.pro) fits f(z) to the measured spectrum iteratively until the reduced-
x? is minimized and returns the best-fit parameters [ao, . . . , a,]. The second routine
can also fit the data using the convolution of f(x) with any arbitrary function g(x)

which can be represented as a sum of Gaussians, provided the fitting parameters

4The routines cgauss.pro and kurvefit.pro were developed by Dr. R. E. Bell. Both are
currently available on the PPPL UNIX cluster in /u/rbell/id11lib/.
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for g(x) are given.

These two routines are used to determine 7; from a raw spectrum as follows: (1)
fit a sum of two Gaussians to the instrumental profile (see Fig. C.1) and retain the
best-fit parameters, (2) fit the raw spectrum to the convolution of a single Gaussian
lag, ... ,a4) with the instrumental profile (by inputting the previously obtained
best-fit parameters), and (3) use Eq. (C.1) to determine T; from the resultant as,
which is the FWHM. The routine kurvefit.pro also returns the fitting error of
each parameter [ao, ... ,a4] based on the Poisson statistical error of the raw data,
indicating a typical error in T} of approximately 10%. The results of this procedure

are shown in Fig. C.2.
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