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Abstract

Wepresent 1 � stime resolutioncalculationsof the electrontemperatureof the Swarth-
more SpheromakExperiment (SSX) plasmaduring magneticreconnection.The non-
LTE excitation kinematics code PrismSPECT is used to simulate emissionspectra
for a variety of plasmaconditions. Thesemodel spectra are comparedto experimen-
tal data from two main diagnostics: a vacuum ultraviolet (VUV) monochromator
and a low-resolutionsoft x-ray detector (SXR). Analysis of simulation results reveals
that the plasmaquickly (< 10 � s) approachesequilibrium conditions in the density
regime of interest; as a result we can safely use steady-statesimulations for com-
parisonswith the data. MeasuredUV line strength ratios depend primarily on the
electron temperature in the plasma, so we are able to use measurements of carbon
impurit y emissionlines in conjunction with SXR measurements asa temperature di-
agnostic. In particular, the C i i i 97.7 nm / C iv 155 nm line intensity ratio proves
to be extremely useful, while the C i i i 229.7 nm line appears anomalouslystrong
in experimental measurements. Measurements of oxygen and nitrogen lines allow us
to concludethat the carbon/oxygen number ratio in SSX is approximately 1000/1,
while nitrogen concentrations are negligible. Temperaturesderived from the 97.7nm
/ 155 nm line ratio average20 eV for single spheromakshots and 20 eV early in
counter-helicity shots, increasing to 35 eV after the two spheromaksmerge. SXR
measurements suggesta meanelectrontemperature of 30-35eV for singlespheromak
shotsand 40 eV for counter-helicity merging. The counter-helicity temperature pro-
�le shows a distinct peak at t � 40 � s, the time at which reconnectionis believed to
occur; however, the timing of this peak is not in preciseagreement with the peak in
the averagetemperature pro�le derived from carbon line ratios.
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Chapter 1

In tro duction

1.1 Plasmas

1.1.1 What is Plasma?

Although relatively rare on Earth, material in the plasmastate accounts for much

of the matter in the universe, including stellar interiors and atmospheres,gaseous

nebulae,and much of the interstellar medium. Studying plasmasis thereforecrucial

for our understandingof a multitude of astrophysical phenomena.A de�ning char-

acteristic of plasmasis that they contain chargedparticles and thereforeare readily

in
uenced by electromagneticforces. The need for charged particles explains their

relative scarcity on Earth: at the low temperatures and high densitiesthat we ex-

periencein everyday life, the fraction of atoms that are ionized is vanishingly small.

F. F. Chen [1] provides a more formal de�nition: \A plasmais a quasineutralgasof

chargedand neutral particles which exhibits collective behavior."

Further explanation is required for several of these terms. Collective behavior

meansthat the motions of particles in a plasmadepend not only on local conditions
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but on plasma properties in remote regions as well. In an ordinary gas made up

of neutral molecules,particle tra jectories are a�ected only by collisions with other

particles,andasa result the behavior of a gasmoleculeis in
uenced only by its nearest

neighbors. In a plasma,on the other hand, each ion or electron createselectric and

magnetic �elds as it moves,while at the sametime feeling the in
uence of the �elds

createdby every other particle [1]. This dynamic interaction is what makesthe study

of plasmasfascinating but alsochallenging.

Quasineutrality refersto the absenceof large-scaleelectrostatic �elds in plasmas.

If one were to insert a positively charged object into a neutral gas, its electric �eld

would be felt everywhere in the gas with a strength proportional to one over the

distanceto the object squared.In a plasma,on the other hand, freeelectronsquickly

surround the concentration of positive charge, thereby shielding its in
uence on the

rest of the plasmathrough their own electric �elds. The approximate length scaleover

which the electrostatic in
uence of a chargedobject can be felt is given by the Debye

length, � D (equal to � 1 � m in SSX).Using Poisson'sequation(r 2� = � �=� 0), it can

be shown [1] that the potential falls o� with increasingdistancer from the body as

� / exp(� r =� D ) (1.1)

where

� D =

 
� 0kTe

nee2

! 1=2

(1.2)

wherek is Boltzmann's constant, Te is the electrontemperature in the plasma,and ne

is the averageelectrondensity. Thesequantities must be usedbecauseit is electrons

and not ions that act as the primary shielding agents in most plasmas,due to their

lower massand greater mobilit y. In a plasma containing several speciesof particle
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(e.g. electronsand several types of ions), the temperature of each speciesmay not

be the same, and although they will eventually come to thermal equilibrium, the

time scaleon which this occursmay be longer than the lifetime of the plasma. As a

result, we will often refer to Te and Ti asseparatequantities. As a �nal note, plasma

physicists like to expresstemperatures in units of energy(kT) instead of T, so from

this point forward temperatureswill be given in electron volts (1 eV � 11600K).

1.1.2 Magnetic Reconnection

Thereis no mechanismanalogousto Debyeshieldingfor magnetic�elds in plasmas,

and as a result magnetic forcesplay a central role in determining plasmadynamics.

The motion of a particle with chargeq moving with velocity v in a magnetic �eld B

is described by the Lorentz force law: F = q(v � B ). Thus particles only feel a force

in directions perpendicular to their velocities, and magnetic forcesdo no work but

merely de
ect particles alongcircular tra jectories[2]. Electronsand ions in a plasma

will thereforetend to spiral along magnetic �eld lines, with the result that �eld lines

move along with the bulk plasma
o w patterns.

When two plasma components with oppositely directed magnetic �elds collide,

high �eld gradients develop at the interface betweenthem. When @B
@r becomeshigh

enough,�eld lines can di�use through the plasma,changetheir topology, and recon-

nect (seeFigure 1.1). During reconnection,stored magnetic energy is converted to

kinetic energy and heat, causing jets of plasma to 
o w out of the reconnectionre-

gion and leading to increasedtemperatures. A more detailed description of magnetic

reconnectionwill be presented in Chapter 2, but for now it su�ces to say that recon-

nection is a complexprocesswhosemysteriesphysicists are still unraveling through

astrophysical observations, laboratory experiments, and computer simulations.
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Figure 1.1: Schematic of magnetic reconnection. Black arrows represent magnetic
�eld lines, and large blue arrows show 
o w velocities. In a perfectly conducting
plasma, �eld lines are con�ned to move with the plasma. However, in real plasmas
with �nite resistivity, it is possiblefor �eld lines to di�use through the plasma and
reconnect.Figure from [3].

1.1.3 Applications to Solar Ph ysics

Although it may appear rather stable and uninteresting to the casualobserver,

the surfaceof the sun is in fact a complex and variable environment whosedynam-

ics are controlled in large part by the presenceof magnetic �elds [4]. A prominent

phenomenonin
uenced by magnetic interactions in plasmasis solar 
ares{highly en-

ergeticbursts of photons,ions,and electronsejectedfrom the sun'souter atmosphere.

Flares can a�ect the performanceof weather and communications satellites, disrupt

the earth's magnetic �eld, and in rare instances,even in
uence life on the ground.

The Great Quebec Blackout on March 13, 1989was causedby a large solar 
are, as

rapid changesin the geomagnetic�eld inducedstrongelectric �elds in Canadianpower

distribution grids (changing magnetic �elds create electric �elds through Faraday's

law: � @B
@t = r � E) [5].

The mechanism through which solar 
ares are produced may be understood

through an analogy to an earthquake. Prior to an earthquake, stressand energy
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Figure 1.2: Loopsof plasmarise above the surfaceof the sun during a solar 
are. Im-
agetaken on March 27, 2001during 17.1nm observations by the TRACE (Transition
Regionand Coronal Explorer) satellite. Figure from http://trace.lmsal.com.

build up through the relative motion of two tectonic platesalongfault lines. At some

point the stressbecomestoo great for the plates to move any further, and a section

of the fault line snapsback into its original position (a minimum energystate). The

excessenergy is releasedin the form of kinetic energy and propogated as seismic

waves. Similarly, solar 
ares occur when two magnetic regionsof opposite polarity

slide along a neutral line between them. As �eld lines becomesheared,the stored

magnetic energy increases.Eventually the con�guration becomesunstable, and an

\earthquake" occurs,releasingthe energythat powerssolar 
ares. This \earthquake"

is magnetic reconnection[4].
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Figure 1.3: Solar
are creation through magnetic�eld line shearing. (a) Initially , �eld
lines are directly connectedacrossthe neutral line dividing two magnetic regionsof
opposite polarity. (ii) As the regionsslide along the neutral line, �eld lines become
sheared,increasingthe magnetic energy stored in the con�guration. (iii) Extreme
shearingleadsto instabilities, allowing �eld lines to break and reconnect. Energy is
releasedin the form of solar 
ares.

Reconnectionis also suspected to be the primary mechanism behind the heating

of the solar corona. The coronais the outermost layer of the sun'satmosphere,lying

above the photosphere,from which most of the sun'svisible light is emitted, and the

chromosphere.Due to its low density (around 1010 m� 3), visible emissionfrom the

coronais dominated by light from the photosphere,and it can only be seenwith the

naked eye during a solar eclipse.Furthermore, it turns out that the peak wavelength

of emission from the corona is not in the visible part of the spectrum at all, as

the corona's temperature is around 170 eV (2 � 106 K). For much of the twentieth

century, this temperature poseda great mystery to astronomers,becausethe average

temperature of the photosphereis only about 0.5 eV (5500K) [6].

It makes very little senseintuitiv ely that the layer furthest from the sun's core

could maintain a temperature several hundred times hotter than that of the layer
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below it. In recent years,however, plasmaphysicists realizedthat the energyneces-

sary to heat the coronacould comefrom magneticreconnection.The processthrough

which this could happen is as follows: observations of the sun tell us that coronal

magnetic �eld lines leave or return to the photosphere. Plasma in the photosphere

movesabout somewhatrandomly, carrying with it the foot points of these�eld lines,

sothat the linesin the coronabecomemoreand moretwisted. As stresson the system

increases,so doesthe stored magneticenergy. This processcannot continue without

bound{eventually the �eld lineswill di�use and reconnect,releasingthe storedenergy

asheat (seeFigure 1.3) [7]. Becauseof the corona'slow density, energyinjected from

reconnectioncan producethe extremely high temperaturesseen.

The problem of coronalheating hasby no meansbeensolved; other heating mech-

anismshave alsobeenproposed,and several have strong backing in the solar physics

community. One such mechanism is the outward transfer of energy by acoustic or

magnetic waves (seeChapter 2 for a more detailed discussionof waves in plasmas)

[8]. The subject is controversial in part becauseof the di�cult y of verifying any of

the coronalheating theoriesobservationally. The relevant physical processes,such as

the \nano
ares" proposedto contribute to magnetic reconnectionheating, occur on

relatively small spatial scales;asa result, distinguishing oneheating mechanismfrom

another is beyond the capabilities of current observational technology [9]. Therefore,

laboratory plasmaexperiments and computer simulations will play a vital role in re-

solving the issue.Research at the Swarthmore SpheromakExperiment (SSX) focuses

on the heating and bulk 
o ws that are produced by the releaseof magnetic energy

during reconnection. Measurements of properties such as the temperature increase

during reconnectionwill help to addressthe plausability of reconnectionasa primary

mechanism for coronal heating.
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1.2 Swarthmore Spheromak Exp erimen t

SSXwasdesignedto study magneticreconnectionevents similar to thoseobserved

on the sun. The following sectionsdescribe the plasma con�guration known as the

spheromakand explain how spheromaksare createdand usedto study reconnection

in SSX.

1.2.1 Plasma Con�nemen t

One of the primary challengesin laboratory plasmaresearch, both in astrophys-

ical and fusion energycontexts, is how to achieve stable plasmacon�nement. Solid

containers are obviously not a viable option, as no known material can withstand

> 10 eV temperatures without being damaged. For small concentrations of plasma,

short-lived inertial con�nement can be achieved through the useof powerful lasers,

and investigations of this method form an important sub�eld in the area of fusion

research. However, the simplest and most practical method for con�ning plasmasin

the laboratory is to take advantageof the electromagneticpropertiesof ionizedgases.

It might seemthat plasmacould becon�ned inde�nitely in a carefully constructed

electrostatic bottle. Recall, however, the property of quasineutrality{due to the con-

ductive nature of plasmas, large-scaleelectrostatic �elds are entirely damped out

through the movements of freeelectrons.Furthermore, a result known asEarnshaw's

theoremstatesthat no stablecon�guration existsunder purely electrostaticforcesfor

ANY arrangement of charges.This theoremcanbe easilyproved by invoking Gauss's

law [2].

Fortunately for the state of laboratory plasmaresearch, stablecon�gurations ARE

possiblefor moving particles under the in
uence of magnetic forces.One such stable

con�guration is a spheromak(see�gure 1.4). The conditions necessaryfor stabilit y
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Figure 1.4: Two views of the magnetic �eld structure in a spheromak. Poloidal
�eld lines passthrough the hole of the \donut," while toroidal �eld lines circle the
spheromakazimuthally. The spheromakshown is a left-handed spheromak. Figure
from [10].

will be discussedin Chapter 2; for now it is su�cien t to say that a spheromakis a

donut-shaped plasma structure that relaxesto a stable equilibrium within a simple

container (i.e. a container that is topologically equivalent to a sphere). While other

commonplasmacon�gurations such as the tokamak rely on externally applied mag-

netic �elds, the spheromakis con�ned entirely by �elds producedby its own internal

currents. Spheromakscan be either \left-handed" or \righ t-handed;"; the distinction

refersto the relative orientation of the toroidal and poloidal magnetic �elds.
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Figure 1.5: Schematic of the SSX setup. A cross-sectionis shown{the device is
cylindrically symmetric about the horizontal axis in the �gure. Spheromakplasmas
are formed in the gunson the eastand west sidesof the vacuumchamber and ejected
into the main 
ux conserver. Gapsin the center of the 
ux conserver allow external,
photon-baseddiagnostics to gather data. The arrows represent the lines of sight
of the VUV monochromator (red) and soft x-ray detector (blue). Other diagnostics
currently in usein SSXincludean ion Doppler spectrometer,a Mach probeto measure

o w velocities, a He-Nequadrature interferometerfor measuringdensity, and an array
of magnetic probes (shown as black lines in the �gure). The contours drawn inside
the 
ux conserver are the magnetic �eld lines of an FRC, the plasmastructure that
forms when two counter-helicity spheromaksmerge. Figure modi�ed from [11].

1.2.2 Spheromak Formation in SSX

Spheromaksin SSX are formed in coaxial plasmaguns at either end of the main

vacuum chamber (seeFigure 1.5). The vacuum chamber is a stainlesssteel cylinder

approximately 1 m long and 0.3 m in radius. Inside the chamber, there are a pair of

cylindrical copper containers known as 
ux conservers that provide the conducting

boundary for the spheromak�elds. Thesehave a radius of 0.2 m and a total length

of 0.61 m. There is a 2 cm gap betweenthe two 
ux conservers at the midplane to
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Figure 1.6: Schematic of spheromakformation in SSX. (a) Hydrogengasis pumped
into the spacebetweenthe inner and outer electrodes,while current through the outer
coils createsa \stu�ng �eld." (b) The main capacitor banks discharge, ionizing the
gas as a radial current 
o ws from the outer to the inner electrode. (c) The J � B
forcebetweenthe gun �eld and the plasmacurrent acceleratesthe spheromakout of
the gun. (d) The plasmadragsalong the stu�ng �eld, which reconnectsto form the
poloidal �eld of the spheromak.Figure from [10].

allow accessto the plasmafor experimental diagnostics.

The spheromakformation processis illustrated in Figure 1.6. The energy for

creating the plasmais provided by four 0.5 mF capacitorsthat can be charged to a

maximum voltageof 10 kV. To initiate an SSXshot, hydrogengasis pumped into the

spacebetweenthe inner and outer gun electrodes. After a short time delay to allow

the gas to �ll the guns (the standard value for this time delay is 730�s {decreasing

this time leadsto the creation of a lower density plasma), the main capacitor banks

discharge,creating a high potential di�erence betweenthe inner and outer gun elec-

trodes. This voltage ionizesthe gasin the gun.

As shown in Figure 1.6b, once the gas becomespartially ionized, the plasma's

conductivity allows a current to 
o w from the positive capacitorplate alongthe outer

electrode, through the plasma, and back along the inner electrode to the negative

capacitor plate. The current 
o wing down the inner electrode createsa magnetic

�eld in the gun that becomesthe toroidal �eld of the spheromak.The interaction of

this �eld with the plasmacurrent through the J � B forceacceleratesthe spheromak

14



out of the gun.

Approximately 25 ms before the main capacitor banks discharge, a seperate set

of capacitorsdischargesand drivescurrent through a coil encircling each gun. This

current createsa dipole-like \stu�ng �eld." As the plasmaexits the gun, it runs into

the stu�ng �eld. As we will seein Chapter 2, to a �rst approximation, magnetic

�eld lines are frozen into the plasma, so the stu�ng �eld is draggedalong with the

spheromak.When the plasmagetsfar enoughout of the gun, the stu�ng �eld breaks

o� and reconnectsto form the poloidal �eld of the spheromak.

Research at SSXfocusesprimarily on the merging of two spheromaksin the cen-

ter of the 
ux conserver, for it is during this processthat large-scalemagnetic re-

connectionoccurs. When spheromaksof the samehelicity merge,the poloidal �elds

reconnectand a single,larger spheromakis formed. Counter-helicity mergings,on the

other hand, leadto the creation of a newequilibrium state known asa Field Reversed

Con�guration (FRC) (seeFigure 1.5) [11]. During counter-helicity merging,both the

toroidal and poloidal �elds of the spheromaksreconnect,releasinglarge amounts of

energy in the form of heating and bulk plasma 
o ws. Reconnectionresults in the

annihilation of the toroidal �elds, so FRCs have only poloidal �elds. The helicity of

SSX spheromakscan be easily reversedby changing the direction of current in the

stu�ng coils, allowing for the study of both co-helicity and counter-helicity merging.
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Chapter 2

Theory

2.1 MHD Theory and Magnetic Reconnection

Deriving a useful theory of plasma behavior posesa unique problem becauseof

the nature of charged particle interactions. Ions and electronsin plasmasgenerate

changingelectricand magnetic�elds asthey move, but at the sametime their motions

are e�ected by thesevery �elds. An obvious tactic would be to calculate the tra jec-

tory of each particle individually; however, a typical plasmamight have a density of

1012 or more ion-electronpairs per cm3 (the SSX plasmadensity is around 5 � 1014

ions/cm3), and today's best computer simulations can only follow � 109 particles for

a few ns. Fortunately, it turns out that the majorit y of plasma phenomenacan be

accurately described by ignoring individual particle motion and applying the tools

of 
uid mechanics to the study of plasmadynamics. This theory, known as magne-

tohydrodynamics(MHD), integratesthe equationsof classicalelectromagnetisminto

the standard 
uid model in order to describe plasmamotion. For certain low density

plasmas,ion and electron velocity distributions may not be Maxwellian, and MHD

canno longerbe applied. A morecomplextreatment known asplasmakinetic theory

16



has beendeveloped for theseinstances,but I will focus on MHD and the realms in

which it producesaccurateresults. The following discussiondraws from [1], [10], and

[11].

2.1.1 The MHD Appro ximation

MHD allows us to describe the state of a plasmain terms of a few bulk variables:

the density n, pressurep, electric and magnetic �elds E and B , current density J,

and 
o w velocity v . Counting each of the vectors as three variables,we seethat we

need14 independent equations to de�ne a fully constrainedmodel. As with many

problemsin electromagnetics,it makessenseto begin with Maxwell's equations:

r � E =
�
� 0

(2.1)

r � E = �
@B
@t

(2.2)

r � B = 0 (2.3)

r � B = � 0(J + � 0
@E
@t

) (2.4)

The chargedensity � is 0 on large scalesin plasmasdue to Debye shielding;however,

the divergenceof the electric �eld at any one point is not necessarily0. This is the

essenceof the dilemma that we face when attempting to construct an approximate

theory of plasmadynamics. Fortunately, it turns out that we candiscardGauss'slaw

(equation 2.1) and still derive a completeset of equations. Furthermore, if we take

the divergenceof Faraday's law (equation 2.2), we get

r � r � E = �r �
@B
@t

(2.5)

0 =
@
@t

(r � B ) (2.6)
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which implies that r � B is constant in time, so equation 2.3 is actually an initial

condition rather than an independent equation.

We canderive several moreequationsby consideringthe plasma's
uid properties.

Neglectingthe e�ects of ionization and recombination, the total number of particles

N in a volume V of plasmacan only changeif there is a net 
ux of particles across

the surfaceS bounding that volume. Therefore,by the divergencetheorem

@N
@t

=
Z

V

@n
@t

dV = �
I

S
nv � dS = �

Z

V
r � (nv)dV (2.7)

This must hold for any volume V, so the integrandsof the volume integrals must be

equal, and we have the equation of continuity

@N
@t

+ r � (nv) = 0 (2.8)

The density n can be related to the pressurep by the thermodynamic equationof

state of the plasma,which takesthe form

p = Cn
 (2.9)

where 
 is the ratio of the speci�c heat at constant pressureto the speci�c heat

at constant volume and C is a constant. For isothermal compressionor expansion,


 = 1, while for adiabatic compressionor expansionwith three degreesof freedom,


 = 5=3.

No set of governing equationsfor a systemwould be completewithout Newton's

secondlaw. We begin by consideringthe forceson electronsand ions in the plasma

separately. Neglectinggravit y, an electron in an ionized plasmacan feel a force from

pressuregradients, electric �elds, and magnetic �elds (Lorentz force). Then in terms
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of the electron massme, density ne, velocity ve, and pressurepe

mene
dve

dt
= � ene(E + ve � B ) � r pe (2.10)

The derivative on the left hand sideof this equation describesthe accelerationof

electronsin their own frame; it would be more convenient to have an equation that

appliesfor 
uid elements that are �xed in space.In onedimension,the changein an

arbitrary 
uid property K in a frame moving with the 
uid can be written as the

sum of two terms

dK (x; t)
dt

=
@K
@t

+
@K
@x

dx
dt

=
@K
@t

+ ux
@K
@x

(2.11)

This generalizesin three dimensionsto

dK
dt

=
@K
@t

+ (v � r )K (2.12)

This is known as a convective derivative. To understand its meaning intuitiv ely,

considera pot of water on a stove. The temperature at a �xed location in the water

can changebecauseheat is transferred to the water from the stove element, warming

the water everywherein the pot (the partial derivative term), or becausehot water

moves into the location of interest and displacesthe cooler water that was already

there (the convective term). Inserting the convective derivative into the electron

equation of motion, we have

mene

"
@ve

@t
+ (ve � r )ve

#

= � ene(E + ve � B ) � r pe (2.13)
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An analogousequation can be written for the ions in the plasma

mi ni

"
@v i

@t
+ (v i � r )v i

#

= eni (E + v i � B ) � r pi (2.14)

Assumingne = ni , we can add equation 2.13and 2.14to get

�

"
@v
@t

+ (v � r )v

#

= J � B � r p (2.15)

becauseen(v i � ve) = J. A more completederivation would allow for the possibility

of shearing(for example,motion in the x-direction leading to momentum transfer in

the y-direction) by replacingr p by the divergenceof the pressuretensor P.

The �nal three necessaryequationscome from Ohm's law, which describes the

electrical properties of the plasma. In its most generalizedform, Ohm's law is rather

daunting, but we can often neglectseveral terms and write

E + v � B = � J (2.16)

where the terms on the left represent the electrostatic force and the Lorentz force,

and � is the plasmaresistivity. In ideal MHD, we make onemore approximation and

assumethat the plasmais perfectly conducting, so

E + v � B = 0 (2.17)

Equations 2.2, 2.4, 2.8, 2.9, 2.15,and 2.17turn out to be extremely useful for under-

standing large scaleplasmabehavior.
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2.1.2 Frozen-in-Flux

An interesting consequenceof the ideal MHD assumptionsis that magnetic �eld

lines are \frozen" into the plasma,meaningthat they move only along with the bulk

plasma 
o w patterns. The frozen-in 
ux theorem, or Alfv �en's theorem, states that

the 
ux through a surfacethat moveswith the plasmais constant in time. To seewhy,

we follow [12] and [10] and substitute Ampere's law (equation 2.4) into the resistive

Ohm's law (equation 2.16). The displacement current @E
@t can be neglectedin MHD

becausethe time scalefor di�usion is much longer than the time scalefor light to

propogatein the plasma[11], so we get

E = � v � B +
�
� 0

r � B (2.18)

assumingthat the resistivity is constant throughout the plasma. Taking the curl of

both sides

r � E = �r � v � B + r �
�
� 0

r � B (2.19)

Now we can useFaraday's law (equation 2.2) to eliminate E, leaving us with

@B
@t

= r � v � B +
�
� 0

r 2B (2.20)

This is known asthe magneticinduction equation. Recallingthe assumptionsof ideal

MHD, we can set the resistivity equal to zero,so

@B
@t

= r � v � B (2.21)

Now considera curve C boundinga surfaceS which is moving through the plasma

(seeFigure 2.1). In a time dt an element dl of C sweepsout an areadS = v � dldt.
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Plasma motion 
C1 C2 

t1 t2 

Figure 2.1: Magnetic 
ux conservation in ideal MHD. If a curve C1 is distorted into
C2 by plasmamotion, then the 
ux through C1 at t1 and the 
ux through C2 at t2

will be equalbecausemagnetic �eld lines are \frozen-in."

Therefore,by the product rule, the rate of changeof magnetic 
ux through C is

d�
dt

=
d
dt

Z

S
B � dS =

Z

S

@B
@t

� dS +
Z

C
B � v � dl (2.22)

This expressionis analogousto the convective derivative described earlier. As

C moves, the 
ux through the loop can changeeither becausethe magnetic �eld is

changing in time (the �rst term on the right) or becausethe boundary is moving in

space(the secondterm on the right). Using a vector identit y, B � v � dl = � v � B � dl,

so
d�
dt

=
Z

S

@B
@t

� dS �
Z

C
v � B � dl (2.23)

Finally, applying Stokes' theorem to the secondterm

d�
dt

=
Z

S

"
@B
@t

� r � (v � B )

#

� dS = 0 (2.24)
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from equation 2.21. So the 
ux through C is constant in time.

2.1.3 Resistiv e MHD

As one might expect, real plasmasare not perfectly conducting, so ideal MHD

fails to predict several interestingplasmaphenomena.In particular, whenreal plasma

components carrying oppositely directed magnetic �elds run into one another, high

�eld gradients can cause�eld lines to di�use through the plasma,changetheir topol-

ogy, and reconnect,converting storedmagneticenergyinto kinetic energyor heat. In

other words, the frozen-in-
ux condition is violated. Studying magneticreconnection

is the primary goal of SSX.

Let us return to the induction equation (2.20), this time allowing the plasma

resistivity to be non-zero.

@B
@t

= r � v � B +
�
� 0

r 2B (2.25)

If we consideronly the �rst term on the right hand side,we get equation 2.21,which

describeschangesin the magnetic�eld brought about by convectivemotionsof plasma

with frozen-in 
ux. Consideringonly the secondterm, the equation becomes

@B
@t

=
�
� 0

r 2B (2.26)

This has the standard form of a di�usion equation, so we seethat in resistive MHD,

magnetic �elds can changethrough di�usion as well as convection.

We can characterizethe importance of convection versusdi�usion in a particular

plasma by taking the ratio of the two components of the induction equation. If

L is the characteristic length scale in the plasma, the spatial derivative r can be
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Figure 2.2: Sweet-Parker reconnectionmodel geometry. The hollow arrows represent
the direction of plasma
o w, while the smallerblack arrows show the direction of the
embeddedmagnetic �elds. Reconnectionoccurswithin the shadedregion.

approximated by 1
L . Then

convection
dif f usion

�
(1=L)vB
� B=� 0L2

=
� 0Lv

�
� RM (2.27)

The quantit y RM is known as the magneticReynoldsnumber.

2.1.4 Sweet-P ark er Magnetic Reconnection

Now that we have relaxedour assumptionssothat magnetic�eld linesmay di�use

through the plasmaand reconnect,we would like to have a model for the nature of

this processand the rate at which it will occur. The �rst and simplest model of

magneticreconnectionwasproposedby Sweet and Parker [13] in the late 1950s.The

following discussiondraws from [14], [12], and [10].

The Sweet-Parker model assumesthat reconnectionoccursentirely in two dimen-
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sions. Field lines are assumedto be approximately straight, but with just enough

curvature that wecande�ne a rectangularreconnectionregionof length 2L and thick-

ness2l (seeFigure 2.2). Plasmacomponents containing opposingmagnetic�elds 
o w

in from the � y directions with velocity vin . Inside the reconnectionregion,magnetic

�eld gradients becomehigh enoughthat �eld lines that werepreviously frozenin can

di�use and reconnect;after reconnection�eld lines and plasma 
o w out in the � x

directions with velocity vout . The model assumesthat reconnectionis a steady-state

process,sovin and vout do not changewith time. In other words, although plasmais

constantly moving and individual �eld lines are changing their topology, if we took

a snapshotof the reconnectionregion at any time, it would always look the same.

With this in mind, we can seethat masscontinuity implies

4�Lv in = 4�l vout (2.28)

Lv in = lvout (2.29)

if we assumethat the plasmais incompressible.

Outside the reconnection region, the magnetic �eld lines are approximately

straight, so assuming @B x
@y = 0, r� B = 0 and Ampere's law (equation 2.4) tells

us that there is no current. The z-component of the resistive Ohm's law (equation

2.16) then becomes

Ez � vin B in = 0 (2.30)

Inside the region, the net magnetic �eld is zero, so the z-component of Ohm's law

gives

Ez = � Jz (2.31)

We can combine thesetwo relations by noting that the steady-stateassumptionim-
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plies dB
dt = 0, so by Faraday's law (equation 2.2), r� E = 0 and the electric �elds

inside and outside the region are the same.Sowe have

vin B in = � Jz (2.32)

Now we may apply Ampere'slaw to the reconnectionregionasa whole. Equating

the line integral of B around the border of the region to the enclosedcurrent density,

we �nd

B in (4L) = � 0Jz(2L)(2l) (2.33)

B in = � 0Jzl (2.34)

Substituting this expressioninto our result from Ohm's law

vin =
�

� 0l
(2.35)

vin � 0l
�

= Rm = 1 (2.36)

So the magnetic Reynoldsnumber is 1 during Sweet-Parker reconnection,implying

that the in
o w velocity and thicknessof the reconnectionregion adjust themselves

until magnetic 
ux is being annihilated at the samerate that plasmais escapingout

the sidesof the region.

During reconnection,magnetic energy stored in the incoming �eld is converted

into kinetic energy of the outgoing plasma, so we can conserve energy to �nd the

out
o w velocity in the ideal casewith no plasmaheating.

B 2
in

2� 0
=

�v 2
out

2
(2.37)
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vout =
B in

p
� 0�

(2.38)

This velocity represents a sort of speedlimit in the plasma;it is known asthe Alfv �en

speed (vA ). vA has additional importance in MHD theory as the phasevelocity of

large-scale,low-frequencyoscillationsknown asAlfv �en waves.

Now we can combine equationsto relate vin and vout

v2
in = (vin )(vin ) = (

vout l
L

)(
�

� 0l
) = v2

out (
�

vout � 0L
) (2.39)

The reconnectionrate (M) is often expressedin terms of the Alfv �en speedin order

to allow for straightforward comparisonsbetweenplasmas.Recalling that vout = vA ,

we have

M �
vin

vA
(2.40)

M =
s

�
vA � 0L

=
1

p
S

(2.41)

whereS is a special caseof the Reynold'snumber (known as the Lundquist number)

that represents how well magnetic �eld lines are frozen to the plasma. Experimental

resultsshow that the 1p
S

reconnectionrate predictedby Sweet-Parker is too slow, and

more sophisticatedmodels of reconnectionhave sincebeendeveloped. Furthermore,

results at SSX [15] and elsewherehave shown that the interactions between recon-

nection �elds are not con�ned to a planar interface. However, Sweet-Parker remains

a useful introduction to the theory of reconnection,and the two-dimensionalmodel

provides an ideal framework for understandingthe basicprocessesat work.
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2.2 Excitation kinematics

As discussedearlier, external, photon-baseddiagnosticsplay an important role in

the analysisof laboratory plasmaproperties. To understandthe meaningof measure-

ments made by such diagnostics,we must move beyond the large-scaledescriptions

provided by MHD theory and focus on the processesat the atomic level that cause

plasmasto radiate. The following discussiondraws from [16], [17], and [11].

2.2.1 Sources of emission

For plasmasthat are optically thin (meaning that the typical photon produced

in the plasma escapes without being absorbed or scattered), the most important

radiative processesare line emission, radiative recombination, and bremsstrahlung

radiation. The SSX plasma is optically thin at most photon energies,although it

may becomeoptically thick at the wavelength of someresonant atomic transitions.

Bremsstrahlungradiation (\braking radiation") originates from the acceleration

of a charged particle due to the electric �eld of another particle. The total power

radiated by a systemof acceleratingchargescan be approximated by

P =
2•d2

3c3
(2.42)

whered is the electric dipole moment of the system,de�ned by

d =
X

i

qi r i (2.43)

Collisions between two identical particles create no net accelerationof the system's

dipole moment, so the total radiated power vanishesin the dipole limit and can

usually be neglected. Therefore, the main contributer to bremsstrahlungradiation
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in plasmasis electron-ion collions. In practice, the radiation is dominated by the

accelerationof electrons;the largemassdiscrepencybetweenelectronsand ionsmeans

that the change in the ion's velocity during an electron-ion collision is negligible.

Bremsstralungradiation is alsoknown as\free-free" emissionbecauseit is causedby

electron transitions betweentwo unbound, or \free", statesof the target ion.

The spectral signature of bremsstralungradiation is a smooth continuum, since

electron and ion velocities in a plamsaare continuously distributed. The total free-

free emissionat a given energy can be obtained by integrating over the electron

velocity distribution, all possibleimpact parameters,and the particle distribution in

the plasma. Assuminga Maxwellian electron velocity distribution, the emissivity is

� =
25� e6

3mec3

s
2�

emekT
Z 2neni e� h� =kT gf f (2.44)

whereZ is the atomic number of the colliding ions, h is Planck's constant, and gf f

is a quantum mechanical correction known as the Gaunt factor. The dimensionsof

the emissivity are power/unit volume/unit energyrange,or in the units that will be

usedlater on, erg/s/cm3/eV.

The SSXplasmais madeof hydrogen,nearly 100%of which is ionized. However,

even in an equilibrium state of nearly complete ionization, electronsare constantly

recombining with protons beforebeing knocked looseagain by collisions. Energy is

conserved in this processthrough the emissionof a photon of energy

E =
13:6 eV

n2
+ K (2.45)

where n is the hydrogen energy level into which the electron recombines and K is

the initial kinetic energy of the electron. Sincen can range from 1 to 1 , and the
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range of possibleelectron kinetic energiesis continuous, radiative recombination is

a continuum process. Electrons with velocities at the low end of the distribution

are the most likely to combine, so the majorit y of photons emitted as a result of

recombinations into an energylevel n will have energiescloseto 13:6 eV=n2. As we

shall seein Chapter 4, radiative recombination is in fact a far greater contributor to

the emissionspectrum in SSX than is bremsstrahlungradiation.

For the conditions present in SSX, the dominant spectral featurescomenot from

continuum processesat all but from line radiation producedby transitions of electrons

bound to ions. When an electron residing in an excited state of an atom falls back

to a lower state, a photon with energyequal to the di�erence in energybetweenthe

two atomic levels is spontaneouslyemitted.

Given that SSXfeaturesa highly ionized hydrogenplasma,onemight think that

the contribution of line radiation to the observed spectrum would be negligible. How-

ever, if the hydrogen atoms formed as a result of recombinations into excited states

are not immediately re-ionized, additional photons will be emitted as the electrons

cascadedown to the groundstate. More importantly, despitethe beste�orts of exper-

imentalists, all laboratory plasmascontain impurities. While detrimental to plasma

performance,theseimpurities are a blessingin disguise,becauseobservingline emis-

sionfrom impurit y ions is oneof the bestdiagnostictools that plasmaphysicistshave.

Observations have shown that the dominant impurit y in SSX is carbon, comprising

perhapsasmuch asonepercent or moreof the plasmamaterial [18]. Other impurities

present in smaller quantities include oxygen, nitrogen, and possibly metals such as

copper. Appendix A contains energylevel diagramsfor impurit y ionspresent in SSX.

The volumeemissivity Pj i (photons/cm3/s) of a particular emissionline transition

from level j to i is given by

Pj i = N j A j i (2.46)
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Figure 2.3: Photo taken during an SSX shot. Visible emission from the plasma
can be seenthrough the three windows into the 
ux conserver. The light appears
purple becauseof emission from Balmer serieshydrogen lines that appear during
recombination of protons and electrons.

where N j is the population density in cm� 3 of ions with electronsin the upper line

level j and A j i is the probability in s� 1 of a transition to the lower level i through

spontaneousemissionof a photon. The level population densitiesin a plasmacan be

found by solving a set of rate equationsof the form

dNj

dt
=

X

h<j

NhneShj +
X

k>j

Nk(Akj + neS1
kj ) + Nz+1 ne� r

j + Nz� 1ne� I I
j

� N j

2

4
X

h<j

(A j h + neS1
j h) +

X

k>j

neSj k + neSi
j

3

5 (2.47)

In this rather intimidating equation, Shj is the rate coe�cien t for electron impact

excitation from level h to level j , S1
kj is the rate coe�cien t for collisionalde-excitation,
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Nz represents the population density of ions of chargez, and � r
j and � I I

j are the rate

coe�cien ts for recombination and collisional inner-shellionization, respectively. If we

assumea steady-state(dNj =dt = 0), equation2.47reducesto a set of linear algebraic

equationsthat can be solved for the level populations. The steady-stateassumption

is often accurateeven in a changingplasma,becauseexcited level populationsusually

comeinto equilibrium extremely quickly.

2.2.2 Coronal Equilibrium vs LTE

Equations2.47area complexmessof variablesandsubscriptswhich requireknowl-

edgeof a large number of atomic parametersto solve. Fortunately, at relatively low

densities,we canoften simplify things by assumingthat the plasmais in coronal equi-

librium. This model, which acquiredits namebecauseit was�rst applied to the solar

corona,assumesthat all upward atomic transitions are causedby collisionsbetween

electronsand ions,and all downward transitions occur through spontaneousemission.

If we assumefurther that excited state lifetimes are low enoughthat all excitations

occur out of the ground state and electron cascadesfrom levels above level j can be

neglected,equation 2.47reducesto

0 = NgneSgj � N j

X

h<j

A j h (2.48)

whereNg is the population density of the ground state. This equation is a suitable

approximation for many coronal plasmas,but it can be renderedinaccurate by the

presenceof metastableatomic statesor by high enoughdensities.

As plasmadensity increasesandcollisionsbetweenelectronsand ionsbecomemore

frequent, the coronal equilibrium model beginsto break down. Collisions can excite

or ionizeelectronsout of excitedstates,and collisionalde-excitation(in which the ex-
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cessenergyfrom an atomic transition is converted into kinetic energyof the colliding

electron) also becomesimportant. At very high densities,the state of the plasmais

described by Local ThermodynamicEquilibrium (LTE) , a state in which every atomic

processis as frequent as its inverseprocess.For example,collisional excitation and

de-excitationare inverseprocesses,asare spontaneousemissionand photoexcitation.

This condition is known as the Principle of Detailed Balancing (PDB) . At interme-

diate densities,plasmaconditions lie somewherebetweenthe simpli�ed coronal and

LTE states, and emissionline strengths must be calculated by solving the full rate

equationsfor the atomic level populations and ionization balances.

2.2.3 Calculating Electron Temp erature from Line Ratios

Measurements of impurit y emission line spectra yield a wealth of information

about plasmaproperties such as temperature, density, composition, and 
o w veloci-

ties. One parameterof particular interest in SSX is the electron temperature Te. A

useful diagnostic of electron temperature is the line intensity ratio of two lines from

di�erent ions of the sameelement. Combining equations2.46 and 2.48, we seethat

emissivity and temperature are related by

Pj i = N j A j i = NgneSgj BRj i (2.49)

whereBRj i = A j i =
P

h<J A j h is the radiative branching ratio with respect to all lower

levels. De�ning Az = Nz=NH (the abundanceof element Z relative to hydrogen),

� Z;z = NZ;z=NZ � Ng=NZ (the fraction of ions from element Z in ionization stagez),

and Gj i (T) = � Z;z(T)Sgj (T), this can be rewritten

Pj i = neNH AZ BRj i Gj i (T) (2.50)
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The function Gj i (T) represents the electrontemperature dependencedue to the com-

bination of ionization and excitation.

In the coronal approximation, collisional ionization and radiative recombination

both scalewith the squareof the plasmadensity, so the overall ionization balanceis

density independent and Gj i (T) dependsonly on T. Therefore it is straightforward

to useequation2.50to calculateelectrontemperaturesfrom line ratios. At high den-

sities, however, other atomic processesbecomeimportant, and Pj i no longerdepends

solely on T. Fortunately, we can often still calculate the plasma temperature by

consideringthe ratio of two lines from the sameionization stagewith di�erent tem-

perature dependences.Alternately, if we have accuratemeasurements of the plasma

density, we may be able to derive electrontemperaturesfrom line ratios involving two

di�erent ionization stageseven if the plasmais not in coronal equilibrium.
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Chapter 3

Exp erimen tal Diagnostics

The proximit y of laboratory plasmasmakesthem easierto study than astrophys-

ical plasmas,but the high energies,low densities,and short time scalesinvolved still

provide a unique set of challengesfor experimentalists. One diagnostic approach is

to insert probesinto the plasmato directly measurequantities such asmagnetic�eld

strengthsand bulk 
o w velocities. Theseinternal measurements canprovide valuable

information about local plasmaproperties,but they inevitably perturb the plasmain

the process.Furthermore, probescanonly take data in a small number of regionsand

thereforerisk misrepresenting the large-scalestructure in inhomogenousplasmas.

A secondapproach to studying plasmastakes advantage of the emissionspec-

tra produced by impurit y ions. As outlined in Chapter 2, the featuresapparent in

these spectra are determined by a number of important plasma propeties such as

temperature, density, impurit y concentrations, and 
o w velocities. Unlike internal

diagnostics like magnetic probes, spectrometersand other external diagnostics do

not alter the plasmaproperties being measuredin any way. However, they can only

take data averagedalong a line of sight, and even the extraction of volume-averaged

plasmapropertiesfrom spectral data requiressigni�cant computational analysis. The
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computational techniquesusedin this study will be the subject of Chapter 4.

In practice, research at SSXutilizes both internal and external plasmadiagnostics

to producea completepicture of magneticreconnectiondynamics. This thesisfocuses

on data taken using two diagnostics: a vacuum ultraviolet (VUV) monochromator,

and a low-resolution soft x-ray detector (SXR). Both operate outside the 
ux con-

server, but still under vacuum contact with the main chamber (seeFigures 1.5, 3.1,

and 3.4), collecting emitted photons with extremely high time-resolution (10 ns for

the VUV monochromator and 5 nsfor SXR). The primary goalof thesemeasurements

is to develop a method for calculating accurateelectrontemperature pro�les for SSX

shots. Simultaneousresearch at SSX focusedon internal measurements of magnetic

�eld structures and bulk 
o ws; results of thesestudiescan be found in [19].

3.1 VUV Spectroscop y

The VUV monochromator was used to observe individual emission lines from

carbon, oxygen, and nitrogen ions. By comparing averageline intensity ratios over

a number of shots to theoretical valuesfrom computer simulations, we were able to

determine typical values for the electron temperature during single-spheromak,co-

helicity merging, and counter-helicity merging shots. Information in the following

sectionswas drawn from [18].

The SSX VUV mono chromator

The vacuum ultraviolet monochromator used at SSX has a focal length of 0.2

m. Photonsenter the devicethrough a slit of adjustablewidth and strike a re
ectiv e

di�raction grating, which selectsandrefocusesa narrow bandwidth aroundthe desired

central wavelength. The wavelength-selectiondial can be manually adjusted with a
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Figure 3.1: Photo of the SSX VUV monochromator. The main vacuum chamber is
the orangeobject in the background.

precision of about 0.2 nm or �ne-tuned mechanically if greater precision is desired.

Light from the di�raction grating is redirected through an exit slit and into an 800

V photomultiplier tube (PMT).

Adjusting the width of the exit slit changesthe spectral resolution, with a 1 mm

exit slit width corresponding to 4 nm in wavelength space. Adjusting the entrance

slit width, on the other hand, increasesthe total number of photons that enter the

monochromator. We experimented with various combinations of entrance and exit

slit widths and eventually settled on a 1 mm entrance slit width and a 500 � m

exit slit width. This exit slit width corresponds to a spectral resolution of 2 nm,
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which we observed to be ideal for capturing essentially all of the emissionfrom a

singlebroadenedimpurit y line without contaminating the signal with emissionfrom

additional lines.

Signalsfrom the PMT passthrough a Stanford Research SystemsSR570current

ampli�er and are registeredat 10 ns intervals by an oscilloscope and transferred to a

computer using LabView. Electrical feedback betweenthe main capacitor discharge

and the ampli�er led to a signi�cant background signal. This wasmeasuredby taking

several shotswith the monochromator entrance slit closedand then subtracted from

the data.

An important practical issuefor theseexperiments is the wavelengthcalibration of

the monochromator. Sincethe monochromator is usedto observe emissionlines one

at a time, this calibration is vital for the validit y of our results. A proper calibration

could be achieved by measuring the spectrum of a known plasma source located

either in the vacuum chamber or behind a window on the opposite side. However,

the quartz windows in SSX only passphotons with wavelengthsabove 180 nm, so

such a calibration cannot be carried out for much of the wavelength rangecontaining

the emissionlines of interest (� 50-250nm). Despite the impossibility of a formal

calibration, we were able to construct a useful calibration curve (seeFigure 3.2) by

�nding the wavelength of peak intensity for a number of impurit y lines known to be

visible in the SSXplasma(for example,linesthat had beenobservedwith ion Doppler

spectroscopy).

Absolute intensity calibration of the VUV monochromator also posesa problem,

as excessive costs prohibit the use of any accurate calibration methods. Sinceour

results depend on line strength ratios, the intensity calibration is only an issueif it

is wavelength-dependent. However, this is certainly a possibility, and we must keep

in mind that the lack of an intensity calibration provides an additional sourceof
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Figure 3.2: VUV monochromator wavelength calibration curve. Data points for the
O v 63.0 nm, C i i i 97.7 nm, H i 121.6nm, N v 123.9nm, C iv 155 nm, and C i i i
229.7nm lines are shown. The relationship betweenactual line wavelengthsand the
monochromator settings necessaryto observe them appearsto be linear throughout
the 50-250nm wavelength range. The largest deviation from the linear �t occursfor
the point at an actual wavelength of 123.9nm: its predicted VUV monochromator
setting (121.1nm) di�ers from the optimal setting we found (121.4nm) by 0.3 nm.

uncertainty in our measurements of electron temperature.

3.1.1 Previous Observ ations of VUV lines

Calculations of electron temperature and density in SSX were �rst carried out

by V. S. Lukin and M. R. Brown [18] in 1999-2000.Time-resolved observations were

madeof four carbon lines: C i i i 97.7nm, C i i i 124.7nm, C i i i 229.7nm, and C iv 155

nm [actually a doublet]. Two peakswere generally observed in the line intensities;

one at t � 33 � s (35 � s for the C iv line) and one at t � 49� s. The delay in the
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timing of the �rst peakof the CIV line served asevidencethat the lineswerecorrectly

identi�ed, sinceit takeslonger to strip an atom of three electronsand produceC iv

than it doesto strip o� two electronsand make C i i i.

A 0-D time-dependent coronal equilibrium simulation code was used to aid in

analysis of the data. \0-D" meansthat the code assumedan isotropic plasma{no

variation in plasmaparameterswasallowedin any direction. Line intensitiesratios for

a variety of combinations of electron temperature and density were calculatedusing

the model and comparedto experimentally measuredratios in order to determine

best-�t values for Te and ne. Modeling techniques and their relevance to current

work at SSX will be discussedfurther in Chapter 4.

According to analysisby Lukin and Brown ,the appearanceof two distinct peaks

in C i i i line emissionwaslikely explainedby the evolution of the plasmatemperature

during a typical shot. The �rst peak appeared and then decayed as the plasma

\burned through" the C i i i ionization level (stripping more electronso� the atoms),

while the secondpeakappearedasthe plasmabeganto cool down and electronsand

atoms recombined. The decay of the �rst peak of the C iv line, on the other hand,

was probably due to the hottest part of the plasma leaving the line of sight of the

monochromator.

Comparisonof experimental and simulation results madeit possibleto constrain

the possiblevaluesof the SSX electron temperature and density to an almost linear

relationship in parameterspace.However, conclusive resultsfor the electrontempera-

ture pro�le werenot achieved. Simulation resultssuggesteda 229.7nm / 97.7nm line

ratio of approximately 1/40 for all plausible electron densities,but the experimental

data suggesteda ratio closerto 1/4.
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3.2 Soft X-Ra y Detection

Measurements of UV line strength ratios werecomplemented by data takenusinga

soft x-ray detector (SXR) composedof photodiodes�ltered by thin �lms of aluminum

(Al), Titanium (Ti), Tin (Sn), and Zirconium (Zr). For our purposes,\soft x-ray"

refersto photons with energiesbetween10 and 150eV, although the low end of this

energy range is perhapsbetter labeled as extreme ultraviolet. Each SXR �lter has

a di�erent responsefunction in this energy range (seeFigure 3.3), so the ratios of

signalstrengthsregisteredby each photodiodecanyield information about the overall

properties of the emissionspectrum.

A signi�cant advantage of SXR over the VUV monochromator is that the 
ux

through all four �lters can be measuredsimultaneously. Therefore,we can useSXR

data to calculate an electron temperature pro�le for a particular shot, rather than

having to averageover many experimental runs. The obvious disadvantage of the de-

vice is its low spectral resolution{with only four �lters, we cannot obtain information

about individual emissionlines. However, installing a true x-ray spectrometer is not

an option at SSX due to prohibitiv e costs,so we must settle for a relatively simple

picture of the high-energyemissionspectrum. Fortunately, we can still determine

plasmaproperties such as the electron temperature with the aid of computer models

(seeChapter 4), although the calculationsare necessarilymore complex(and poten-

tially lessaccurate) than those usedto interpret monochromator data. Our hope is

obtain independent measurements of Te with the VUV monochromator and SXR that

can then be comparedfor corroboration. The following sectionsdraw from [11].
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Figure 3.3: SXR �lter responsivities. The coloredlines show the responsefunction of
the �ltered diodesin the 10eV to 150eV range,and the black line shows the response
function of the un�ltered diode.

3.2.1 Design of SXR

The basic concept for SXR has been implemented successfullyat several other

plasma devices(for example, at the CDX-U spherical torus at Princeton Plasma

PhysicsLaboratory [20] and the Madison symmetric torus reversed-�eld pinch [21]).

Photonsenter the detector and strike oneof the four �ltered photodiodes;thosethat

passthrough the �lters strike the diode and causeelectronsto be released,producing

a photocurrent. This current goesinto an electrically isolated screenroom, where it

is measuredby an oscilloscope.

The SXR usesInternational Radiation Detectors' (IRD) AXUV silicon p-n junc-
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Figure 3.4: Location of SXR on the SSX machine. The four wires at the top of the
imagecarry current from the SXR photodiodes. Clockwisefrom upper left, the diodes
are �ltered by foils madeof Al, Zr, Sn, and Ti. The VUV monochromator views the
plasmafrom the opposite sideof the main vacuum chamber.

tion photodiodes. The model currently in useis the AXUV-HS5, which hasa collec-

tion areaof 1 mm2 anda risetime of 700pswhenfully biasedat 50V. The photodiodes

neednot be biasedto function properly, however, and at SSXwe can achieve the de-

sired time resolution (better than 1 � s) without bias teesin place. When photonsof

energy1.12eV or greaterstrike the photodiodes,electron-holepairs are created. The

number of carriers produced per photon increasesapproximately linearly as photon

energyincreases.In other words, the quantum e�ciency of the diodesis linear (see

Figure 3.5).

In order to capture the desired information about the soft x-ray portion of the

plasmaemissionspectrum, the photodiodesare �ltered by thin metal foils of Al (100
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Figure 3.5: Quantum e�ciency of the AXUV photodiodes. In the soft x-ray portion
of the spectrum (10 eV < E < 150 eV), the quantum e�ciency is highly linear,
with Electrons � Ephoton =3:63 (in general,data that appear linear in log-log space
are in fact described by a power law, but in this casethe power law exponent is
approximately equal to one). Figure taken from IRD literature.

nm thick), Zr (100 nm thick), Sn (100 nm thick), and Ti (50 nm thick). Filter re-

sponsefunctions werecalculatedfor a number of possiblematerialsusinga calculator

provided by the LawrenceBerkeley Laboratory [22]. The four foils chosenhave re-

sponsefunctions that overlap as little as possible,therefore optimizing the spectral

resolution that can be achieved with such as small number of �lters (seeFigure 3.3)

[23]. The �lters screw onto the photodiodes and can be exchanged or replacedas

needed.

Previousexperiments with SXR usedan array of Neodymium-Iron-Boron magnets
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to �lter out charged particles and make sure only photons struck the photodiodes.

While desirablefor achieving uncontaminated signals,this approach led to technical

di�culties, asthe magnetscrumbled over time (possiblydue to helium embrittlement

sustainedduring glow-discharge cleaning of the vacuum chamber) and blocked the

passageways for photonsto reach the detector. As a result, the chargedparticle �lter

hasbeenabandoned.Comparisonsof resultswith and without the �lter suggestthat

the photocurrents producedby chargedparticlesareminimal. However, wemust keep

in mind this additional sourceof uncertainty as we analyzeour measurements.

3.2.2 Previous Work Using SXR

SXR wasdesignedand built in 2002by A. Falk, M. R. Brown, and C. D. Cothran

[11]. Initial studiesusedan indium (In) �lter instead of the tin (Sn) �lter currently

in use. The primary goal was to determine the plasma electron temperature from

SXR �lter signal ratios. Prior to taking data, a camera
ash test was usedto ensure

that the �lters were not passingsigni�cant amounts of visible light. The Al, In, and

Zr-�ltered diodesall generateda current at least three orders of magnitude weaker

than the current from the un�ltered diode,but the current producedby the Ti-�ltered

diode was only two orders of magnitude lessthan the un�ltered current (seeFigure

3.6). This last result was mildly troubling, but the higher visible transmissionof the

Ti �lter may have beensimply an artifact of its thinness (50 nm versus100 nm for

the other three �lters).

The currents from all four diodesgenerallyshowed three main peaks,at approxi-

mately 38 � s, 53 � s, and 65 � s. Signal intensitieswereseento increaseover a number

of shotsafter the vacuum chamber was vented and re-sealed,implying that the high

concentration of impurities in a \dirt y" plasma inhibits heating and activit y in the
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Figure 3.6: SXR Flash Test Results [11]. Note that the units on the y-axis are
di�erent for the �ltered and un�ltered diodes.

plasma. The interpretation of SXR data was aided by comparisonswith data from

magnetic probes. The �rst peak was found to correspond to the time when poloidal

magneticreconnectionpeaked, while the secondpeakoccuredasthe FRC tilted from

the m=0 mode to the lower energym=1 mode. The causeof the third peakremained

a mystery.

The commercialsoftwarepackageSpect3D,by Prism Computational Sciences,Inc.

[24], was usedto producemodel spectra for a variety of plasmasizes,temperatures,

densities,and impurit y concentrations. Models assumeda spatially uniform plasma

in which the coronal approximation was valid. Before the experimental data was

�t to the models, the measuredSXR signals were divided by the time-dependent

density of the plasmasquared,as measuredby the He-Neinterferometer installed at
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SSX. This removed the e�ect of variations in density, since the intensities of both

the bremsstrahlungcontinuum and individual emissionlines depend on n2. Model

spectra were smoothed using Spect3D, and the �lter signalsthat each model would

have produced were calculated. Model �lter ratios were �t to experimental data to

determinethe best-�t electron temperature as a function of time.

Temperature �ts were calculated using four categoriesof model spectra as hy-

potheses: bremsstrahlung radiation only, recombination lines and continuum plus

bremsstrahlungbut no impurities, 0.5%C and O impurities, and 2.0%C and O impu-

rities. Using the pure bremsstrahlungmodel, it wasdeterminedthat counter-helicity

mergingshotshad higher temperaturesthan co-helicity shotsbecauseof greatermag-

netic reconnectionand also had longer liftimes, presumablybecauseFRCs are more

stable than spheromaks. Temperature �ts using models with impurities were less

successful,as the best-�t temperature pro�les showed a strong dependenceon the

preciseimpurit y concentrations used.

Taken as a whole, the calculations by Falk et al. suggesteda mean electron

temperature in SSX of 30� 10 eV. However, the problem of determining Te turned

out to be surprisingly complex, and more work is needed. Models in which only

bremsstrahlungradiation is included are obviously not realistic for SSX,sincewe saw

in Chapter 2 that the discreteline spectrum of a plasmadominatesthe continuum at

T < 500 eV. The continuation of electron temperature studies through advancesin

modeling techniquesand analysisof new data are the subject of this thesis.
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Chapter 4

PrismSPECT Simulations

Analysis of our experimental results was aided by the use of the non-LTE ex-

citation kinematics code PrismSPECT [25], a scaled-down version of the Spect3D

packageutilized by Falk et al. [11]. PrismSPECT featuresa relatively transparent

graphical user interface and a wide variety of customizableoptions. Plasma prop-

erties such as temperature, density, and composition are speci�ed by the user, and

the code calculatesa detailed model spectrum that can be comparedto experimental

results. A set of useful post processingtools are alsoavailable: the time evolution of

the ionization balancefor all plasmacomponents can be monitered and displayed, as

can the intensities of individual emissionlines.

PrismSPECT doesnot assumeLTE or coronalequilibrium (seechapter 2), instead

it considersa full rangeof possibleprocessesleadingto atomic transitions. Thesein-

clude collisional excitation and de-excitation, spontaneousemission,photoexcitation

and photoionization, stimulated emission,radiative recombination, collisional ioniza-

tion and recombination, autoionization, dielectronic recombination, and stimulated

recombination. Multipliers canbe set to alter the relative importanceof each of these

processes;for our simulations we let theseequalone,sincethe default settingsshould
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Figure 4.1: SamplePrismSPECT spectra. Both spectra were produced by a 40 cm
thick plasma composed of 99% hydrogen, 1% carbon with an ion density of 5 �
1014 cm� 3. Te was20 eV for the spectrum on the left and 40 eV for the spectrum on
the right.

best describe reality. PrismSPECT computesatomic level populations at each time

step by solvingequation2.47,and the calculatedtransition ratesare usedto produce

a model spectrum.

Examplesof model spectra areshown in Figure 4.1. It is apparent that the spectra

are dominated by carbon line emission. Notice also the sharp rise in the continuum

around 900 Angstroms. This serves as clear evidencethat radiative recombination

is the dominant continuum processat work: recombinations to the hydrogenground

state producephotons with a minimum energyof 13.6eV, corresponding to a wave-

length of 911Angstroms. At lower energies,there is decreasedemissionfrom recom-

bination, sinceonly recombinations to the n = 2 level and above will contribute.

4.1 Validit y Checks

When using a highly customizablesoftware packagesuch as PrismSPECT, it is

important to make sure the chosensimulation parametersproduce self-consistent,
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physically reasonableresults. Through a seriesof test simulations, we determined

the optimal settingsfor accuratelymodeling the important physical processesin SSX

while avoiding excessive computation time.

4.1.1 A tomic Mo dels

PrismSPECT can in principle model radiative processesin a plasmaof arbitrary

composition. A companion program known as Atomic Model Builder [26] is used

to modify atomic models basedon the ATBASE database[27]. The full ATBASE

atomic models are incredibly complex, so somedegreeof simpli�cation is necessary

in order to run simulations on a feasibletimescale. For our applications, calculating

exact populations for the atomic levels that feedimportant transitions was vital, so

we usedmodels with �ne structure included. However, many of the higher energies

levels of impurit y ions produced no strong spectral features and could be ignored.

When energy levels are left out of an atomic model, PrismSPECT doesnot simply

ignore the electronsthat would have populated thoselevels; rather, it allows them to

populate the highest available levels, and then solvesthe standard rate equationsto

determinewherethey go from there.

Hydrogen in the SSX plasma is nearly 100%ionized, so for our simulations we

used an atomic model with only two energy levels{the ground state of the neutral

atom, and the singly ionized state. Most of the line emissionin the plasma comes

from impurit y ions, primarily carbon and oxygen. We ran a seriesof simulations to

determinethe number of energylevelswe shouldinclude in theseatomic models. Key

spectral features(in particular, the C i i i 97.7nm / C iv 155nm line ratio) wereseen

to changeas the number of energylevels in the carbon atomic model was increased

from 304to 1061(200 levels for C i through C v, 60 for C vi , and onefor C vi i, the
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Figure 4.2: Temperature dependenceof C i i i 97.7 nm / C iv 155 nm line ratio for
three di�erent carbon atomic models. Increasingthe number of energy levels from
304 to 1061(200 for each ion) signi�cantly alters the line ratio at all temperatures,
but a further increaseto 1957levels (400 for each ion) has only a negligible impact
on simulation results.

ionized state); however, further increasesin the number of levels per ion produced

only negligiblechangesin the model spectra (seeFigure 4.2). We thereforeconcluded

that 200energylevelsper carbon ion wassu�cien t for capturing the important atomic

processes.A similar analysis revealed that 50 levels for O i i i through O vi i and 1

level for the other ions was an ideal amount of detail for the oxygen atomic model.

Fewer levels were neededfor oxygen becauseit was only usedfor SXR calculations;

sinceeach �lter passesmany di�erent emissionlines,calculating the exactpopulation

of each energy level is lessimportant for SXR than for calculations of temperature

from individual line ratios.
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4.1.2 Impurit y Concen trations

Absolute impurit y concentrations in SSX remain relatively unknown, although

recent results (seeChapter 5) suggeststhat carbon is by far the dominant impurit y,

with oxygenpresent in smalleramounts. Fortunately, UV line intensity ratios for two

lines produced by a single element should have little dependenceon the element's

concentration in the plasma. Furthermore, Swisher(2006) showed that SXR signal

ratios are not e�ected by changesin the absolute concentrations of impurities, as

long as their relative concentrations remain constant [23]. Therefore, it su�ces to

determine, for example,that carbon is ten times more abundant than oxygen in the

SSXplasma. Such information canbeestimatedby comparingemissionline strengths

measuredwith the VUV monochromator to model spectraproducedby PrismSPECT.

Simulations for interpreting the VUV monochromator data useda plasma com-

posedof 99% hydrogen and 1% carbon. The primary temperature diagnostic used

was the C i i i 97.7 nm / C iv 155 nm line ratio, so the inclusion of other impurities

was unnecessary. For SXR simulations, on the other hand, leaving out impurities

was not an option. Basedon results outlined in Chapter 5, we assumeda carbon to

oxygen abundanceratio of 1000/1 with negligible concentrations of other impurities

such as nitrogen and metals. We therefore used a plasma with 98.999%hydrogen,

1% carbon, and 0.001%oxygen by number.

4.1.3 Justi�cation for Using Steady-state Simulations

PrismSPECT can perform either steady-state,equilibrium simulations or time-

dependent simulations in which the atomic rate equationsare solved at every time

step. The SSX plasmais undoubtedly not in a steadystate during a shot. After the

hydrogen gas is ionized, the plasma spendsabout 10 � s in the gun, with a density
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Figure 4.3: Left: Model spectrum from a steady-statesimulation with T = 30eV and
n = 5� 1014 ions/cm3. Right: Model spectrum at t = 50 � s during a time-dependent
simulation with T = 30 eV, starting atomic levels populations calculated basedon
LTE at 0.025eV (room temperature) and n = 8 � 1015 ions/cm3 during the �rst 10
� s of the run, decreasinglinearly to 5 � 1014 ions/cm3 over the next 20 � s (so at
50 � s both plasmashave the sametemperature and density). The two spectra are
essentially indistinguishable.

of approximately 8 � 1015 ions/cm3. As it is ejectedinto the main vacuum chamber

it expandsand cools, eventually �lling the entire volume with an averagedensity of

around 5� 1014 ions/cm3. Additional heating may occur later in the shot if magnetic

reconnectiontakesplace. Ideally, we would take advantage of PrismSPECT's abilit y

to modify plasmaparameterson-the-
y during time-dependent simulations. However,

thesesimulations requireextensivecomputational time, sofrom a practical standpoint

it would be advantageousif we could rely on the simpler steady-statesimulations to

provide reasonablyaccurate results. Therefore, we ran a number of tests to assess

the di�erences betweensteady-stateand time-dependent simulations.

Although a steady-statesimulation cannot possibly capture the behavior of the

SSX plasmaas it ionizesin the gun and is ejectedinto the 
ux conserver, our simu-

lations needonly replicate the plasmaconditions seenby the VUV monochromator

53



Figure 4.4: Evolution of C i i i (left) and C iv (right) fractions in simulations with
T = 30 eV, nominal SSX density (8 � 1015 ions/cm3 in the gun, decreasinglinearly
to 5 � 1014 ions/cm3 at t = 30 � s) and starting atomic level populations calculated
basedon LTE at three di�erent starting temperatures. The three simulations become
nearly identical within lessthan 10 � s.

and SXR. This is a somewhateasiertask, sinceboth diagnosticsobserve the plasma

through the center of the vacuum chamber (seeFigure 1.5). By the time the plasma

reaches the center and can be seen,its initial transitive properties may have stabi-

lized. VUV monochromator and SXR signalstypically are zero for roughly the �rst

30 � s of a shot and peak around t = 50-60� s. Therefore, the relevant comparison

for our purposesis betweensteady-stateand time-dependent simulations at t = 50

� s. As shown in Figure 4.3, the model spectra for time-dependent and steady-state

simulations are qualitativ ely nearly identical.

To determinethe time neededfor a plasmalike that in SSX to reach a relatively

steadystate, we ran time-dependent simulations with typical SSXdensities(8 � 1015

ions/cm3 in the gun, decreasinglinearly to 5 � 1014 ions/cm3 at t = 30 � s) and

temperatures(30 eV) and variable initial conditions. Figure 4.4shows that the initial

atomic level populationshave no measurablee�ect on the plasmaconditions at times
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later than 10 � s. The insensitivity to initial conditions is also evident in Table 4.1,

which presents the carbon emissionline strength ratios at t = 50 � s for the same

set of simulations. The short time neededto reach equilibrium demonstratesthat

steady-statesimulations are su�cien t to achieve accurateresults at SSX densities.

Table 4.1: Simulated carbon emissionline ratios at t = 50 �s
Simulation Type C i i i 97.7nm / C iv 155nm C ii i 229.7nm / C iv 155nm

SteadyState 3:765� 10� 3 1:686� 10� 4

0.025eV start 3:766� 10� 3 1:686� 10� 4

1 eV start 3:766� 10� 3 1:686� 10� 4

5 eV start 3:766� 10� 3 1:686� 10� 4

A quick analytical calculation of the mean excitation time in the SSX plasma

con�rms that the equilibration time will be small comparedto the length of a shot.

Consider an electron moving through the plasma with velocity ve. If n is the ion

density and � is the electron'sinteraction crosssectionwith the ions, then the electron

will e�ectively passthrough volume at a rate equal to ve� , so the time after which

we can expect the electron to interact with one ion is given by:

ve� t =
1
n

(4.1)

The electron'svelocity can be calculated if we know the electron temperature:

1
2

mev2
e =

3
2

kT

ve =

s
3kT
me

So the problem becomesone of knowing the correct interaction crosssection to

use. Osterbrock [28] gives the excitation crosssection for electron velocities above
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the threshold for excitation to be:

� 12(ve) =
� �h2
(1 ; 2)

m2
ev2

e! 1
(4.2)

where 
(1 ; 2) is the collision strength, which varies for di�erent ions but is of or-

der unity, and ! 1 is the statistical weight of the lower energy level for a particular

transition (also of order unity). Ignoring thesefactors, we are left with:

� 12(ve) �
� �h2

m2
ev2

e
(4.3)

� ve �
� �h2

m2
eve

=
� �h2

m2
e

r
me

3kT
(4.4)

t� �h2

s
1

3kTm3
e

=
1
n

(4.5)

t =

q
3kTm3

e

n� �h2 (4.6)

For a density n = 5 � 1014 ions/cm3 and electron temperature Te = 30 eV, the mean

excitation time is then:

t =

q
(3)(30eV)(:511� 106 eV)3

(5 � 1014 cm� 3)� (197:327� 10� 7 eV cm)2(c)
(4.7)

t = 2 � 10� 7 s (4.8)

Therefore,in a period of several � s, each ion in SSXwill be collisionally excitedmany

times, with the result being that equilibrium will be reached on a time scaleshort

enoughto allow us to ignore the time-dependenceof quantities in our PrismSPECT

simulations. Of course, our ultimate goal is to derive a time-dependent electron

temperature pro�le for each shot, but this can be achieved by running steady-state

simulations and then comparingthe model spectra to data at each time step.
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4.2 Calculation of Te from VUV line ratios

Using PrismSPECT to interpret the VUV monochromator data was reasonably

straightforward. Rather than attempting to vary plasma temperature and density

during a singlesimulation in such a way as to match the observed time evolution of

line strength ratios, we ran steady-statesimulations for a number of di�erent electron

temperaturesand then chosethe temperature that best �t the data at each time step.

Simulated line ratios showedsomedensity dependence,sowerepeatedthe calculations

for three di�erent ion densities: 1 � 1014 cm� 3, 5 � 1014 cm� 3, and 2 � 1015 cm� 3.

HeNe interferometer data implies a typical density of 4 � 5 � 1014 cm� 3 during the

30-100� s time interval of an SSX shot.

VUV monochromator data was processedand compared to simulation results

using a code written by the author in IDL. The monochromator trace for each shot

was smoothed over 1 � s intervals, and signalsfor a number of shots looking at the

samespectral line wereaveraged.This averagesignalwasthen divided by the average

signal for a di�erent spectral line to determinean averageline ratio at each time step.

The averageplasmatemperature at each time stepwascalculatedby �nding the best

possiblematch betweensimulated and measuredline ratios. The needto averageover

many shots is the primary disadvantage of this method for determining the electron

temperature.

4.3 Calculations of Te from SXR data

Interpreting SXR data is signi�cantly morecomplicated,but the potential rewards

aregreat: oncea completesetof PrismSPECT simulations havebeenrun and a �tting

code hasbeenwritten, it shouldbe possibleto calculatea temperature pro�le within
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minutes after a given shot, thereby allowing experimental parametersto be adjusted

on the 
y to achieve the desiredplasmaproperties (for example,a very hot plasma).

Simulations were run for a rangeof electron temperaturesbetween5 eV and 100eV.

For each model spectrum, we used the known SXR �lter responsivities (seeFigure

3.3) to calculatethe signal that would have beenregisteredby each of the four diodes

had the simulated plasmabeenproducedin SSX. Thesesimulated �lter signalswere

then compared to the experimentally measured�lter signals, smoothed over 1 � s

intervals. We derived a temperature pro�le by minimizing the chi-squaredstatistic

at each time step to determinethe model spectrum that best �t the data.

Calculating the SXR signals that a given model plasma would produce is non-

trivial and warrants furthur discussion. Planar PrismSPECT simulations produce

model spectra with units of speci�c intensity (I ), or erg/cm2/ster/s/eV. In order to

calculate the signal that a given model spectrum would produce in each of the SSX

soft x-ray detector (SXR) �lters, we must convert from intensity to W/eV, sincethe

�lter responsivities are given in A/W and the SXR output is a current measuredin

A. The �rst step is a straightforward conversion from erg/s to W:

I (erg=cm2=ster=s=eV) � (1 � 10� 7 W�s=erg) = I (W=cm2=ster=eV) (4.9)

Next we needto multiply by a solid angle. By a theoremof geometricoptics, etendue

is conserved throughout an optical system,so the solid angle we must chooseis the

angle
 seenby the detector. In SSXthis angleis limited by the smallestholethrough

which light must passon its way from the 
ux conserver to the SXR.

If r is the radius of the holeand d is the distancefrom the light-collecting diode to

the hole, then in the small angleapproximation, the solid angleseenby the detector
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Figure 4.5: SXR Lines of Sight. As shown in the left �gure, the solid anglethat each
photodiode seesis limited by the small gapof radius 0.0625inchesthat photonsmust
passthrough on their way from the plasma to the detector. Beyond this segment,
the line of sight of each photodiode is truncated slightly by the edgein the gap in the

ux conserver. The �gure on the right shows that the magnitude of the solid angle
seendi�ers slightly for each photodiode (dotted circlesrepresent the solid angleseen
by each photodiode in the direction of the 
ux conserver).

is given by:
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Z 2�
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Z �
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I (W=cm2=ster=eV) � (
 ster) = I (W=cm2=eV) (4.12)

Now I has units of 
ux. To convert to power, we multiply by the area S of the

detector's light-collecting surface:

I (W=cm2=eV) � (S cm2) = I (W=eV) (4.13)

For SSX, r = :0625 in and d = 1:16 in (seeFigure 4.5), so 
 = 9:12 � 10� 3 ster.
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S = :01 cm2, so the total conversionfactor is:

(:00912)(:01) = 9:12� 10� 5 (4.14)

Of course,this conversion factor will cancelout when we calculate �lter ratios, but

knowing the magnitude of each individual simulated �lter signal in W/eV is useful

both as a reality check and as a potential meansfor garnering information about

absoluteimpurit y concentrations in the plasma.

Now we can multiply the spectral intensities by the �lter responsivities at each

energyto determine that fraction of the spectrum that each SXR channel registers.

The PrismSPECT output is binned at varying energyintervals, with more points at

energieswhere emissionlines appear. Reporting the spectral intensity in terms of

power/eV assuresthat each bin will be given the proper weight. In order to calculate

the total signal through each SXR �lter, we must integrate over the entire range of

energiesin the spectrum:

(Cur rent in A) =
Z 1

0
(Power in W=eV)(Responsivity in A=W)d(eV) (4.15)

Numerically, this integration is accomplishedby assumingthe spectrum hasa constant

value in each of the energybins and summingthe product of the power in W/eV, the

�lter responsivity, and the bin sizeat each data point.

One other complication must be mentioned. As shown in Figure 4.5, the gap in

the 
ux conserver is only .75 incheswide, sothe sight line of several of the SXR �lters

may be somewhatobscured. This will e�ect the �lter signalsby lessthan a factor

of two, sokeepingin mind the large uncertainties in other input parametersusedfor

our SXR temperature derivations, we have ignored it for the time being. However,
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a more detailed ray-tracing analysisshould be carried out to ensurethe accuracyof

SXR results.
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Chapter 5

Results and Discussion

5.1 Results from the VUV mono chromator

5.1.1 Lines Observ ed and Impurit y Concen trations

Comparisonsof PrismSPECT simulations with data taken with the monochro-

mator producedseveral notable results. Using simulations with equalconcentrations

of carbon, nitrogen, and oxygen impurities as our guide, we looked for the C, N,

and O emissionlines expected to be strongest in an SSX spectrum. The results are

summarizedin Table 5.1. Five emissionlines producedsignalsthat could be reliably

distinguished from background noise: C i i i 97.7 nm, C iv 155 nm, C i i i 229.7nm,

N iv 124 nm, and O v 63.0 nm. The strongest line observed was C iv 155 nm; it

consistently produced PMT currents of over 1 mA. At �rst glance this fact might

seemunusual{C v is the dominant carbon ionization stagein SSX (seeFigure 5.2),

sowe might naively expect a C v line to be strong. However, the resonancelines for

C v (lines producedby a transition to the ground state) are in the 3-4 nm range(see

Appendix A), well below the wavelength rangethe VUV monochromator can detect.
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Figure 5.1: SampleVUV monochromator data for an observation of the C iv 155nm
line during an SSX shot with counter-helicity spheromakmerging. Left: Raw data.
Right: Data with baselinesignal subtracted out, smoothed over 1 � s intervals.

Transitions betweenexcited states are far lessfrequent, so our non-detectionof the

C v 227.4nm line is not surprising. The C iv 155 nm line, on the other hand, is a

resonanceline, as is the C i i i 97.7nm line.

Table 5.1: Impurit y EmissionLines Observed with the VUV monochromator
Ion Wavelength Transition Typical Signal

C i i i 97.7 nm 1s22s12p1 1P1 ! 1s22s2 1S0 10 � A
C iv 155 nm 1s22p1 2P1=2 & 2P3=2 ! 1s22s1 2S1=2 1-2 mA
C v 227.4nm 1s12p1 3P0 & 3P1 & 3P2 ! 1s12s1 3S1 not detected
C ii i 229.7nm 1s22p2 1D2 ! 1s22s12p1 1P1 10 � A
N iv 76.5 nm 1s22s12p1 1P1 ! 1s22s2 1S0 not detected
N v 124 nm 1s22p1 2P1=2 & 2P3=2 ! 1s22s1 2S1=2 100 � A
O iv 55.4 nm 1s22s12p2 2P1=2 & 2P3=2 ! 1s22s22p1 2P1=2 & 2P3=2 not detected
O v 63.0 nm 1s22s12p1 1P1 ! 1s22s2 1S0 5-10 � A
O vi 79 nm 1s22s12p2 2D3=2 & 2D5=2 ! 1s22s22p1 2P3=2 not detected
O vi 103.5nm 1s22p1 2P1=2 & 2P3=2 ! 1s22s1 2S1=2 not detected

The oxygen lines featured in Table 5.1 are alsoresonancelines. Analogiescan be

drawn betweenthe O v 63.0nm line and the C i i i 97.7nm line, and alsobetweenthe

O vi 103.5nm line and the C iv 155 nm line, as each pair corresponds to identical

electron transitions within ions that sharea commonstructure. Oxygen's ionization
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Figure 5.2: Carbon ionization balancein equilibrium for PrismSPECT simulations
with n = 5 � 1014 ions=cm3 (a typical SSX density). C v is the dominant ion for
temperaturesbetween10 and 60eV; the C i i i and C iv abundancesareseveral orders
of magnitude lower.

balanceat SSXtemperaturesis moreevenly distributed than carbon's; although O vi i

is the dominant ion at T > 30 eV, O iv , O v, and O vi are all present in appreciable

fractions.

The comparativestrengthsof oxygenand carbon linescanyield information about

the relative fractions of theseimpurities present in SSX.Carbon to oxygen line ratios

depend on temperature, the very variable this research is trying to constrain, so a

precisedetermination of impurit y concentrations will likely never berealizedusingthis

method. Nevertheless,comparisonsof experimental data to PrismSPECT simulations

cancertainly helpusimproveour estimatesof theseconcentrations, thereby increasing

the accuracyand relevanceof future simulations (determination of relative impurit y

concentrations is of great important to SXR modeling, sinceSXR �lter ratios depend
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Figure 5.3: Line ratios calculated from PrismSPECT simulations with 0.1%carbon,
nitrogen, and oxygen impurities. The N iv 76.5 nm line is predicted to be over 100
times stronger than the C i i i 97.7 nm line for plausible SSX temperatures, and the
O v 63.0nm line is predicted to be over 1000times stronger. However, in the VUV
monochromator data, the 97.7 nm and 63.0 nm line strengths are approximately
equal,and the 76.5nm line is not detected. Theseresults allow us to placean upper
limit on the concentrations of nitrogen and oxygen relative to carbon in the SSX
plasma.

on large-scalespectral featuresrather than individual line intensities).

The strongestoxygen line in our PrismSPECT simulations is O v 63.0 nm. As

shown in Figure 5.3, we would expect this line's intensity to be several orders of

magnitude greater than that of the C i i i 97.7 nm line if carbon and oxygen were

present in equalconcentrations in SSX. Instead, we seesignalson the order of 10 � A

for both lines. The other oxygen lines listed in Table 5.1 also appear stronger than

the C i i i 97.7nm line in PrismSPECT simulations, but we failed to detect them at all

with the monochromator. Theseresults imply that there is signi�cantly more carbon

than oxygen in the SSX plasma. We have adapted a C/O number density ratio of

1000/1 for SXR simulations.

A similar analysiscan be applied to the nitrogen impurit y concentration. Figure
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5.3 shows that the N iv 76.5nm / C i i i 97.7nm line ratio is approximately 100/1 for

temperatures between 15 and 45 eV. The N iv 76.5 nm line could not be detected

using the VUV monochromator, so the nitrogen concentration in the SSX plasmais

probably extremelylow. Wemust questionthis result somewhatbecauseof the strong

signalobserved from the N v 123.9nm line (seeTable5.1). However, data for this line

may be suspect becauseof its proximit y to the hydrogen recombination line Lyman

� at 121.6nm. Attempts to isolate the 123.9nm line and Lyman � separatelywere

promising but not entirely conclusive, so we must considerthe possibility that the

123.9nm measurement was contaminated. This conclusionseemsrather likely given

the disagreement between the 76.5 nm and 123.9 nm line measurements. Further

observations of nitrogen lines will be required to settle the issue,but for now we are

assuminga nitrogen-freeplasmafor SXR calculations.

5.1.2 Anomalous 229.7 nm Line Strength

The C i i i 229.7 nm line is produced by a transition between excited states in

the C i i i atom{as shown in Figure 5.4, the lower level of the transition is the upper

level of the 97.7 nm transition. Therefore,we might expect the 229.7nm line to be

relatively weakin the SSXplasma. PrismSPECT simulations support this hypothesis;

asshown in Figure 5.5, the 97.7nm / 229.7nm line ratio is at least20/1 for all plasma

temperaturesbetween5 and 100eV. However, VUV monochromator data (seeTable

5.1) suggestthat the 229.7nm and 97.7nm lineshave similar intensities in SSX.This

anomaly standsas oneof the unsolved mysteriesunearthedby our research.

Several factors rule out errors in measurement or data interpretation asa possible

causeof the discrepencybetweensimulation and experiment. The C i i i 229.7nm line

hasbeenknown to be strong in SSXfor sometime{measurements of ion temperature
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Figure 5.4: Partial carbon i i i energylevel diagram.

and bulk 
o ws using ion Doppler spectroscopy (IDS) have focusedexclusively on this

line, relying on the intensity of the spectral feature to make detailed measurements

of bi-directional jets producedby magnetic reconnection[15]. Furthermore, asnoted

in Chapter 3, Lukin (2000) [18] found that the 229.7nm / 97.7nm ratio wasapprox-

imately 10 times larger than expected. Most importantly, a strong 229.7nm line has

beenindependently observed in at least two other spheromaks.

Turner et al. (1983)[29]describe the resultsof spheromakexperiments at the Beta

I I facility at the LawrenceLivermore National Laboratory (LLNL). For an electron

temperature of approximately 10 eV, the strongest impurit y emissionlines observed

were C i i i 117.5nm, C iv 155 nm, and C i i i 229.7nm. Of particular relevance to

the present discussionis the fact that the 229.7nm line was stronger than the C i i i

97.7 nm line. Several oxygen and nitrogen lines were also observed, but lines from
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Figure 5.5: Simulated line ratios involving C i i i 229.7. The 97.7 nm / 229.7 nm
ratio is approximately constant at 22 for temperaturesbetween20 and 100eV. There
are no temperatures between 5 and 100 eV for which the simulation replicates the
experimental �nding of an approximately 1:1 ratio between the 97.7 nm and 229.7
nm lines.

metal ions such as Ni i i, Fe i i, and Cu i i that might have been releasedfrom the

gun or 
ux conserver walls were absent. VUV monochromator data (seeFigure 5.6)

suggeststhat the C iv 155 nm line was lessthan 10 times stronger than the C i i i

229.7nm line, although the authors stop short of estimating a line ratio becausethe

monochromator was not absolutely calibrated (neither is our instrument at SSX{see

Chapter 3).

Results from the SPHEX spheromakpresented by Cunningham (1997) [30] also

demonstrate a strong C i i i 229.7 nm line. Calculated electron temperatures are

hotter{around 50-100eV{but the results are the same: as shown in Figure 5.7, the

97.7 nm and 229.7 nm lines appear to have similar intensities. Cunningham cau-

tions that his spectrum should be regardedaspurely qualitativ e, sincethe VUV �lm
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Figure 5.6: Spectral data from Turner et al. (1983). Left: Readingsfrom the VUV
spectrum taken with a 1 m grazing incidencespectrograph. Right: C i i i 229.7nm
and C iv 155 nm line emissionversustime, measuredwith a VUV monochromator
[29].

processingregimewas not well controlled.

Neither paper addressesthe issueof an anomalouslystrong C i i i 229.7nm line,

although in light of Figure 5.4, a line intensity equal to or greater than that of the

97.7 nm line at any temperature is clearly unusual. Such a phenomenoncould only

occur if electronswerecollisionally excitedout of the 2p level beforethey had time to

make the transition back to the ground state. The fact that C i i i is a subdominant

ionization stagein the plasmasconsideredmay be important. If collisional excitation

from the ground state were the primary mechanism populating the upper levels of

C i i i, then we would expect the 97.7 nm line to be more intensethan the 229.7nm

line. If, on the other hand, recombination werethe dominant populating mechanism,
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Figure 5.7: Densitometertrace of �lm spectrographsin the VUV from Cunningham
(1997) [30]. As in the caseof the Turner spectrum, intensity calibration may be an
issuewhen comparing line strengths.

then we might expect a typical electronto cascadedown to the ground state and emit

photons at both 229.7nm and 97.7 nm, allowing the two lines to have comparable

strengths. Of course,this argument neglectsthe fact that there are three downward

electrontransitions that canpopulate the 2p level in C i i i, and only oneof theseleads

to emissionat 229.7nm. Furthermore, at Te � 10 eV, as in the LLNL experiments,

C i i i in fact makesup at least 10%of the total carbon (seeFigure 5.2).

5.1.3 Electron Temp erature Determination

Given the anomalousstrength of the C i i i 229.7nm line and the lack of detectable

oxygen or nitrogen lines, the C i i i 97.7nm / C iv 155nm line ratio provided us with

our most reliable diagnostic of electron temperature. The temperature dependence

of this line ratio as calculated by PrismSPECT simulations using three di�erent ion

densitiesis shown in Figure 5.8. For a plasma in coronal equilibrium, emissionline
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Figure 5.8: Simulated C i i i 97.7 nm / C iv 155 nm line strength ratio plotted as a
function of temperature for three di�erent plasmadensities.

ratios should not depend on density. However, PrismSPECT simulations show that

the 97.7 nm / 155 nm line ratio does depend on density at the temperatures and

densitiespresent in SSX. This density dependencecould be a sign that the coronal

approximation beginsto break down at densitiesas low as 1014 ions/cm3, or it may

be a function of the fact that C i i i and C iv are subdominant ion stagesat T > 10

eV (seeFigure 5.2), sosmall absolutechangesin their abundancescan correspond to

large relative changesthat signi�cantly alter the line ratio of interest.

Figure 5.9showsthe electrontemperatureswederivedfor counter-helicity merging

shotsby comparingthe averagemeasured97.7nm / 155nm line ratio to the simulated

line ratios calculated by PrismSPECT. Assuming a low ion density leads to a high

temperature estimate and vice versa, as we would expect from Figure 5.8. HeNe

interferometer measurements suggestthat the typical density in SSX is around 4 �

5 � 1014 ions/cm3, so the upper plot in the �gure probably gives the most accurate
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Figure 5.9: SSX electron temperature during counter helicity merging. Dotted lines
give the uncertainty range. Temperature pro�les were derived from the 97.7 nm /
155nm line ratio averagedover 25 shots for each line, assuminga plasmadensity of
5 � 1014 ions/cm3 (top), 1 � 1014 ions/cm3 (lower left), and 2 � 1015 ions/cm3 (lower
right). The actual ion density in SSXhasbeenpreviouslymeasuredto be 4� 5� 1014

ions/cm3.
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Figure 5.10: SSX electron temperature during singlespheromakshots. Dotted lines
give the uncertainty range. Temperature pro�les were derived from the 97.7 nm /
155nm line ratio averagedover 25 shots for each line, assuminga plasmadensity of
5 � 1014 ions/cm3 (top), 1 � 1014 ions/cm3 (lower left) and 2 � 1015 ions/cm3 (lower
right).
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Figure 5.11: VUV monochromator measurements of the C iv 155nm line from four
consecutive counter-helicity merging shots on August 2, 2006. There is a consistent
peak at around t = 50 � s, but the other qualitativ e features of the signal di�er
substantially from shot to shot. Thesedi�erences probably correspond to variations
in the timing and intensity of magnetic reconnection. Therefore, it is possiblethat
by averagingthe data over many shots,we may have smoothed out the temperature
pro�le and lost evidenceof a strong temperature peak associated with reconnection.
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averagetemperature pro�le. Largeshot-to-shotvariation meansthat our uncertainty

range(calculatedby �nding the standard deviation of the signalat each time step for

each line and then propogating error) is fairly large{we can determine Te to within

only about 5 or 10 eV. Increasingthe samplesizeby taking more data will be useful

for bringing this uncertainty down.

For shotsin which two counter-helicity spheromaksmerge,wewould expect heat to

be releasedand temperaturesto rise during magneticreconnection.Indeed,we seein

Figure 5.9that the averageelectrontemperaturegradually climbsfrom approximately

20 eV early in the shot to 30-35eV at t = 60-70� s. However, it is at this point in

the analysisthat the needto averageover many shotswhencalculating temperatures

using the VUV monochromator becomesproblematic. As shown in Figure 5.11, the

timing of reconnectionvariessomewhatfrom shot to shot due to the complexplasma

dynamicsin SSX.Therefore,if there werea moredrastic temperaturepeakassociated

with reconection,it may have beensmoothed over in our �nal temperature pro�les.

SXR measurements shouldhelp to resolve the issue;oncethe systemis optimized, we

will be able to calculateelectron temperaturesfor individual shots.

We also calculated the averagetemperature for single spheromakshots; this is

shown in Figure 5.10. If the rise in temperature during counter helicity shots were

indeeddueto the releaseof magneticenergy, we would expect such a featureto beab-

sent in the singlespheromaktemperaturepro�le, sinceno magneticreconnectiontakes

place during these shots. Unfortunately, the uncertainty on the single-spheromak

temperature pro�le is enormous,soit is di�cult to draw any strong conclusionsfrom

the data. It doesappear that the temperature is relatively constant at T � 20 eV

betweent = 35 � s and t = 55 � s.

The large uncertainty in the single spheromakmeasurement may be a result of

large shot-to-shot variations causedby perturbations from a Mach probe experiment
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Figure 5.12: Left: SampleSXR raw data taken during a shot with counter-helicity
merging. Right: SXR �lter responsefunctions.

running on the sameday, in which casetaking more data should solve the prob-

lem. However, Falk [11] points out that an FRC, the con�guration formed when two

spheromaksmerge,is a more stable con�guration than a spheromak,so it is possible

that the singlespheromakis alreadybeginningto decay at t = 55� s. Notice in Figure

5.9 that the temperature uncertainty for counter-helicity shots skyrockets around t

= 85 � s as the VUV monochromator signal becomesweak; perhapsthis phenomena

becomesimportant approximately 30 �s earlier in the singlespheromakcase.If this

hypothesisis correct, the VUV monochromator may not be a very usefultemperature

diagnostic for single spheromakshots, sinceit only seesthe plasmafor about 20 � s

beforethe signal becomestoo weak to be useful. A new current ampli�er could help

to alleviate this problem.

5.2 Results from SXR

Analysis of SXR data has led to progressin several important areas,but more

work remainsto bedone. As mentioned previously, SXR could potentially allow us to
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Figure 5.13: SXR \lollip op" device. The large window is made of UV-fused sil-
ica (transmission cuts o� abruptly above 7.3 eV, and the small window is sapphire
(transmission cuts o� above 8.3 eV). Once the devicewas installed in the machine,
the windows were oriented at 90 degreeswith respect to one another. Rotating the
devicethen allowed us to position either window in the SXR line of sight.

measurethe electrontemperature for individual shots,while alsoproviding a basisfor

comparisonwith the averagetemperature pro�les derived from VUV monochromator

data. The new �lters installed last year (Al, Ti, Sn, and Zr) all producedmeasurable

signals{an improvement upon previousincarnations of SXR for which data from one

or more �lters had to be thrown out due to low signal-to-noiseratios [11], [23].

5.2.1 Anomalous Tin Filter Signals

Temperature-�tting calculationswerehinderedby inexplicably strongsignalsfrom

the tin-�ltered diode in nearly all experimental runs. The left panel of Figure 5.12

shows SXR data from a typical shot. As was usually the case,the signal from the

tin (Sn)-�ltered diode for this shot wassigni�cantly strongerthan the aluminum (Al)
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signaland at least�v e times asstrongasthe titanium (Ti) and zirconium (Zr) signals.

We do not needPrismSPECT to tell us that this result is strange{simply look at the

right panelof Figure 5.12. The Sn �lter doesnot have the highestresponsivity at any

energybetween10 eV and 150eV; it is dominatedby the Al �lter at low energiesand

by the Ti and Zr �lters at high energies. It appears impossiblethat the Sn-�ltered

diode could show the strongestsignal if all the �lters were working correctly.

Onepossibleexplanation for the anomalyis that the Sn �lter waspassingphotons

at energiesabove 150 eV or below 10 eV. Given that the electron temperature in

SSX is probably below 50 eV, we do not expect to seea signi�cant 
ux of hard

x-ray photons. High energybeamscan be produced during magnetic reconnection,

but exotic reconnectiondynamics cannot explain the strong Sn signalsbecausethe

anomaly was present in both single-spheromakand counter-helicity merging shots.

Excesstransmissionin the UV wasa more likely possibility. All four �lters nominally

have zero transmissionbelow 10 eV, but even a small transmission rate by the Sn

�lter in the UV or visible might skew the data, sincethere are a plethora of strong

emissionlines from both hydrogenand impurit y elements at thesewavelengths.

In order to test the hypothesisthat the Sn �lter was passingphotons with E <

10 eV, we constructed a device that cameto be known as the \lollip op" (shown in

Figure 5.13). Its purposewas to block x-ray photons while still allowing UV and

visible photons to reach SXR. This was accomplishedby using windows made of

UV-fused silica (UVFS) and sapphire. The transmittances of thesematerials cut o�

abrubtly just below 10 eV (seeFigure 5.14), so they were ideal for identifying a UV

or visible leak in the Sn �lter. One window might have beensu�cien t, but by using

two with slightly di�erent transmissionfunctions (UVFS cuts o� above 7.3 eV, while

sapphirecuts o� above 8.3 eV), we hoped to garneradditional information about the

preciseenergiesof the photons that were passingthrough the �lters.
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Figure 5.14: Left: Transmissionfunction for 1 mm-thick uncoatedsapphire. Right:
Transmission function for UV-grade synthetic fused silica (UVGSFS). Ignore the
OQSFSand BK7 curves. Note: 1 eV = 1239:8 nm �eV

� nm . Figures from [31] and [32].

The device was inserted into SSX through the port directly below SXR. Once

it was inside the machine, we loosenedone of the screwsand rotated the sapphire

window 90 degrees.We could then position either window in the SXR line of sight

by rotating the shaft of the lollip op.

Table 5.2: Mean �lter signalsfrom SXR lollip op test
Window Used Al Signal (� A) Sn Signal (� A) Ti Signal (� A) Zr Signal (� A)
No Window 210� 60 280� 70 40� 10 38� 9

UVFS 0:7 � 0:1 3:2 � 0:9 0:5 � 0:1 0:3 � 0:1
Sapphire 0:7 � 0:2 4 � 1 0:4 � 0:2 0:4 � 0:2

Table5.2presents the resultsof the lollip op test. Signalsfrom all four photodiodes

with either of the windows in placewerelessthan 2%of their unobscuredvalues. The

tin �lter transmits more low-energyphotons than any of the others, but the lollip op

results show that the contribution to the overall tin signal by photons with E < 8.3

eV is negligible. The signalsobtainedwhenusingthe UVFS and sapphirelensesdi�er

by lessthan the experimental uncertainty for all �lters, so it is alsounlikely that the

transmissionby the tin �lter increasesrapidly as E approaches10 eV.
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Figure 5.15: Photo of the \lollip op" device installed in the machine; the sapphire
window is visible through the glass. SXR is connectedto the 
ange just visible at
the top of the image{in order to block it with the sapphirelens,all we had to do was
rotate the shaft counterclockwise.

Another possiblecauseof the anomalouslyhigh Sn signalswas a tiny pinhole in

the �lter. Such a defect has been previously observed in SXR; it would causethe

�lter to indiscriminately passphotonsof all wavelengthsand thereforeexhibit higher

signalsthan expected. However, the negative results of the lollip op test rule out this

possibility. We are therefore left with a mystery that is at present unsolved. E�orts

to understand the observed Sn �lter signals will continue{a good �rst step would

be to exchangethe �lter currently in the machine for another [presumably]identical

one{but for now we will proceedwith electron temperature �tting using only data

from the Al, Ti, and Zr-�ltered diodes.
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5.2.2 Electron Temp erature Determination

The electrontemperaturesderived from �tting simulated �lter ratios to SXR data

are shown for several representativ e shots in Figure 5.16. The temperature pro�les

for individual shots feature no discernablepattern in the 
uctations of Te. However,

when we averageover a number of counter-helicity shots(seeFigure 5.17), there is a

noticeablepeakaround t = 40 � s. The timing of this peak is in good agreement with

estimatesof the reconnectiontime basedon time-of-
igh t calculations. Furthermore,

Mach probe measurements by Horwitz [19] demonstratea strikingly similar feature

in the azimuthal bulk 
o w pattern. This corroborating evidencesuggeststhat we are

indeedobservingheating from reconnectionin the SXR data.

The magnitudesof the temperaturescalculatedusing SXR are approximately 10

eV higher than those calculated from UV lines ratios, with counter-helicity temper-

atures peaking at 40-45eV and single spheromaktemperatures averaging approxi-

mately 30-35eV. It is apparent that the singlespheromaktemperaturesare only re-

liable in the interval t = 35-65� s; at later times the �lter signalsbecomequite weak,

and the resulting large 
uctuations in the �lter ratios prohibit any useful analysis.

SXR hasoutperformedthe VUV monochromator in this regard;while the monochro-

mator signalsbecomeuselessas early as t = 55 � s (seeFigure 5.10), the SXR �lter

ratios remain consistent for an additional 10 � s. The early decay of the signalsfrom

both diagnosticsis further evidenceof the fact that FRCs have longer lifetimes than

spheromaks.

Qualitativ e di�erences in the VUV monochromator (Figure 5.9) and SXR (Figure

5.17) temperature pro�les beg the question: which measurement is more accurate?

The relative simplicity of the line ratio measurements makes the monochromator

result appealing; however, the SXR result is in better agreement with 
o w measure-
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Figure 5.16: Temperaturesderived from SXR �lter ratios for two individual counter-
helicity shots (top) and two singlespheromakshots (bottom). The �lter ratios used
were Al/Ti, Al/Zr, and Ti/Zr, and a density of 5 � 1014 ions/cm3 was assumedfor
comparisonwith PrismSPECT simulations.

82



Figure 5.17: Averagetemperature pro�les from 23 counter-helicity shots (left) and
23 singlespheromakshots(right).

ments. The temperaturesshown in both Figures5.9and 5.17areaveragedover many

shots, so the smoothing e�ects discussedin section 5.1.3 could be relevant in both

cases.It shouldbe noted that the appearanceof a peak in Te during counter-helicity

shots is not a foregoneconclusion. Magnetic reconnectionmay not be con�ned to

a short interval in the middle of each shot; if the spheromakmerging processwere

drawn out and lessorganized,the presenceof reconnectionwould be manifestedby

higher overall temperatures during counter-helicity shots rather than by a peak in

the temperature pro�le.

The discrepenciesin the results will best be resolved through the collection of

higher quality data with both diagnostics.SXR will be most usefulwhen it is able to

producereliable temperature pro�les for individual shots,asthis is whereits greatest

advantageover the VUV monochromator lies. The temperature �tting processwould

be more tightly constrained if we could utilize a fourth �lter signal; understanding

the tin �lter anomaly thereforeremainsa top priorit y. Further work will also involve

a new set of PrismSPECT simulations featuring non-Maxwellian electron velocity
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distributions. We believe there may be a signi�cant high-energytail in the velocity

distribution in SSX, so such a calculation may help our simulated spectra better

match the actual emissionby the plasma.
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Chapter 6

Summary and Conclusion

The VUV monochromator has beenused in conjuction with PrismSPECT sim-

ulations to produce a number of new results. Four impurit y emission lines were

conclusively observed: C i i i 97.7nm, C iv 155nm, C i i i 229.7nm, and O v 63.0nm.

Among these, the 155 nm line was by far the strongest,and the 229.7nm line was

anomalouslystrong in experiments comparedto simulations and theoretical expecta-

tions. Similar resultshave beenobserved previously in SSXand in other spheromaks.

The causeof this phenomenonremainsto be determined. The non-detectionsof �v e

other lines were just as valuable in our analysis of plasma composition. We have

determinedthat the primary impurit y in SSX is carbon, with oxygen alsopresent at

approximately 1/1000 of the carbon concentration.

Signi�cant progresshasbeenmadein the analysisof the SSXelectrontemperature

through the useof the 97.7 nm / 155nm line ratio. Our latest calculations indicate

an averageelectron temperature of 20 eV early in counter-helicity shots, increasing

to 30-35eV by t = 60-70� s. The averagetemperature for single spheromakshots

wasapproximately 20 eV. More data is neededfor both counter-helicity mergingand

singlespheromakshots; a third categoryof shot, co-helicity merging, should also be
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investigated.

Temperature-�tting calculations from SXR data and simulations have produced

mixed results. Plagued with unreasonablesignals from the tin-�ltered diode, we

have proceededwith calculations using only the other three �lter signals. Typical

electron temperatureswere around 40-45eV for counter helicity shotsand 30-35eV

for single spheromakshots. These values were approximately 10 eV higher than

the temperaturesderived from VUV monochromator data, although the uncertainty

rangesoverlap at times.

The SXR temperature pro�le for counter-helicity merging peaks at t � 40 � s

and then decays afterwards; comparisonsof this result with 
o w measurements from

[19] suggestthat the timing of the peak coincideswith magnetic reconnection.How-

ever, SXR measurements cannot be consideredtruly reliable until we can identify the

signature of reconnectionin the temperature pro�les of individual counter-helicity

shots. VUV monochromator resultsshow a later and moregradual rise in the plasma

temperature during counter-helicity merging. This result could be accurate if re-

connection is occurring haphazardly in spaceand time, resulting in relatively slow

heating of the plasmarather than a rapid increasein Te. Further work is neededto

achieve agreement betweenthe two diagnostics.

It should be noted that in our temperature calculations we have only scratched

the surfaceof the problem's true complexity. For example,we have beenassuminga

spatially uniform temperature in the plasma,but this is almost certainly inaccurate

(we might expect it to be hotter in the center, for instance). The line-of-sight nature

of external measurements makes determining such structure di�cult, but it should

be possibleto try several spatially varying modelsusing Spect3D [24] and seewhich

onebest matchesVUV monochromator or SXR observations.

Measurements of the electron temperature and impurit y concentrations in SSX
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are vital for our understandingof magnetic reconnectionand other processesin the

plasma. As our knowledgeof thesevariables improve, so will our abilit y to useSSX

as a tool to gain insight into natural phenomenaon the sun, in the earth's magne-

tosphere,and elsewherein the universe. Given the di�culties involved in measuring

a seeminglybasic property such as temperature, it is no wonder that many of the

details of plasmabehavior remain unknown. However, the ingenuity requiredto tame

this most energeticstate of matter and the potential for new discovery are precisely

what make plasma physics such an exciting �eld. The SSX team will continue to

work to �ll the voids in our understandingof this important topic.
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App endix A

Energy Lev el Diagrams for

Impurit y Ions

This appendix contains simpli�ed Grotrian diagramsfor several carbon, nitrogen,

and oxygen ions. All wavelengthsare given in nanometers. For lines with multiple

components, the averagewavelength of the components is given. Lines with wave-

lengths highlighted in bold were looked for with the VUV monochromator aspart of

this thesisproject. The diagramswere compiledusing [33] and [34].
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App endix B

Glossary

Alfv �en Speed (v A ): The velocity at which large-scale,low frequencyoscillations

known as Alfv �en wavestravel in a plasma. The Alfv �en speedacts as a sort of speed

limit in the plasma.

Alfv �en's Theorem (Frozen-in-Flux Theorem): In ideal MHD, the magnetic


ux through a closedloop moving with the plasmais constant in time (the �eld lines

are\frozen into" the plasma). This theoremis violated during magneticreconnection.

Collectiv e Behavior: Plasmadynamicsaredominatedby electromagneticforces

rather than by collisionsbetweenneutral particles.

Coronal Equilibrium: A state in which the electrondensity is too low for LTE,

so that upward atomic transitions are assumedto be causedby collisions between

electronsand ions, and downward transitions occur by spontaneousemission.

Debye Shielding: There are no large-scaleelectromagnetic�elds in plasmas,

becauseelectronstend to drift around positive ions, and they shield one another's

electrical in
uence from the rest of the plasma.

External Measuremen ts: Measurements made by detecting photons and en-

ergizedions emitted by the plasma. Thesecan only produce volume of line-of-sight
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averagedvalues,so they integrate over any localizedplasmastructures.

Field-Rev ersed Con�guration (FR C): A plasma con�guration that results

from the mergingof two spheromakswith opposinghelicities. The toroidal magnetic

�elds of the spheromaksannihilate during reconnection,so an ideal FRC has only a

poloidal �eld.

Flux Conserv ers: Cylindrical copper containers within the SSX vacuum cham-

ber that act asconducting boundariesto contain the plasma.

In ternal Measuremen ts: Measurements made by probes placed within the

plasma. These produce precisemeasurements but only represent a small fraction

of the total volumeof the inhomogeneousplasma. They may alsoperturb the plasma

and interfere with its properties.

Ion Doppler Spectroscop y (IDS): An external, photon-baseddiagnostic that

allows one to infer ion 
o w velocity from emissionline Doppler shifts and ion tem-

perature from emissionline Doppler broadening.

Magnetic Reconnection: A phenomenonthat occurswhen the magnetic �eld

lines from two colliding plasmastructures changetheir topology rapidly and merge,

releasingstored magneticenergyin the form of heat or bulk motion.

Lo cal Thermo dynamic Equilibrium (LTE): A state in which collisional ex-

citation and de-excitation are the dominant atomic processes.The electron density

must be high enoughthat an ion in an excitedstate hasa greaterchanceof returning

to the ground state through collisional de-excitation than through spontaneousemis-

sion. LTE is distinguishedfrom thermodynamic equilibrium in that the temperature

neednot be the sameeverywhere,and the emissionspectrum is not a pure blackbody.

Lundquist Num ber (S): A special caseof the Reynoldsnumber that applies

whenthe velocity in the formula for RM is equalto the Alfv �enspeed. It measureshow

well the magnetic �eld lines are frozen into the plasma(in ideal MHD, S is in�nite).
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Magnetic Reynolds Num ber (RM ): A dimensionlessquantit y that describes

the relative importance of the e�ects of convection versusdi�usion on the magnetic

�eld in a plasma.

Magnetoh ydro dynamics (MHD): A theory that usesa combination of 
uid

mechanicsand classicalelectrodynamicsto describe plasmabehavior. In ideal MHD,

the plasmais assumedto be a perfectly conducting 
uid.

Photom ultiplier Tub e (PMT): A device that converts the energyof a small

number of photonsinto a measurablesignal. Incomingphotonsstrikea photocathode,

causingelectronsto be emitted through the photoelectric e�ect. Theseelectronsare

acceleratedthrough a potential di�erence and strike a metal surface, which emits

more electrons. The repetition of this processleads to a large ampli�cation of the

original signal.

Plasma: \A quasineutral gas of charged and neutral particles which exhibits

collective behavior" [1].

Plasma Kinetic Theory: A theory usedto analyzeplasmasthat relieson sta-

tistical mechanics. It is useful for low-density plasmasin which the infrequency of

collisionsbetweenparticles makesthe assumptionsof MHD invalid.

Poloidal: Refersto magnetic �eld lines or currents that passthrough the center

of a torus (i.e. through the donut hole).

PrismSPECT: A commercialsoftware application that simulates radiative pro-

cessesin plasmas,producesdetailed spectra, and provides a collection of tools for

analysisof properties such as ionization balanceand line intensities.

Quasineutralit y: A plasmais approximately neutral in any regionbecauseelec-

trons tend to surround any local concentrations of positive charge(Debye shielding).

Soft X-Ra y Detector (SXR): An external, photon-basedSSX diagnostic that

usesfour photodiodes�ltered by thin metal �lms to capture broad spectral informa-
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tion with high time resolution.

Spheromak: A donut-shaped plasmastructure con�ned by its own toroidal and

poloidal magnetic �elds.

Stu�ng Coil: During spheromakformation in SSX, current through thesecoils

createsa magnetic �eld that is draggedalong by the plasmaas it leavesthe gun and

then reconnectsto form the poloidal �eld of the spheromak.

Toroidal: Refersto magnetic �eld lines or currents that trace out circlesaround

the axis of a torus-shaped plasma(for example,a spheromakor tokamak).

Vacuum Ultra violet (VUV) Mono chromator: An SSXdiagnosticthat mea-

suresthe 
ux of photons emitted in a speci�c narrow wavelength band between50

nm and 560nm in real time.
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