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SUMMARY

Evolution of measured profiles of densities, temperatures and velocities in the
edge pedeal region between successive ELM (edigealized mode) events are analyzed
and interpreted in terms of the constraints imposed by particle, momentum and energy
balance in order to gain insights regarding the underlying evolution of transport processes
in the edge pedestal between E&M a series of DIHD dischargesThe data from
successive intelELM periods during an otherwise steastpte phase of the discharges
were combined into a composite intetM period for the purpose of increasing the
number & data points in the analysid.hese composite periods were partitioned into
sequential intervals to examine in€LM transport evolution. The GTEDGE integrated
modeling code was used to calculate and interpret plasma transport and properties during
eachinterval using particle, momentum, and energy balaMagiation of diffusive and
non-diffusive (pinch) particle, momenturand energy transport over the inEE&tM
period are examined for discharges with plasma currents from 0.5 to 1.5 MA and inter
ELM periods from 50 to 220 ms. Diffusive transportis domifanf < 0. 925, whi |
nondiffusive and diffusive transport are very large and nearly balancing in the sharp
gradi ent r egi dmnsgbrt&f@ct ofson grbit koss are dgnificantjfor
0.95, and are taken into accouBturing the intesfELM period, diffusive transport
increases slightly more than nrdiffusive transport, increasing total outward transport.
Both diffusive and nodliffusive transporhave a strong inverse correlatisith plasma
current Weakening the electromagnetic pinolay increase outwad particle transport,

and enable control ovéne rebuilding of thedgepedestal between ELMs.
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CHAPTER 1

A BRIEF HISTORY OF F USION

1.1 An Introduction to Nuclear Reactions

While fusion and fission reactoreave been longtime features of the natural world
(stars and the uranium deposits in Oklo, GgBPnit was only recently that the human
race discovered how to harness nuclear reactions. This odyssey was begeaily the
20"century, spar ked by -erfigynesuivaldncydasd cantineed r i e s
through important contributions from fellow luminaries such as Rutherford, Bohr,
Meitner, and Hahn.Enabled by the work of these men and women, and driven by the
horrors of war, scientific knowledge of nuclear reactions was gained at a rapid pace, and

this knowledge was employed to achieve both terrible and beneficial ends.

At the heart of generating energy from nuclear reactions is the relationship
between biding energy and quantity of nucleons in the nucleus of an atom. This
relationship is shown iRigurel, where the binding energper nucleor(protons and
neutrons, which comprise an atomic nucleus) is given asaién of the quantity of

nucleons existing in the nuclei of common atoms. Binding ersrgptly named, as it

can be thought of asthelewef A adhesi ono of the component

understand the generation of energy through nuclear readtiensoncept of a deep, dry
well is useful, where escaping the well means the nucleus is no longer bound together
(nucleons can escape). If the binding energy fioergtirenucleus is low, that means that
a small amount of energy is necessary to breakititleus apart, i.e. the nucleus is only
partway down the dry well, and a small addition of energy could allow the nucleus to

escape the well. However, if the binding energy in a nucleus is large, a large amount of

(



energy is necessary to break the nuglapart, i.e. the nucleus is near the bottom of the

well, and a large amount of energy is necessary to bring it to the top.

Nuclear energy is generated by moving from a nuclear arrangement with a lower
binding energy per nucleon, to a nuclear arrangémvigh a higher binding energy per
nucleon. Using the well analogsnergy is generated by fallifigom higher in the well
to lower in the well When this occurs, the energy given up by the change in nuclear
arrangement (falling further into the well)agentuallytrangormed irto heat, and this
heat can be gathered by meticulously designed environments (nuclear reactbtis¢n
used for a variety of purposes. When fission occurs, a large atom with a low binding
energy per nucleon is split into twtoans with higher binding energies per nucleon,
generating heat that is collected or utilized by some type of nuclear reactor. Due to
favorablebinding energy and otheharacteristics, the atoms most often fissioned in
reactors are the Uraniu285 atomgseen on the right dfigurel). These atoms asplit
to form two atoms, both located towandsser to theaniddle of the binding energy per
nucleon curve The energy released is mostly transferred to the twosatwhich

proceed to heat whatever medium in which they are embedded.

Nuclear energy is generated by fusion through the same pafaes®nfiguring
nucleons from lower to higher binding energiest in the opposite directiaf fission
and on thdow massside of the binding energy per nucleon curve. Fusion is achieved by
smashing two light atom@ow number of nucleongyith low binding energies per
nucleon together to create daegeratom with a higher binding energy per nucleon
(again moving dowim the well and generating energygtars generate energy by fusing
two Hydrogenl atoms together, and st&rsage, theyoin heavier and heavier atoms to
move up the binding energy curv&his fusion is thought to be the only source of
elements largethan hydrogen in the universe. Some stars are large and hot enough to

fuse atoms all the way up to Ir&®, where the slope of the curve chan@aplying that



fusionsinvolving Iron-56 or larger elements, and any other ataesreasé¢he binding
energyper nucleonbringingthe nuclear arrangement up the watidabsorbingenergy.
Once the fusion of IraB6 begins, this subtraction of energy decreases the outward
thermodynamic pressurehich counteract gravity to keep stars stable. Once this
outwau pressure is gonstars above a certain siadl succumb tayravity, and collapse
into a black hole. However, it ésointeresting to note that the fusion of large atoms
during this collapse process is thought to be the only source of atoms largé&otirs6,

including gold, mercury, uranium, and all otteravy elements

1.2 Fusion Reactors

Once scientistanderstood the implications Bfgurel, and fission reactions had
been describednd observedsplitting heavy atoms into lighter atoms, andving up the
right side ofFigurel), scientists realized that energy could also be relazsad the
same phenomena by fusing lighter atoms to create heavier atoms (mp\heyleft side
of Figurel). However, they quickly realized that it was difficult to smash lighter atoms
together, and although the larger elements had a convenient propensity to split when hit
with an energetioeutron, there was no such trick for the lighter atoifige electrostatic
repulsion between iordictates thatheywill almost surely deflect off one another when
colliding, under most conditions, and in order to get atoms to fuse upon collision, they

must be travellingat high speeds.

It is convenient to considéne idea of attempting to roll a bowling ball up the
side of a volcano, and having it fall into the caldera. The energy of the ion must be
sufficient to overcome the electrostatic Coulorapulsion between it and the other ion
(the volcano slope), and enter the range of the strong nuclear force (the caldera).
Additionally, if the ball is not rolled directly up the side of the volcano, it will be diverted
from its radial course, and roll dm anotherside of the volcano. This is a good analogy

for the nearly headn impact that must occur between two ions for in order to overcome



the Coulomb Barrier without being deflectedeedless to say, the chances of these two
conditions(sufficient peed and direct angle of impab8ging fulfilled at the same time

are rather low. This is why large quantities of weelhfined ions at high temperatures

are necessary for fusion. If a large part of the ions have enough energy to overcome the
Coulomb barer and fuse, there are enough ions to have manypiomteractions, and

the ions cannot easily escape the plasma, fusion will occur.

Stars use gravity to both thermodynamically heat (increase the speed of) atoms to
a level where fusion is likely toccur upon a collision, and ciame a large number of
atomsto a limited volume, so that the atoms have many opportunities to fuse. On Earth,
humans are currently unable to use gravity to serve either of these pulpase®
major confinement schemeave been devised to allow particles to be heated and
confined in a small space. The most promising confinement scheme for fusion energy
generation was proposed and develapetie 19509y the Soviet physicists Tamm,
Sakharov, and Lavrentievlhe schemw&as improved to practicality by Artsimovicand
called a Atokamako, a Russian acronym that
dominant type of magnetic confinement fusion reactors. It consists of a toroidal
(doughnutshaped) plasma chamber ringed bggmetic coils that induce a magnetic field
running through the center of the devidesimplified schematic of a tokamak reactor
andan actuatross sectiomareshown inFigure2 along with an illustration of theroidal

coordirate system, which will be used extensively in this document.

Gaseousydrogenfuel isinjectedinto the reactor, and a toroidal current is
induced in the plasma through transformer action using the central solenoid magnet stack.
This heats the fuel rissively (like an electric stove) to become a plasma. Once the fuel
is in a plasma state, the constituatimshave beemonized (positively charged), the
electronshave beeseparated from the plasma ipasdboth particle typefollow

magnetic field ihes(although in opposite directionsA large toroidal magnetic field is



then induced in the tokamak by the toroidal field coils that ring the plasma chamber.
This fieldalsocauses the electrons and ions in the plasma to move in opposite toroidal
directions, inducing dditionaltoroidal current in the plasma. This toroidal plasma

current then induces a poloidal magnetic field, which adds to the toroidal magnetic field
generated by the toroidal field coils to produneoaerallhelical magnetic fieldg helix

is a spiral structure, like DNA). The charged patrticles stick to and follow this helical
magnetic field, which (mostly) confines the plasma particles to the plasma chamber, and
is resilient to the variouslectromagnetic forces and drifts that alfucause the plasma

to escape confinement when using a poloidal or toroidal field alone.

This tokamak design is the basis for the leading fusion research reactors today,
and is widely considered the leading contender for the designeléetricitygererating
reactor. Major improvements have been made in the design and operation of tokamak
fusion reactors since they were proposed in the 1950s, but the two core requirements of
fusionreactors highplasma pressure (p=rdhdlong energy confinement tirse ,( U)
remain difficult to achieveimultaneously The sun has relatively losore temperatures
(for the purposes dtision), but it has excellent confinemesmd high density (around
two orders of magnitude higher than that of water) in a very largeneolThisensues
that each ioas a very low chance to escaped a good probability to fuse with another
of the many ions in the nearby ard@usion reactors are much smaller, with much worse
confinement, and much lower density plasnfas. comparisopurposes, the density of
thesolar cords ~150g/cnt, liquid waterdensityis 33.368g/cnt, STP air has a density
of 0.025g/cn?, andhigh-performancdusion plasmalike thoseplanned fod TER will
have a density 0f3:3x10' g/cn?. In the entire tokaak, the mass of the fuel at any
given time will be several kilograms, but it will be outputting up to 500 MW thermal
powerby reacting just a small fraction of its magsis small fuel mass has many safety
advantages, and essentially prevents the pbssiif damage from a disruptioaffecting

anything outside theonfinement configurationA disruption is generally defined as any



loss of confinement of the plasma, which allows it to impact the pkaonag surfaces

of the reactor.

Since fusiorsdentists have the advantage of being able to select the reaction they
would like to facilitatefor fusion energy generation, atitky also havéhe ability to
intensely heat the plasma, these tactics are both used to increase the achievable fusion
yield intokamak plasmas. lrigure3, thefusionreactivities forseveral major fusion
reactions are showas a function of temperaturd he Deuterium (Hydroged, D) and
Tritium (Hydrogen3, T) reaction is envisioneaf use in thdirst generation of fusion
reactors due to it being the most reactive at the temperatures achievable using current

technology.
H®+ H*A He*+n'+ 17.6 MeV

The products of this reaction are a stable Helwdleus élpha particle), which cees

away 3.5 MeV of the energy, and a neutron, which carries away 14.1 MeV of the energy.
It is important to note that most operational research reactors use thevtmsble
DeuteriumDeuterium reaction tmostlyavoid the health, safety, and matesial
complications of dealing with neutron radiation and radioactive Tritium fuel. The
reaction rates and other plasma properties frorragbasma can then be extrapolated to
obtain a good estimation of what would be occurring inBf@asma. In the X

reaction, the helium nucleus usually dissipates its energy in the plasma due to its highly
charged state, while threutronalmost always leaves the plasma, and is used for heat
generation, fuel creation (via interactions with Lithium or other atoms tbdtpe

another T atom, to allow a selfistaining fuel source), or other purposes (such as

transmuting spent nuclear waste, see the SABR cdB¢ept

Confinement schemes like the tokamak have greatly increasadttieyable
energy confinement times and pressumdsision reactors. Various heating schemes,

such as radiofrequency heatingni®aidea as a microwave) or highergy neutral beam



heating (analogou® ablowtorch), have enabled scientists to increase the temperatures
of particlesto extremely high levels, and greatly increase the chance that théysaill

upon collision. In fact, the temperatures that will be achieved in fusion power generation
reactors are at least an order of magnitadger tharthose in theore of the su9].

These high temperatures, combined with advances inetiagronfinement, allow fusion
reactions to occun modern fusion reactors at a sufficiently high frequengyrtaluce
meaningful energy outputsThis is truesven whe using the BD reaction, which is less

productive than the ¥ reaction that will béacilitatedin electricitygenerating reactors
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CHAPTER 2
H-MODE, THE ITER PROJECT , AND THE STATUS OF FUSION

ENERGY

2.1 The Discovery of Hmode tokamak operation

At the German ASDEX tokamaik theearly1980s, an important discovery was
made that permanentbhanged the outlook of fusion enerdypon application of &igh
level of neutral beam heatimyring an experimenthe plasma confinement doubled, and
various other plasma characteristics changed dramatically. This marked the discovery of
high-confinenent modd10-12] or H-mode operation in plasmas, which is characterized
by high plasma confinement, better plasma performance, and sharp gradients in plasma
parameter profiles in the edge of the plasmhe diffeeences among the old operating
regime, which mainly used Ohmic heating (now known asdonfinement mode or-L
mode), and the new operating regjraee many, but one major aspect is showhRigure
4. This plot shows the densipyofile in the edge of a shot before the fawhigh
confinement mode transition, and after, illustrating the difference in the profiles that
resuls frombetter plasma confinemeand other processes that will be examined in this
document Thecliff-like structure near the separatrix in thentdde density profile is an

important feature of Hnode operation, and is called the edge pedestal.

This operational mod@&ow the benchmark for operating regimes, has played an
important role in the design ofkamaks since itdiscovery, and has greatly enhanced the
economic case for fusiorHHowever, there are severasiges that complicate thigture
use of Hmode in generating reactors, and one remains especially reietenpresence
of edgelocalized mods (ELMs). These instabilities are localized in the edge region of

the plasma Theydestabilize the plasméareak local confinement, and send a surge of



hot plasma ions radially outwards past the separatrix. Some of the ions are caught in the
magnetic feld lines and plasma flow going to the divertor, andactthere, but others
impact the wall, delivering significant heat pulsés.research reactors, the ELMs
occurring in deuterium plasmas rarely have enough energy to seriously damage the
components fothe plasmahambemvhich enclose the tokamathése are calleplasma
facing componentsr PFCs). In sharp contrast, the heat puisggectedrom these

ELMs in alarge, high performance reactor like ITBRe extremelgnergeticand would
beimpossibleto withstand regularly withowgustainingserious equipment damage. This
obstacle is especially daunting for the development of economically feasible generating
fusion reactors, which would be expected to run reliably for years without requiring
major oerhauls or repairsThus, t is apparent whyhe reliable control and/or mitigation

of these ELMs continues to be a high priority for the fusion community.

Other challenges that the fusion community must solve to achieve a viable fusion
generating redor include several physics issues and the problems associated with
finding or developing the materiatgpable ofvithstandng the extreme conditions
required of fusion reactd®®FCs. Thengoinggeneration of tritium to maintain a
sufficient level of DT fuel is anothedifficult engineeringask and the lack of data for
radiation damage from such high energy neutrons as the fusionddtrons complicates
radiation protection efforts. All of theseeasare the focus of intense research efforts,
and mat fusion scientists believe they can and will be solved by the time solutions are

required.

2.2 The ITER Project

In 1973, Richard Nixon and Leonid Brezhnev met to discuss the creation of an
international working group to develop a large experimental fusiactor. Tl result of
this effort was to be called the INTOR reactor, and several major nations, such as Japan,

the United States, the Soviet Union, and a number of European nations, joined together to



achieve this goalThe collaboratiomvas named thtNTOR workshop, and groups of
scientists and engineers around the world were formed to design the reactor, and identify

challenges that needed to be addressed.

Although the INTOR reactor was never built, the international institutions and
norms regardingultilateral fusion development had been emplaced. The concepts,
skills, andinternational relationships cultivated througirs effort were used to infuse a
Arebootd of the | NTOR pr oTJhelJER pwjectvdsthe x per i e
beneficiaryof the INTOR Workshop, and was foundE@87, becoming the flagship

international fusion development program.

Many major economies are partners in the ITER project, including the United
States, Japan, the European Union, China, Russia, South Koregharsd The ITER
fusion development program is inherently complex and bureaucratic damtsuch as
in-kind contributions, an evolving design, and varying international commitment and
funding levels reliant on domestic politicBespite these challges, the reactaite and
support buildings areurrently under construction in Cadahe, Frangeand construction
and assembly of the tokamak itself is scheduled to begin in 20itkcorporates some of
the most advanced superconducting magnet, misteaiad electronics technology
available, and is expected to run for at least a decade and demonstrate the ability to
produce ten times more power than it consumes. Along the way, the ITER reactor will
serve as a test bed for prospective PFC materigisirtrgeneration equipment, advanced

physics experiments, and radiation damage testing with 14.1 MeV neutron bombardment.

One of the biggest improvements incorporated in the ITER design is its large
plasma volume of 840 fnwhich is much largg®] than the largest plasma volumes
achieved to date of 100°mFrom a physics standpoint, the large size of the reactor is
expected to provide sufficient volume for a higérformance plasma to operate without

losing an irdinate amount of energy through the plasma surfaces. The characteristics



of this plasma whichcanbeoptimized forhigh-performanceower generatignwill

provide a testing environmeunhique to ITER, where advanced plasma physics scenarios
relevant togenerating power reactors can be run, theories tested, and experiments
completed. The tokamak is scheduled to begin operations in 2020, and itdenatte
expected lifetime will be invaluable to refining and completing development of those
technologiesmaterials, contrsl and diagnostics necessary to desige@nomically

attractivegenerating fusion reactor.
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CHAPTER 3

THE EDGE AND EDGE-LOCALIZED MODES (ELM S)

3.1 The H-mode edge pedestal

The edge pedestedfers to the region @ H-mode plasma close to the
separatrix, where the sharp gradients in density and other vatfabiek are
characteristic of Hnode operatignare found. It isan important region of the plasma
because there is experimeft&l and theoretic§l 4, 15]evidence that overall plasma
performance depends the edge pedestal parametérhis performanceink is a result
of the relationship betwedhevalueof the plasma temperature at the top of the edge
pedestal (temperature pedestal heigintyl the maximurtemperatureén thecenterof the
plasma As shown irFigure3, a higher core temperatugenerally increasdse fusion

rate and power generaticaipngside otheeffects.

Another aspect of the formation of thiemodeedge pedestal is the sharp
gradients that are formed between the top of the pedestal and the separatrix. These
gradientsare thought to be céely related to the increased confinement and performance
of the Hmoderegimd16, 17] as well as othamportant,complicated plasma
phenomena such as bootstrap current. The close linkages between increadled over
plasma performance, plasma confinement, and core temperatures, and the properties of
the edge pedestal, ensure tlnat development of a more comprehensimderstanding

of the Hmode edge pedestala priority in the fusion community

Both diffusive and nordiffusive transport mechanisms determine edge pedestal
structure and transport, and yreee subjects of ongoing researdiffusive transport is
usually outward, and relatéo the plasma pressure and other thermodynamic forces,

while nondiffusive transport mechanisms are related to electromagnetic forces such as



the radial electric field, or VxB forcesl he ultimate goal of these investigations into the
edge pedestal region is to develop a predictive capability for edge pedestal strutture an

transport processes.

3.2 Edgelocalized Modesand mitigation techniques

The ELMs that have the potential to be most damaging are langérequency
ELMs that eject large quantities of particles from the eddeese ejectionsventually
impacteithe PFCs or the divertor, causing large heat pulses to these componests. Th
type oflarge ELMis generally known aa Type | ELM[18]. In the past decada theory
explaining ELMs as a combination of fieg and ballooning modgs] has been put
forward It iswidely believed to provide a good description of the processeditbatly
cause ELMs andalsothe ELM event itselffor Type | ELMsandother, snaller ELMs.
The cyclical nature of ELMs in #hode is demonstrated by the closed loop that plasma
properties are believed to follow during the ELM cycle according to MHD peeling
balloonng mode theory This loop is showm Figure5. The large loop is believed to
describe the evolution and destabilization of Type 1 ELMs, while the smaller loops may

describe smaller, Type Ill ELMs.

Cyclical ELMg[18] in normal Hmode operatiomill cause critical damage to
PFCs, divertors, diagnostics, and other reactor components if allowed to occurin high
performance tokamaks like ITER and future devicEéforts to retain the high
confinement and good performance ofrtdéde operation, while eliminating or mitigating
the ELMs, have taken several different forms in recent ygarge of the most promising
techniques has been the introductiom special type fomagneticfield coils (I-coils) into
the first wall that induce aB resonant magnetic perturbation fields in the plasma
edgg¢19]. Thisadditional fieldallowsplasmas to operate a state where few if any
ELMs occur(across several machines and plasma configuratiand whichmaintains

plasmaperformance levels in the neighborhood efrfdde plasmasOther methods,

1C



such as injecting fuel pellets into the plasma gitjeenable control of thELMs by
artificially inflating the local density to a level beyond the stability limit, thereby
triggering ELMs. These induced ELMs are smaller than typical Type | EaMbthey
are frequently triggered, to ensure that large ELMs do not o¢tigh-pefformance
operating regimes that do not feature ELdisactive ELM mitigatiorhave been
developefll, 22] and further research is being done to learn more about the

characteristics of these regimes.

All of these nethods to mitigate or prevent ELMs have been studied extensively,
and a theoretical understanding of the cause of ELMs has been provided by MHD
peelingballooning theorf6]. However, most of the ELMree operational modes and
ELM mitigation techniques come with a plasma performance penalty, and many have
other complicationsDuring ELMing Hmode,the plasma edge leaves the stable
parametespaceand an ELM occurs, decreasing gradients/currents and densities in the
edge(as shown irFigure5). Once the ELM event is over, the plasma edge traverses the
stableparameter spacbecoming unstableagaant s ome poi nt 1 n ti me.
the time when edge pedestal transport is rebuilding the edge pedésathlculminates
in the plasma edge approauipthe edge of the stab#pace an@ventually leavingt,
restarting the cycle. The transptirat occurs in the edge pedestal as the gradients are
rebuilt between ELMs is not well understoodowever, by improving this
understanding, it may be possible to provide important insight into the transport forces
that occur in Hmode(the highestperfoming plasma modegndwhich rebuild the
pedestal gradients, setting the stage for another ELM. Alteration or control of this edge
transport between ELMs may prevent the plasma edge from again reaching an unstable

area where an ELM occurs.

3.3 The edge, ELMs and ITER and future devices

11



During the operation of ITER and future devices, potentially damaging events like
ELMs must not be allowed to occuEven in operating regimes that are mostly ELM
free, occasionally large ELNMke modes can occur without wang, which could be very
harmfulin ITER. In order to obtain a better understanding of the triggers and likelihoods
of these events, and ultimately, in order to develop a predictive capability, more details
about the edge region, its transport processesjts forces, must be gathered. Given the
linkage between the edge pedestakrall plasma performancand confinemeng better
understandingf transport in the edge pedestal nadsobe helpful in he optimization of
plasma performanceTheimportanceof the edge pedestal in tokamak operation, and of
the instabilities that arise in that region, encousdlge development of a predictive
capability for edge structurpropertiesand transport dynamicg his capability is most
useful if itencompases a broad range of operatiegimes, plasma events, and reactor

designs.

Thetask is complicated by the fact that the edge region of the plasma is difficult
to quantify, and less well understood than other parts of the plasma. The sharp gradients
in the region change rapidly over a small area, making good spatial resolution in the area
where the sharp gradients are located difficult to attain. As the plasma moves, the
absolute radial location of the measurements changes, and although the datangrocessi
system tries to eliminate this behavior, this induces uncertaitig final radial value
for a given measurement. When ELMs occur, the magnetic field lines are baolen,
thenreconnect in a different configuration, further complicating the tasissifjning a
radial value to a measurement. Regarding qualitative understanding of edge transport,
the extremely large forces, magnetic fields, neutral recycling, large gradients, electric
fields, and various other plasma physics considergtessire tht transport in the edge
region is very difficult to understand or explain fully. This is all further complicated by

thegeometric assumptiorfsigure12) used in modeling to simplify the complex
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geometry of the tokamak plasmaaahber, and the disproportionate effect they have on

the outermost flux surfaces in the plasma.
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Figure5: MHD PeelingBallooning Mode ELM Theory A diagram of the ELM cycle

predicted by MHD peelindpallooning mode theof§]. Current in the edge pedestal is
the yaxis, and pressure in the pedestal is on theix. The plasma phase space stablg
peeling or ballooning instabilities is enclosed by the triangular shape. Layue] T
ELMs are widely believed to cyclically follow the path marked I, while smaller ELMS
may follow the similar, but shorter, circuits labeled Il and IlI.
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CHAPTER 4

EXPERIMENTAL DATA CO LLECTION AT DIll -D

The worldclass diagnostic systems in use at illare an important part of its
research success, aacka featue that allows maximum utilization of the timedan
resourcesiecessary to conduat axperimental discharge on the tokamak. General
Atomics maintains aesearch team includingsaibstantial number of diagnosticians and
other experimental physicists who tiomally work to improve existing diagnostic
capabilities, develop new ways to use the measurements, and help collaborating scientists
use the data accurately in their own work. Data is collected from the diagnostics systems,
processed to varying degreasd written to the DIHD MDSPIus experimental database

where it can be accessed by members of the extende® D¢dearch effort.

The diagnostics most important to this research are tinasehich measure the
properties of plasmealectrons andmpurity ions in the edgeA brief, general overview
and description of these systearsl their relevant functiongill be given in this chapter.
The charge exchange recombination system (CER, also known as CXR or CXRS)
measures carbgan impurity from the PCs)temperature, density, and rotation velocity
profiles, while the Thomson scattering system (TS) measures electron temperature and
density in DIIFD. Measurements of the main deuterium ion properties in the plasma
were not available for the shots exaed here However, the capabilityp acquie that
data exists at DD, andis in the process of being expanded to provide main ion

measurement®r more shots in the future.

4.1 The DIl -D CER System

Charge exchange recombination systems use photon s§uegyto determine

seveal important properties of the ions in the plaptha Recent researf28] has shown
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that main ion (deuterium) data can be obtaimgidgthe DIII-D CER system, but for the
shots analyzed in this work, the CER system is measuring the properties of the impurity
carbon. During normalDIII -D operation, carbon from the glma facing components

(PFCs) is the dominant impurity in the edge

The CER system relies on the presence of an injected beam of neutral deuterium
atoms. At DIII -D there are four neutral beam systems where deuterium ions are brought
to high energiegmuchhotter than the plasma ion temperatures), neutralized with
minimum energy loss, and injected into the plasma for the purposes of heating, fueling,
generating currenaind driving rotation. Once in the plasma, the deuterium atoms in the
beam interact witlthe fully ionized carboatomsthrough charge exchange, as the
energetideuterium atom donates an electron to the fully ionized caatwon becomes
ionized in the procesand joins the plasmarhe carbon is now partially ionized and
excited, and it rdiates energy through tliecegy of its new electron from an exciteddo
groundstate. Thislectron deexcitationreleases a photamhose energy isharacteristic
of theelectronorbitsin carbonandalsothe deuterium energyAfter beingcollected and
analyzed any deviationdetween the measured photon energies and the expected
energiescan be usetb determine the properties of the originating carbon atagns.
schematic showinthe geometrypf the DIII-D neutral beam system can be found in

Figure6.

Optical viewing chords angositionedo intersect the neutral beam in the plasma
and detect these characteristic photons generated along its edges from the charge
exchange and dexcitation processTo best study the edge peddstgion, which
generally extends acroabout 1015% on average of ti{gertical) plasma crossection
radiusand contains very large radial gradients in plasma properties, it is important to use
diagnostics systems with high spatial resolution. Thé&DICER system was designed

to provide a high spatial resolution in the plasma ddgavell as good coverage
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throughout the plasmandit usually can providelataaboutevery 5 mm in the edgs

the outboard midplan@bout everyl% of the minor radius)

The DIII-D CER system has two setseafgeviewing chordghat intersect the
neutral beam lines, arate situated vertically and horizontally in the plasrihis allows
measurement of the plasma from two different directions, and greater flexibilising
the collected data st explore the plasma (Sets of viewing chords for the core and
other areas exisand are shown iRigure7 andFigure8, but the edge CER data is most
relevant to this wik.) Recent analysis by tH2lll -D diagnostics team has determined
that the data from the tangential chords is slightly more reliatitee edgen mostshots
due to certain geometric advantgd@d$. As a result of these findings, in this work the
tangentialCER data was used whenever possible, wéltical data being added when
necesary. Most often this occurred when the data from the tangential chords was
relatively sparse, and vertical chord data was netmdaapplementhetangential
measurements, and obtain enough data for profile fiflihggeometrie®f the
tangential, vertial, andotha CER chordsand therelevanineutral beamin DIII-D, are
shown inFigure7 using a horizontal crossection of the tokamak, and kigure8 using

a vertical crossection of the tokamak

From the known energy of a deuterium atom injected into the plasma as part of a
beam, and the properties of a characteristic phetaitted as a result of a charge
exchange interaction between that beam atom and a plasma carbon atom, it is possible to
calaulate properties of the plasma carbon d8mThe expected location and structure of
spikes in characteristic photon intensity on thergy scale resulting from this charge
exchange interaction can be compared with the actual properties of the intensity spike.
The CER viewing chords record thbservedcharacteristic photon intensity and energy
data generated from the charge exchanggantions between the neutral beam deuterons

and the carbon ions in the plasntagure9 shows the expected photemission
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intensities forepresentative transitions axygenand heliumimpurity ionsat0 and 90
eV. The observed peak, its width, and its location on the energy spectrum can be used to
determine oxygen density, and oxygen poloidal and toroidal rotation velpaiti@she

same procedures are used with carbon in-DItb measure its properties.

After taking geometric data into accourtistdata can be used in four important
interrelatedvays to measure (i) carbon density, (ii) temperature, and (iii) toroidal and
(iv) poloidal rotation velocity If the approximate cross section for the chagehange
reaction is known fromatomicphysics, and the density of the beam is known, (hehe
intensity of the spike in detected phot@ishe characteristic energsould allow
determination of the quantity of carbon atoms undergoing charge exchéhigecould
be used to calculate tlensity of carbon atoms thite correspondingnptersection point
between the CER viewing chord and the neutral beanvhich theoptics are focusedA
related value he (i) width of theintensitypeakcentered on # characteristic energy,
would provide a measure of the thermal velocity ofddésdon atoms This would be
detectedhrough the DoppleEffect, as the velocity of thghotoremittingcarbon ion
would causehem to have amall, symmetrizvariation in enggy centered around the
energy of theharacteristiphoton. If the particle were approaching tietectoy the
photon would be fiblueshiftedod, while it wo
the viewing chord. The width in energy of the intenpiéakwould correspond to the

magnitude of théhermal velocity of the particle

Any difference between tHecation of the center of the intensity peak, and its
expected location on the energy scaleuld alsobe due to the Doppléffect. A
uniform shft up or down the energy spectrumould be attributable to a bulk particle
velocity componentowards or away from the viewing pottn this manner(iii) the
carbon toroidal rotation velocities can be determined from the tangential chordis;) and

the @rbon poloidal rotation velocities can be determined from the vertical chords. In
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addition,imperfections exist ilmrientation othetangentialand vertical chords, and the
neutral beamsdue to space constraints and other consideratibmaugh the gemetric
decomposition of the detected photon signals, additional carbon toroidal and poloidal

rotation velocitydata can be gatherémm thismisalignment

Once the carbofi) density,(ii) temperatureand(iii) toroidal and(iv) poloidal

rotation \elocitiesare found, thegan be used in the equilibrium force balance equation

Erexp _ 1 IJ-aneaS

meas,

-nog M

BVP BY ()

to calculate the radial elewd field profile[25], which is a very important parameter in

edge transportin this equation, the radial electric filels signified by E, density by n,

the charge of an electron by e, pressure by p, magnetic field by B, and velocity by V.
The subscripts d and G refer to ther poloid
refers to the radial direction, and keef to the carbon speciesleasurements of

multiple impurity properties can be used to calculate multiple radial electric field profiles
which would bewould be identical in theoryand independent afieimpurity used in the
calculation In practicethis is not the casandany differenceseenamongelectric field
profilescalculated witithe properties ofariousplasma impuriesareuseful in

calibratngthe CER system arfdr plasma analysisAlthough carbon is assumed to be

the dominant impurityn the edge of the plasma, other impestdo exist at much lower

levels and could be used as described here.

4.2 The DIl -D Thomson system

Thomson scattering is an elastic procgissngwhich a photorfrom a laser with
known energys scattered by plasmaelectron and the Thomson scattering (TS) system
gathers information about the scattered photon. The mechanisms by which the electron

density and temperature are determined are similar to those used by the CER system to
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identify impurity density and teperature. The intensity of the scattered light is
proportional to the electron density, while Doppler broadeimrige expected intensity
peak of the scattered ligimdicates the thermal velocity of the electrons, allowing a
determination of their tempature. While the CER system uses the neutral atoms from
the neutral beam and viewing chotdgyather this informatigrthe TS system uses laser

and a photon collection system.

The DoppleiEffect allows data to be extracted from the Thomson scattered
photonin a similar way to the CER systeithe lasers used areghily-coherent to ensure
that the inalent photon properties are wkhown, and the product of the Thomson
scattering interactions are collectaud analyzed to determine the density and
temperature of plasma electrons across the radius of the plasma. The TS system uses
three lasers to generate these measurenseotse laser, a tangential laser, and a divertor
laser and three collection systems to gather the scattered photons. THadérsend
their collection systems allow data gathering at 54 points in the plasma, and schematic

of the systenareshown inFigure10 andFigurell.
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GEOMETRY OF THE DIII-D NEUTRAL BEAM INJECTION SYSTEM
(coordinates shown in inches)

330L
(-78.9, 310.1)

330R

(-111.5, 304.0) 30R

(207.5, 248.6)

30L
(229.1, 223.4)

beamline

beam crossover point:
(-55.3, 92.1)
beam crossover point:
(52.1, 94.0)
Origin:
(0.0, 0.0) inches
270°

beam crossover point: beam crossover point:

(-55.3, -92.1) (55.3, -92.1)
210° 150°
beamline beamline
150R

150L

(78.9, -310.1) (111.5, -304.0)

210L
(-111.5, -304.0) 210R
(-78.9, -310.1)

Figure6: A diagram of the DIHD neutral beam injection system georgetfhere are a
left and right beam source for each neutral beam injection port, allowing different
injection locations. In addition, the 210 degree beamline port is situated to be able
deliver a beam in the opposite toroidal direction from the ottreet increasing the
experimental flexibility of DIID.
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Figure7: A diagram of the DIHD CER system. The red lines are viewing chords, an(
they observe the interaction between the plasma and the neutral beams at the locaj
where the viewing chords and the neutral beams intersect. The 150 degree port sh
Figure6 is not associated with any viewing ports. In the top left, there is a portrayal
the intersection between the vertical and tatigeedge chord arrays and the 330 degr
port beams from a different perspective, showing the vertical edge chord geometry
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Figure8: This is a schematic of the vertical viewing chords of the CER system. The

locations of he horizontallyoriented chords in the edge showrFigure7 are indicated
by red and purple pluses in this figure.
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FigurelO: TS System SchematicThis schematic shows the core viewing chords of th
DIl -D TS system that monitor several locations on the core laser, and also the pat
core laser.
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CHAPTER 5

RESEARCH OVERVIEW AN D INTRODUC TION

5.1 Research Overview

The purpose of the present research is to enhance the understanding of the edge
pedestal, contribute to efforts to solve the ELM problem, and contribute to the
development of a predictive capability for both better understandinof edge pedestal
transportand its main driverduring the inteifELM rebuilding process, which
reconstructs the sharp edge gradiefitd-mode afte every ELM could contribute
towards ELM mitigation or elimination efforts that focus on preventing thenph from
reaching a state where an ELM is likébyoccur To this end, theneasured evolution of
plasma parameters between ELM events is interpreted in terms of the underlying

evolution of diffusive and nediffusive transport.

This study is a broadlgxpanded followup to the one described in REZ6]. The
ELMs linked to this researdre successive, Type | (large, relatively low frequency,
heating power depend¢h8]) ELMs in Hmode on DII{D, and the analysis is performed
for four DIII-D shots with different plasma currents. Interpretation of this data is
performed in the context of particle, momentum, and energy balans&aiots on as
fine a time scale as possible in order to facilitate the identification ofkiel evolution
patterns. The measured plasma profile evolutiand variations thereof with current
are presented i@hapter 8where the procedures for rethugthe data to form
amenable to analysis are also describl@dapter discusses the interpretive
methodology andthe interpretation of diffusive and naliffusive transport and heat
transfer in these discharges is presentéchiapters 10 and 11Canclusions are

summarized irfChapter 12
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5.2 Geometric considerations

The crosssection of an actual tokamak plasma is frequently a very complex shape
(shown inFigure2) thatsomewhatesembles an asymmetric ellipse. Since reprogu
this shape mathematically would introduce excessive complexitpliasona physics
calculationsfusionscientists often represent the true plasma shape with a circular cross
sectionthat preserves certain essential featurBsisapproximation is a&fully carried
out, and constraint@re ofterimposedon the transformation to ensure that the
approximation replicates those properties of the actual plegnca are mostelevant to
the research being conductethe experimental data in this reseaicimeasured just
above the outboard horizontal midplane (location shoviigare2), and the Miller
equilibrium mod€3] was used to map the data poloidallyhe data was then averaged
poloidally over each flux surface, and these values were plotted as a function of the

normalized minor radius for comparison to calculation. The raditise effective

circularmodelisr_:r,,O.E(l-V(z), where @ is the actual pl as

normalized radius which is used in the plots for this paper is defined-aga, where a

is the effective plasma minor radius. This transformation is showigurel12. After
the data is recast into an effective circular model, the data set is sampled affitveenty

points in the edge, each with a separation 800.005m

Another assumption that is often made when examining the edge ofakka
plasmas is that the edge pedestal region of the plasma can be approximated as an infinite
slab. This is usually a good assumption near the separatrix because the width of the edge
is very small compared to the other dimensions of the edge r@Egipeially at the
outboard midplane, where the data for this research is measttedever, further away
from the separatrix, this assumption becomes less accurate due to geometric attenuation,

causing are@ependent quantities such as fluxes or densitibe tinderestimated in the
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inner edge. Fortunately, when examining ifE&M edge transport evolution, the inner

edge of the plasma is one of the least active regions in most of the shots.
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Figurel2: Geometric Transformation for Analysi§he geometric transformation from complex geometry to a circular-cros
section for analysis, while preserving important flux surface area and other important quantities of the original geometr
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CHAPTER 6
EXPERIMENTAL DIl -D DATA: PROCEDURES FOR SELECTION,

AGGREGATION , PROCESSNG, AND PREPARATION FOR USE

6.1 Data Selection

The four shots selected for analysis ardrath DIIl -D H-mode plasmas run
duringthe same set of experimetiRlll -D shots 144981, 144974, 144977, and 144987).
They hadblasmacurrents of 1.5, 1.2,.0, and 0.5 MArespectivelythrough the rest of
the document the shots will be referred to by their plasma currentsheaticht 1.0, and
0.5 MA discharges were part of a current scan, beihgrwisesimilar. In a parameter
scan, such as a currects, the parameter is changed, but the operators attempt to hold
all other variables the samehd& 1.2 MA shotvas a reference discharge with
significantly different plasma geometrit had a slightly larger volume, and thewint
(lower extent)pf theplasma was located on the plasma floor. A representative vertical
crosssection of the plasma for the four shots is showrigarel13, illustrating the

differences between the current scan shots and the reference shot.

As stown inFigure2, in a right hand system, the positive toroidal direction is
counterclockwise when the tokamak is viewed from above, and the positive poloidal
direction is downward at the outboard midplane. For these shotsrdigatplasma
current was positive, the toroidal magnetic field negatwel the neutral beam was in a

co-current configuration

Several plasmpropertiesvaried slightly from shot to shot, and otherere
impacted by the ELM cycle, butast of the imprtant properties of the curresttan shots
were approximately equalThey ran witha toroidal magnetic field of B=-2.11 T, a

major radius of R = 1.76 m, a minor radius of a = 0.59 m, an elongate®n df73,a
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beam power Ram= 4.2 MW, and a lowesingle null divertor configurationThe

differences in geometry between the current scan shots and the reference shot (seen in
Figurel3) are reflected in some of its geometric properties, such as a larger elongation of
a = 183, different upper and lower triangularities, a larger volume, and-fiant

located directly on the floorOther differences, such as a smalbeoidal field strength

of B, =-2.06 T, were slight, but the sum of all the small differences in geometry and
plasma properties combinedause the reference st{tit2 MA) data to be somewhat

different from the current scan shots10.5, 1, and 1.5 MA).

This analysis used the established praf2i€eof constructing a composite inter
ELM period from a set of successive iREElLtM periods, all occurring during the quasi
steadystateportion of an ELMing Hmode DIIFD discharge.The method of
constructing composite int&LM periods is extesively detailed in Appendix AThe
guasisteadystate intervals use construct the composite period for each of the four

shots are shown iRigure14.

The fourth plot inFigure14 clearly shows thathe 0.5 MA shot included many
ELMs exhi biti ng [BH iThHishsehaiaategzéd bly thehpeesence of
subsequent, smaller peaks occurring immediately after the large, initial peak in the
divertor Dy signal(which marks théeadingeLM, starting the inteELM period) The
dithering behavior was not present in the higtiarent shot¢due to better confinement,
among other thingsand in order to maximizie similarity among the four composite
inte-ELM periods being examined, it was decided to exclude from analysis those inter

ELM periods exhibiting this fAditheringo be

All of the interELM periods in the quasiteadystate period for the 0.5 MA shot
were considered fanclusion in the analysidbut itis important to note that several inter
ELM periods appear t o Wwreninfacttheyare dithering t he 0.

inter-ELM periods for which the dithering has come to an end. Care was taken to
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excludethesepseudadi ¢ | enterEQM periods from the analysis, and often, other
parametersvere examined alongside the §lgnal to determine whether a large, leading

ELM had occurred to start a new ii€LM period, or whether the §3pike was simply
part of an exisnginterEL M per i od. These i napproxichated t he 7
pedestal electron densitg)n d i d (average plasma electron densitgjues

discussed in Appendix A, as well as the estimated peddstatontemperature

Apr mt an_t elHDdoweraohtite plasma measured at a rapid frequency

Awmhdf o. Al | of these variables were very
ELM periods from the analysis for the 0.5 MA shdte interELM periods in the quasi

steadystate period of the B.MA shot that were included in the analysis are denoted by a

A + 0 Figural4.
6.2 Aggregding the Data and Choosing Intervals

The ion data utilized in this research was gathered using th®OITER/CXRS
diagnostic systerf28], and the electron data was gathered using thedThomson
laser systeni29], both of whichwere detailed in Chapter 3he measured data from
each intefELM period within the time selection (black rectangle&igurel14) were
combined into a composite intBL M period for each shot, and thesemposite inter
ELM periodswere then partitionemto chronologicallyordered fractions of the whole,
hereafter referred to as intervalsccounting for minimum data quantity requirements
and a desire for narrow time intervals (for high time resolut@minimum interval
width was found for each shotThe minimum intervalfractional width(of the composite
inter-ELM period) for a shotvas dependent on the number and length of the kit&t

periods in theéime selectiorfor thatshot. This process is detailed further in AppienA.

The ELM event disrupts edge transport, breaks field lines, and transports large
guantities of particles arfteat to the chamber wall. This study examines the rebuilding

of the edge pedestal and other parameters between these events, and tiecludes
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phenomena that occduringthe ELM. In order to ensure the exclusion of transport
directly associated with the ELM event, the divertgrsiginal (shown irFigure14) was
closely monitoredor thelarge spikes in this measuremémtare generally understood

to mark the occurrence of an ELMhedurationof each Al eadi ngo ELM
begn an intefELM periodwas measured for each inr#€LM period from the quasi
steadystate period for each shot (except in the 0.5 MA shot, where only the leading
ELMs of the selected intdfLM periods wereexamined). Then the durations of the
leading ELM eventsverenormalizedo the length of the subsequent inE&tM, and the
largest normalized duration was recorded. Finally, the first compositeEbkrinterval
was begun after this recorded percent, preventing the overlap of any ELM event in the
shot and any composite iHELM interval. The division of a sample intELM, and the

exclusion of the ELM event, is showmFigure15.

The interELM period parameters are summarized @ble for each shat
including the minimum interval width and the longesetmalizedeading ELM event
duration The minimum interval width (best time resolution) for a shot is directly related
to the total length of time elapsing between ELMs in the time seteftr that shot.
Measurements show that plasma parameters change more rapidly early in tBeNhter
period and the best time resolution available was used early in the composHeLiMer
period. However, as each interval required a significant anwdwitort to prepare, and
due to the slower rate of evolution of the plasma profiles late in theEhtdrperiod,
coarser time resolutions were used for later in the compositeEhdMrperiod. Due to
the slowed rate of change at this point, it is weilikhatsignificant transport evolution
details were obscured by the coarser time resolutibmus Dr the chronologically early
intervals in the composite int&LM period, the minimum interval widths are used, while
coarser timeesolutiors areused n the later intervals (usualfyresolution 020%,

starting with the 4@®0% interval, as shown irigurel5).

34



Tablel: Characteristics of the selected ELMingntbde DIIFD quasisteadystate
period from each shot. Percentages are the ratio of the interval width to the total
compositeinteELM peri od of t he s h oreferstatmedighedy
time resolution (minimum interval width) available for the composite 4Btévl period
of each shot. The last column notes the end of the widgestike of any leading ELM
event in the selected int&LM periods for each shot.

plasna average inter | number of inter | minimum longest leading ELM
current | ELM period ELM periods interval widths | event duration

0.5 54 ms 13 selected 17.5% 7.5%

1.0 156 ms 13 7.5% 7.5%

1.2 125 ms 4 10% 6.5%

1.5 220 ms 6 5% 5%

For the 1 MA shot, a large numberiofer-ELM periods(13), andtheirrelatively
long averagéengthof around 156 mprovided enough data to havensimum interval
width (maximum time resolutiomf 7.5% of the composite int&LM period, enabhg
good profile evolution tracking for this shot. In contrast, the 0.5 MA lsadtthe same
number of ditheffree interELM periods (13) during quasiteadystate operation, but a
relatively short average int&L.M period length of around 54 m& his resulted in less
data being available for analysis, and forced the minimum interdéh to be a
relatively longl7.5% of the composite int&lLM period length.Consequentlyit is
more difficult to track the evolution of edge transport for the 0.5 MA shot early in the
inte-ELM period. Measurements show that plasma parameters chmoagerapidly
early in the intefELM period and in the first half of the composite irteLM period for
each shot, the respective minimum interval width was used. This was done to maximize
the ability to track profile evolution when it was occurring maglidly. For efficiency,
in the second half of the int&LM period wherthe evolution slowed down, larger
interval lengths were used. However, due to the slow evolution, this seems to have had a
minimal effect on the ability to observe the characterssof the profile evolutions. The
interval widths in the first half of the composite inEEtM period are usually the

minimum interval width for the shotvhile in the second half of the composite inter
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ELM period, an interval width of 20% is often useah illustration identifying all the

interval widths used for the analysis of all four shots is shoviaiguare 16.

The intervals of the composite iELM period for each of the shots are shown
in Figure16. The relationship between the fractional width (of the composite kit
period for each shotf an interval, and the length of the same interval in absolute time,
is displayed graphically. The locat®aof the intervals from each shot armbir
durations with respect to absolute time, in relation to themme propertiesf the
intervals of the other shots are also displayEde 1.5 MA shot, in the uppermost
position, has the longest average &M time of 220 mof anyshot, and thefere, its
intervals collectively span the largest spaééhough all of the intervals shown in
Figurel6 were processeanly five intervals are shown for eaohthe fourshostin most

plots. This is to avoidinnecessarily coptex graphsand to clearly portray the trends.

The short average int&LM period length(~55 mg for the 0.5 MA shotimited
theamount of data available for analysis of the shotmita@gatethese limitationsand
collect enough data to enatsleeaonable time resolution for the analysis of this stiet,
location of the end of thiengest leadingLM eventof all the selected inteELM
periods for the 0.5 MA shatas determined in a more aggressive mafirerthe ELMs
events in this shot were deed to have ended once the pegsignal returned to 125%
of the baseline inteELM signal, rather than 110%)Consequently, for the first interval
(7-25%) of the 0.5 MA shot, there is a higher chance of the measured datalb=ied

by ELM transport pocesses than for the first intervals of the other shots.

6.3 Processing (Fitting) and Using the Data

Once the intervals wereatedor each shotata analysis scrip{snainly the
profiles.py scriptwereused to facilitate the processfiifing profilesto the measured

data contained in each intervdlhe script automatically fitted the electron data with

Atanho fits, which generally approxi mated
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the ion data was fitted with spline fits. Due toraited quantity of measured CER data
available for these shots, the automaticgiyerated spline profiles fitted to the ion data
were less accurate, and had to be manually revigbid. process is detailed in Appendix

A. Thesefitted, continuous profile were sampled at twenfive points in the plasma
edge, starting in the flattop r eg(howm at
at the outer midplane in greenkigure2). Otherdata necessary to simulate the
experimental plasma was retrieved from the EDIMDSPIlus databasend & the

gathered data wampiled for input to the GTEDGE cd@@-32], which was used to
interpret edge transport processes. An emphasis wesadobn maximizing the use of
experimental data or values traditionally inferred from experiment (such as the radial
electric field, etc.). The values of other quantities needed for the analysis were calculated
or interpreted from experimental data usBigEDGE, and the methods of doing so are

discussed in Chapter 9

Once the plasma was simulated using GTEDGE, several model parameters were
tuned to ensure the best possible match between the simulated plasma and the
experimental plasma. The experimematameters matched were the energy
confinement time, lin@veraged density, central density, central temperature, and plasma
density and temperature at the top of the pedestal. These parameters were matched by
adjusting corresponding quantities in thesliation, including the parabota-a-power
shape of the density and temperature profiles, and the height of the temperature pedestal,
then updating the simulation. This exercise was mostly done using an automated script
developed for this purpose, butgh the often nonlinear relationships between the pairs
of quantities, the tuning process sometimes required complementary manual operation to
be fully completed.The custom scripts developed to automate the process of collecting
fitted profile data, reteving and processing measured data from the GA MDSPlus

database, and tuning the model parameters, are fully detailed in Appendix B.
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6.4 Simplifying Terminology

Beginning in Chapter 8, some terminology will be simplified to make
explanations less cumbersoniRe f er enc elSL M op diriindacesgso wi |l | des
composite inteELM periods for each shot, except when this convention is explicitly
negated. References to fiintervalso wil/l b
composite inteELM period. Any data analyzed for a shot will be understood to come
from the composite intdELM period created from the selected iREM periods
occurring during the selected gquastadystate operation of the shdReferences to
Aprofil eso wi ldfited ® the meadured ptasma pappmeter values using
splineortanhf i t s . The term fAevolutiono, and its
evolution that occurs in the edge during an wiieM period, between the leading ELM
event, and the subsemun t E L M. The Afirst interval o wi
following the time excluded due to the occurrence of an ELM, the boundaries of which
vary, but can be found iRigurel6. T WpeEBM/asyenptoti®  p r refdrd td tlee
last interval in the inteELM period found immediately prior to the closing ELM, which

is defined as the 899% interval in each shot.
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Figurel3: Plasma Shape for Each Shothe flux surfaces for each shot at a representative time are shown. The different
geometry of the 1.2 MA reference shot is highlighted with a box, showing the different location gfdime. xThe other shots
have geometries similar to each other.
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30-40%, 4060%, 6080%, and 809% of the intefELM period. This division is repeated for each inrteLM period selected for

analysisand the intervals are then combined into composite-kEitdf periods for the shots.
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Figurel16: Time Interval ComparisonThe intervals of the composite iELM period for each shot, shown in absolute time. 7
shaded eea represents the length of the widest leading ELM event of theEbkmperiods in the shot, while the black lines
represent the end of the composite wiEeM period for each shotit is notable that several of the intervals almost fully overlap
absolute time for all four shots, such as th&®%b, 616%, 715%, and 2512% intervals of the 1.5, 1.2, 1, and 0.5 MA shots,
respectively. This feature could be useful for future analyses.
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CHAPTER 7
EXPERIMENTAL DIl -D DATA: MEASURED AND

EXPERIMENTALLY INFER RED VALUES

Theion quantities mesured with theCER system on DD include theon
temperatures, densities and poloidal and toroidal rotation veld@&e28] while the
Thomson laser system on BN measures electron densities and tempezaf29].
These diagnostics systems are reviewed in Chapter 5. The experimentally derived

plasma parameter profiles will be showrthis chapter for the four shots

Theelectron density profiles are shownFigure18, and displayhe familiar
Aedge pede sassaciatéd witht HinodecoparationThis plot is important to
understanding the differengégions of the plasma edge that will be referenced throughout
the paper. fie structures of the electron density proftlest exist in the edgwill be
labeled and used to refer to the corresponding area of the edge wg@mndiscussing
various paramets. This is somewhat complicated by the fact that these regions shift in
the edge both throughout the inteltM period andacrosdifferent shots. However, the
labeled regions of the shots are present in every density profile taken demogeH
operatia, despite their variation in radial location and width. These labels are displayed
for a single electron density profile figure20. The dAfl attop regi ono i
the edge, where the density is relatively congtant0.8425in Figure20) . The fAtop
the pedestal 06 i s the area 001R%r g09%5Mme densi t
Figure20) , and the fAsharp gradient hefatpp ono/ 0pe
region and t b.e4bisFegpre20, a twhiexr e( Jj) > 1).I0s i s t he
i mportant to note that for many of the int

1.0 due to the numerical methodsdisecalculate these quantitieend the profiles end
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at |} = 0 .ef helmeasurétiguaetities have profile fits that extend throughout

the edge.

Theelectrondensity appears to increase monotonically in the flattop region as the
pedestal is rebuiin Figure18. However, 1 is important to notéhat thetime difference
between the profiles each shoarenot constantand in realitythe electron density
pedestal heightaind the corresponding flattop region valtlgarge nonlinearly with time
The interELM evolution isfastest immediately after an E~L{he first interval), andsa
the interELM period continuesthe evolutiorgradually slovg as it approaches an
asymptoticvalue(the value kfore the subsequent ELM, regented by the 889%, or
last,interval profile). Although the intefELM evolution increases the pedestal and
flattop region heightand the width of the pedestal in the electron density profile,
different profile structures present in the other prefiléll be altered by the evolution in
different ways.However, thechronologicallynonlinearpropertyof inter-ELM profile

evolution is widelyobservedn the evolutions of the other plasma profiles.

For the edge electron density profildse maximundensityseenn each interval
is found in the flattop region, and this value increases during thekhfdrperiod,
reaching a global maximum tite end of the inteELM periodin the last, asymptotic,
80-99% interval profile.The electron density profgealso increase as current increases,

reflecting the improvement in plasma confinement associated with higher currents.

Early in the intetfELM period while thedensity increases in the flattop region, it
is actually decreasg in the sharp gradient rexg, a trend that isnostapparenat lower
currents. A very small decreaséh evolutionis found in thel.5 MA electron density
sharp gradiet regionduringthe first30% of the interELM period, butin the 0.5 MA
shot,a decrease of neardythirdisfound(a t |} ) i thésarBe@ime periodlhe trend

is alsoapparentn the deuterium densifrofiles (shown irFigure19), and together,
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these trendstrongly impl inward transporfor bothparticlesin the early part of the

inter-ELM period.

As theinter-ELM periodcontinuesthedensity value at thiop of the pedestal
increases in value and moves inward as it is rebtithis raises the flattop region plateau

sharpesthe edge gradients, and widghe pedestal.

The impurity fraction (% of ions) as a function of radius is showFRigure17.
For this analysis, it is assumed that the edge impurity ions are all carbon, which
simplifies the interpretation of transport variables. This is a reliassumption for the
DIl -D tokamak, as the great majority of the pladia@ng components (PFCs), and the
divertor, are coated in grapH®8]. The impurity fraction appears to increase slightly
during the intefELM period. The more striking trend is the degradation of the gradient
in the sharp gradient region with decreasing current (and decreasing confinement). The
lower current, lower confinement, and increased transport allow the carbon insgoritie

be more easily exhausted from the plasma.

The deuterium density profilehiown inFigure19 arecalculated from the
electron density, and the impurity fractiprofile, derived from the fittingliscussed in
Appendix A and siown inFigurel7. They appeasimilar to the electron density
profiles, buthave dower magnitude This is due to the fact that impurities in the plasma
have multiple electrons, while the deuterium main ions only have Timedeuterium
density profilesvolve in time and with current in similar wagsthe electron density

profiles, and also show the aforementioned density decrease in the edge pedestal region.

The electron temperature profilesFigure21 also show a netineargrowth
rate that is largest early in ti@er-ELM period. Theprdfile structures and evolutions
are similar tahose of the electron densityut no corresponding decreaseemperature
in the sharp gradient regiamfound Also, noclearcorrelation between maximum

temperatures and plasma current is apparent in the electron temperatures.
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The ion temperaturerofilesare shown irFigure22. These profiles are the
measured carbon temperatur@sg the deuterium ions are assumed to have the same
temperature profilesThe cliff-like pedestal shape of the electron density profiles is not
found in the ion temperature profiles, whe
Instead, the profilergdually decreases throughout the edge, with a slight change in slope
indicating the presence of an ion temperat
The values of the ion temperature generally increase across the edge during-the inter
ELM period, but theprofile evolutiors vary with currentacross a large part of the edge.
In the 1.5 MA shot, temperatures near the separatrix rise faster through tHe_ivter
period than those at smaller radii. However, in the 0.5 MA shot, the temperatures nea
the separatrix actually decrease in the first part of the shot, finally nisthg latter half
of the interELM period. In the 1 MA shot, the midpoint of the current scan stibts,
profiles evolution behavior appears to fall in between the highaandurrent shots.
This shows thathe temperature profile rebuilding process between ELMs is sensitive to
the magnitude of the current. This variation in &M evolution is the main effect on
thetemperaturgrofiles of achanging currentnagnitudeas nootherclear trend can be

identified

The carbon poloidal rotation velocities for the four shots are sho#igume23,
As shown inFigure2, a positive value ifrigure23implies a downward velocity at the
outboard midplane. The carbon poloidal rotation velocity profiles form a negative well in
the sharp (density) gradient region, and the sleghtly decreases in width throughout
the interELM period. The charadtistics of this well structure change substantially
across the current scan. In the 1.5 MA shot, the minimum of the relatively shallow
velocity well is around7.5 km/s, increasing sharply to positive values near the
separatrix. In the 0.5 MA shot, theslvis much deeper and narrowerachinga well
minimum of-20 km/s in the 0.5 MA shot. The major changes with current seem to be

localized on the inside wall of the negative well, where the gradient steepens with higher
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current, forming a more definedew | . The dAwell wall o near tl
throughout the current scan, but its maximum value at the separatrix decreases somewhat

with decreasing current.

These velocity evolutions exhibit a sli
profile values are reached midway between ELNRather than approaching the
Aasympt -93% pwmfie as tBelnteELM period progresses, when the overshoot
behavior is seen, the earlier profiles surpass the asymptotic profile, then relax back to it
asthe interELM period endsThis feature is well illustrated in all the plotskigure23,
as t he n areBLMBO-IPW)intervalprofile is rarely at an extreme. Similar
overshoot behavior is found in many other plasmarpatersand ismost oftenlocalized

in the sharp gradient region.

The arbon toroidal rotation velocitieshown inFigure24, decrease
monotonically with radius throughout the eddg@etween ELMs, the profilegenerally

increase, and ncdear trends in magnitude with current are found.

The CERmeasured carbagtensity, temperature, aboroidal and poloidal
rotationvelocities are used (along with magnetic field strengths) to calculate the radial

electric field [25] from the equilibrium carbon radial force balance equation.

Erexp _ 1 uaneaS

meas,

-NTE

BV BY @

The radial electric field profiles for the four shots are showfigire25.

All three components of EqR) have a strong effect on the radial electric field.
The carbortoroidal rotation velocity causes the electric field to be positive in the inner
edge Howeverthis velocitydeclines wih radius, and in the sharp gradient region, the
negative combination of the pressure gradient and the carbon poloidal rotation velocity

well structure overcome ib create a well structure in the electric field profile. Near the
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separatrix, the carborofwidal rotation velocity attains more positive values, which is
reflected in the local increase of the radial electric field. However, the pressure gradient
term remains large and negative near the separatrix (due in part to the carbon density in
the delmminator), and limits the return of the electric field to more positive values.
Generally, thanegative well structure in the electric field profdeepens throughout the
inte-ELM period, and also exhibits overshoot behavior. The location of the boftom

the negative well shifts inward through the irEM period, a trend most clearly seen in
the 1 MA shotand one which is largely driven by the simultaneous increase in density
pedestal width The radial electric fieldecomes more negatiaeross te edge with
decreasing current, a trendrrelated witha larger negativepressure gradnt term (due

to smaller densitieand a wider pedes)and decreasing negative poloidal rotation

velocity values
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CHAPTER 8
THEORETICAL FRAMEWORK : PARTIC LE, MOMENTUM, AND
FORCE BALANCE , THE PINCH -DIFFUSION RELATION , AND

ION ORBIT LOSS

The pinchdiffusion relation mod¢B4] used in GTEDGE0-32] is built onMHD
fluid theoryparticle, momentum, energy, and force balance equations that are well
known in plasma physics, and that govern the pladméhis chapter the toroidal and
radial components of the momentum balance eqguati® combined tderivethe pinch
diffusion equation for the radial ion flux and to prescribe the diffusion coefficient and
electromagnetic pinch velocity that are required by momentum bal#nsamportant to
note that in the edge plasma, some ofrttoze energetic thermalized ions can access
orbits that exit the plasrf#b], and instantaneously be lost from it. To take these losses
into account, we present an ion orbit loss corref3®n37]to the radial ion flux flowing
in the plasma. In the following section we will use ¢ixperimentaldata of the previous
section to evaluate the particle diffusion theory and pinch velocities prescribed by
momentum conservation, and calculate the diffusive anetliftusive radial particle

fluxesin the edge regian

8.1 Radial lon Particle Transport

During the ELM event, there is a large flow of plasma in the edge directed
radially outwards towards the first wathuch of which gets swept into the divertaxs
the pedestal rebuilds immediately after the ELM event, oppositely directed inwasd flo
of ionsare necessary teplace the ions lost through the ELM aeduild the pedestal
structure. There are several fundamental transport mechanisms that are involved in this

rebuilding of the edge pedesthtoughout the inteELM period For the ims,
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momentum conservation requires that the following forces remain in balance: (i) toroidal
angular momentum exchange with other ions and neutral atoms via collisions, (ii) viscous
and inertial torques exerted in the plasma due to ion bulk particle fliovs,

electromagnetic (VxB, electric field) forces, (iv) thermodynamic fofpesssure

gradient) and (v) external forces (e.g. momentum exchange with neutral beam particles).
The loss of particles, energy, and momentum by ions that access uncomijecdries,

or loss orbits, and (nearly) instantaneously exit the plasma across the separatrix, must

also be taken into account.

The collisional momentum exchange frequency between deaiteriumplasma
ions (denoted by subscript j) atite carbonmpurity ions (subscript k) is represented by
t he col | i s, andcahbeealculaed royn measured dete other types
of toroidal momentum transfer in the radial direction, including charge exchange and the
outward momentum flow due to viscousdainertial torques, are represented by the
composite radial transport f g.eThismmposge o f
frequency will be referred to as the drag frequency, and its magnitude will be interpreted
from toroidal rotation measurentsf38]. The electromagnetic VxB forces, the
electrostatic Eand E forces, ad the external beam momentum inpug; Bfe represented
explicitly in the ion momentum balance equation, the radial and toroidal comp{3@ints

of which areshown in Eqs(3) and(4).

14 1 Hp
V, =—gf N,B, L 3
5, & ng wr &
B,gl; =n m(’lﬁ +(Q) v, pmeny, M, et (4)

In these equations, V refers to particle fluid velocity, electric fields are denoted with an E

and magnetic fields with a B. Density and charge are represented by n and e, and the
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momentum exchange (3) frequenciesenscamve alr

be obtainedfor the impurity ion species by interchangingth&« 6 and #Aj 0.

The ion radial particle flux in the plasma exerts a torque that produces toroidal
and poloidal flowsof theplasma ions. For a twspecies plasma model, the radial and

toroidal momentum balance equation components (Equaipasd(4)) can be solved

[39]f or the radial deuterium particle flux @
n D i /dr
j= SO myean DL ) L) (5)
p, Hr R

The collection of term;

mTn, a .
SERURLT- PN A (6)
eB) & e s
is a momentuntonserving definition of the diffusion coefficient. The second; non
diffusive term in Eq(5) has a convective form, with the electromagnetic and external
forces all collectvg¥.in the fpinch velocit
yonen= M E m;(”dj + g)E M7 Ve ”ﬂ(fj”ﬂk)’m B %
J negB B, ¢ B, £ B, eB,

The magnitude of the radial particle flux can be determined by solving the
continuity equations (using the calculated recycling neutral source and neutral beam
contributions).

WO, j Ny
—= = NS Y, Sp - § (8)
r u tu "

The neutral beam source in this equation is denotedphwBile the neutral ionization
rate is given by the exgssiore ¢ §, ' . The total source of deuterium ions is

denoted with §.
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8.2 lon Orbit Loss Effects

Another important mechanism in edge transport is the instantaneous escape of
ions that access loss orbits and immediately leave the plaBhigion orbit loss (IOL)
reduces the particles, energy, and momentum in the plasraeturn current of ions from
the scrapeff layer (SOL) is required to balance the charge |[465and maintain
macroscopic plasma neutrality. Both the ion orbit loss and the return current are taken
into account using a numerical mg@&l, 41]which calculates the minimum energy
required for a particle at a given location and with a given velocity to accessiblgos
loss orbit and escape confinement. Using the conservation relatiees jA1],
minimum escape energies [ — ™a wr — TQTare calculated numerically,
and expressions for the cumulative Kdtiven particle, momentum, and energy loss

fractions in a given plasma at any radial location are evaluated.

1

~0( 3 fef)d 7

F.p= 9
orb 2[]( 3 ) 2 ( )
iol J‘ ~
z,al 2 d
M, =D ( Frea) o (10
20( 2
ol A ~
al 5 /e2 ,|d
Eorb: = : (~ mg(ZO)) g (11)
20(5) 2

Here,Bi( } Jo( M , @) &r e the radially cumul ativ
momentum, and energy, respectively, that escape across the separatrix, calculated from
conservation of energy, magnetic moment, and canonical angular monjéafurithe
functions G(n) and G(n,x) are the gamma an
w h i | denotes the directional cosine of the particle velocity with respect to the

magnetic field.
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'Y is the fraction of particles crossitige separatrixiue to I0Lthat donot
return into the plasma. The model for IOL used in this analysis does not model the
trajectory of the ion on an exit orbit after it leaves the plasma, and some of the plasma
ions may leave the plasma through I0OL, theturn without colliding with a PFC. Due to
this, known modelimitations, and to be conservativegtassumptiowas maden this
researchthat one half of the particles calculated to leave the plasma do not return and are

actually lost,Y =0.5.

With this taken into accounthé cumulative fraction of total ions lostd; at
each radial location is shown kigure26. These calculations take into account the
measured variations of the rabelectric field over the inteELM period and their effects
on the ion orbit lossThe cumulative ion orbit loss fraction is small except in the outer
~5% of the plasma radius, where it increasgsonentially to reach a value 8®40%,
implying that30-40%of the ionsat that radius have escaped the plasiitee K, has a
slightinverse correlabn with current, and changes very little with time over the inter

ELM interval.

Thecumulativeenergy losdraction Eq, profile evolutions are shown Figure
27. The profiles are similar in structure, evolution, and current sensitivity to the ion loss
fraction profiles, but the magnitudes are slightly greater. This is due to the fact that those
ions with higher energies can ape more easily through IOL, and are preferentially lost.

However, this effect is slight.

The value for the radial ion flux derived from the continuity equation(8§qg.
must be reduced by the ions which escape confinement through IOL, and further reduced

by the compensating inward current of ions necessary to maintain plasma ngdoality

& (=g -E.(0) @) (12)
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This reduced flux is the actual flux found in the plasma which drives many important
transprt quantities. Variabledirectly modified to account for IOL effegtsuch as the
reduced radial ion fluxyill be denoted with a carat. The radial ion flux profiles used in
this analysis are calculated directly from the continuity equation and amrection

orbit loss, as indicated in E(L2). Figure28 compares the calculated radial ion flux

profiles just before and justtaf an ELM event for different values &f

Figure26 shows that large fractionF,

. Of the ions flowing radially outward in
the plasma become frestreaming ions on orbits that escape the plasma in the outer radial
few percenbf the plasma(The loss fraction deperdn the fractionR?. of the ions

exiting across the separatrix which do not return inward across the separatrix to rejoin the
ions flowing outward in the plasma parameter set to 0.5 forghwork) Since these
free-streaming iororbit-loss iors are not being transported in the plasma, they should be
subtracted from the total radial particle flux calculated from the continuity equation
before that radial flux is used to interpret partickngport in the plasma edge. Similar
corrections are needed for the outwatdk Hf energy and momentum by wambit-loss.

This prevents interpreted transport variables from being required to account for particle
that have already left the plasma, andef@e, being inaccurate. For instance, if IOL

was not taken into account, a peak in the radial ion flux would be expected to be found
near the separatrix in the 1 MA shot, a location where ion density is very low. This
overestimation of transport propies if IOL is neglected would also occur in numerous
other transport descriptors shown in this documaiate that as a result of the
conservative estimate of , if the estimation werto low, the effect would ban

overestimation ofhe outwardradial ion flux.

In the higher current shots, the IOL effect is concentrated near the separatrix, but
as the current decreases, IOL becosmrewhat largeiurther inward in the sharp

gradient region. This increased effect in the sharpigmadegionas current decreasess
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shownin Figure26, and is mosprominent in the 0.5 MA shot. Taking the return current
(the return flow of ions into the plasma to replace the positive charge lost via IOL, and
keep the plasmanacroscopically neutraiijito account increases the influence of even
small levels of ion orbit loss. The variatgin the radial ion flux profiles with changing
'Y , shown inFigure28for the 1 MA shot, areepresentative of the dependence on IOL

shown by the radial ion fluxes of the other shots.

Because ions are lost due to I0L, and because cecuntieant ions constitute a
disproportionate share of the lodgdg, the momentum loss (E€L0)) due to IOL is
preferentially countecurrent This induces amtrinsic cecurrent rotation in the edge
plasma being especially influentiavhere 10L is high. An expression for the net parallel
countercurrent momentum loss rate due to IOL using the momentum loss rat@@gg.

[41] can be used to calculate the intrinsierotation caused by IOL.
v =2 ()[BT | 13

0.5 " orbl,j
m,

A similar equation defines the intrinsic IOL rotation velocity associated with the carbon
i mpurity by exbcshcarnigpitnsg wihteh fAffikoo ssuubscri pt s.
dependence in E@13), and the implicit mass dependence iggvthe intrinsic rotation

velocity of arbonis nearly an order of magnitude smaller than for deuterium.

The momentum balance EquatidBsand(4), take collisional, viscous, inertial,
external, and electromagnetic forces into account explicitly, but do not explicitly account
for ion orbit loss of angular momentum. Components of these momentumebalanc
eqguation are used to infer experimental momentum transfer rates, which have a large
influence on the interpretation of edge transport. For consistency, in the transport
calculations wutilizing the momentum bal anc

deuterium rotation velocities are either measured or constructed from experimental data,

64



they must be corrected for IOL effects. d@sq the carbon toroidal intrinsic IOL

rotation velocity is subtracted from the measured carbon toroidal rotationtyeloci
\Ek :Vixp AV, Lr}trinsic (14)

Similarly, thedeuteriumintrinsic IOL toroidal rotation velocity w must be

subticted from the constructed deuterium toroidal velocity.
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CHAPTER 9

RADIAL PARTICLE TRAN SPORT INTERPRETATION

The experimental data presenteimapter 8 is interpreted in this chapter
terms of the momentum and particle balance constraif@sabter 9 The first step in
the interpretive analysis is e&xamine theleuteriunradial particle fluxes calculated from
the continuity equatio(Eq. (8)) and correcté for IOL (as shown in Eq12)). These

corrected deuterium radial ion flux profilase shown irFigure29.

The outward radiabn fluxes peak in the sharp gradient region due to ionization
of recycling neutralsand decrease just inside of the separatrix becaube Grge
guantity of particles being lost througin orbit loss. Significant overshoot behavior is
found in somef the shots. Aside from this, a general inceaaseen during the inter
ELM period with noticeable overshaof he radial ion flux values increase across the
edge with lower currenwyith the largest increaseccurringin the sharp gradient region
Aninward shift of the sharp gradient region with lower curgamt also be detected.
This shift, and the increase in pedestal width that accompanies it, have been seen in
several parameters, and will have a significant effect on the structure of tipeciteer

edge transport profiles.

The radial ion flux profile of the first interval in each skdetnonstrates
interesting behavior, being negative and inward early in the 1.5 MA and 1 MAHfst.
relates back to thiarge Type [EELMs that occur just befe the first intervals. Aese
ELMs expel significant quantities of ions, which must be replaced to rebuild the density
pedestal before the next ELM. This early influx of particles is largely a result of this
refilling and rebuildingnechanism.Althoughthe negative fluxes are found for the first

interval in the 1 and 1.5 MA shots, they are not found in the 0.5 MA shot. This may be
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the casdor several reasonandtwo likely candidates are the lower time resolution
available for this shot, or the possily that the outward flux from the ELM event may

still be influencing the flux in this intervétecall, the end of the longest leading ELM

event in the 0.5 MA shot was determined more aggressively due to a relative lack of data
for this shot, andome esidual effects may have a larger effect in the first interval of this
shot than in others, due to the ELM being closer in time to the first interval). The
different geometry of the 1.2 MA shot may contribute to its lack of a negative radial ion
flux profile in its first interval. The influxes seen early in the iELM period in the

radial ion flux profile may be related to the decreasing densities also found early in the

inte-ELM.

9.1 The Diffusive Particle Flux

The total radial ion flux can be calctdd from particle balance using the
continuity equation, the known neutral beam souand the calculated recycling neutral
ionization source. As discussed, a fraction of the ion flux so calculated is in the form of
free-streaming iororbit-loss particls, which must be compensated by an inward ion
current, both of which reduce the ion flux actually being transported in the plasma.

When this iororbit-loss correction is made, the remaining net ion flux in the plasma

(shown inFigure29) is described by the pinetiiffusion relationG, =n (D L} ™)
Tn, & .

[Eq. (5)], where D, M % A8 [Eq. (6)]. The diffusive flux is the first
n, e

termof the pinchdiffusion relationG' =D L' gD (I, L#). The quantityn, is

the deuteriurrcarbon collision frequeryowhich can be calculated using the measured

density and temperature. The quantiyis the deuterium toroidal angular momentum

transport frequency due to viscous, inertial, chaxghange and possibly other

mechanismsand may beeferred to as the drag frequenchhisis not presently known
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from first-principles but can be interpreted from the toroidal rotation velocities of both

speciesif both weremeasured. In #se shos, only the carbon toroidal rotation velocity

V. *was measured, andvitss necessary to use a perturbation estifSéaeey, 2008 #8}

of the difference between the carbon and deuterium toroidal veloBM&S to obtain an
estimate of the tordal deuterium rotationelocity. The estimated deuterium toroidal
rotation velocityV,5™ =V¢® - D" was then corrected for the calculated intrinsic
rotation due to ion orbit lo§Stacey, 2014 #196{from Eq.(13)) to obtain the IOL
corrected deuterium toroidal rotation velocity

\Efj :ViXp _ \Dpfert V_}ntfrinsic (15)

In the perturbation methd@88], a leading order expression for the drag

frequencies of both ion species is derived from toroidal momentum bdagad)).

_{Befi M, me®) (B M, nef)
’ dnm+nm)¥ g

(16)

Equationg14), (15), and(12) are usedo represent the carbon and deuterium corrected
toroidal rotation velocities and the corrected radial iar,frespectively.Thefirst order
perturbation estimate of the difference between the deuterium and carbon rotation

velocities can be obtained from H4) using perturbation theory.

e ABEE M, e B) maVE
f Y
am (njk + é]) é

(17)

This provides an estimate of the drag frequengyand the velocity differencéV,**"

which should be trustworthy when the deuterium toroidal rotation velocity is similar to

that of carbon. The drag frequency profiles calculated using this metndalsothe
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collisionalion-impurity momentum transfer frequeney profiles are shown ifrigure

30.

The structures of both of these profiles have a substantial impact on transport in
the edge.The drag frequency is dominated by the collisional frequency in the flattop
region in all of thelsots with a peak that is located near the radial location of the top of
the pedestalPast the top of the pedestal, further out into the sharp gradient region, the
drag frequency becomes significant, surpassing the collisional frequency in all b& the 1.
MA shot. During the intefELM period, the collisional frequency (~ rifi increases in
the flattop region, but generally decreases in the sharp gradient (agioonfinement
time increases The drag frequencgxhibits overshoot behaviduring theinter-ELM
periodin the sharp gradient region where it is large, increasing towards, then past, the last

interval profile, subsequently returning to it before the next ELM.

The relationship between the two variables has a strong dependence on current.
As current decreases, the collisional frequency decreases, and becomes closer to the drag
frequency profile in the flattop region, while still dominating it. Near the top of the
pedestal, the two profiles become more equal as current decreases, arsthanghe
gradients region, a large peak in the drag frequency rises. While this peak is less than the
collisional frequency in the 1.5 MA shot, it becomes progressively larger with decreasing
current, and dominates the collisional frequency in the shadiegtaegion of the 0.5
MA shot. The peak value of the collisional frequency is associated wittathed
locationof the bp of the density pedestathich shifts slightly inward during the inter
ELM period, and widens considerably as current decreddeslocation of the left slope
of the drag frequency peak is also affected by decreasing current in a similar way,
moving inward between ELMs and with decreasing current. However the right slope of
the drag frequency peak is less sensitive to the totafithe sharp gradient region, only

shifting slightly inward with large decreases in plasma current.
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Near the separatrixhé relationship between the two frequencies is strongly
dependent othe value of theurrent. The drag frequency becomes sigaiftly larger
than the collisional frequency near the separatrix in all but the 1.5 MA shotatlibeof
this peak near the edge can be determined fronjlB.which is used to interpret the
drag frequency frorthe carbon toroidal rotation velocitifigure31), the radial ion flux
(Figure29), and other, less influential factor§he radial ion flux irthe numerator oEq.
(16) is large in the sharp gradient region, and is increased by two terms found in the
denominator: the density, which decreases in ltlagpsgradient region, and the radially
decreasing carbon toroidal rotation velocity. As the drag frequency profile approaches
the separatrix, the severe reduction in the radial ion flux related to IOL causes it to also

decrease.

Thecorrecteddeuterium toroidal rotation velocities found from E{d.5), and the
deuterium toroidal IOL intrinsic rotation velocity calculated from @®) are shown in
Figure32. The corrected deuterium toroidal rotation velocity profiles decrease
throughout the edge, and amestlyinfluenced by the intrisic rotation near the
separatrixwhere the intrinsic rotation causes a small dip in the corrected rotdtian
intrinsic rotation velocityprofiles have similar structuresiter-ELM evolutions and
trends with current, to the loss fractiprofilesin Figure26. Upon examination, it is
clear that theleuterium toroidal rotation velocity profiles mirror many characteristics of
the carbon toroidal rotation velocity profileskigure24, justifying the use of the
perturbatiorcalculation(which assumes the difference between the toroidal rotation
velocity profiles of the two species is relatively smallhe broadening of the intrinsic
rotation peaks with lower current in the sharp gnaidiegion is a structural feature also
found in the drag frequency, and other variables. In all cases, a contributor is the

broadening area of IOL influence as current decreases, shdviguire26.
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The corrected carbaoroidalrotation velocity profiles, and the carbon intrinsic
IOL toroidal rotation velocity profiles, are shownkigure31. The main difference
between the corrected toroidal rotation profiles for the two ion spedies sesencefo
a larger intrinsidOL rotation velocity correction for deuterium. This is due to a larger
cumulative momentum loss fractionyMfrom 0L for the deuterium species in the far
edge, which causes a deeper depression near the sepdrhg&iseasons fahis

difference are discussed 82

Once the drag frequency is interpreted from the experimental data, it is possible to
calculate the value of traeuterium diffusion coefficient of E¢B) that is required by
momentum balanceThis parametdncorporates the ion composite momentum transfer
frequency y; (Figure30, Eq.(16)), the momentum exchange frequengy(alsoFigure
30) evaluated for the ion temperatures, as well as other varidhigsre 33 shows the

deuterium diffusion coefficiergrofiles for the four shots.

It is clear froma comparison ofFigure30 andFigure33that the collisional
frequencysjc dominates the deuterium diffusion coeféint structure in the flattop, and
the compositeoroidal angular momentum transpatag frequencylominateghe
structurein the steep gradient regioithis follows from examinindeq. (5), which shows

that D, ~T, (7, + ). Itis also clear that theeak magnitude of theeuterium diffusion

coefficient decreases with lower plasma currand its radial location moves inward

An increase in tla deuterium diffusion coefficient between ELMs is seen in the flattop
region, where the collisional frequency dominates, and an increase between ELMs with
overshoot behavior is seen in the sharp gradient region, where the drag frequency

dominates (in all bt the 1.5 MA shot).

9.2 Pinch Velocity
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The other term in the pinettiffusion relation for the radial ion flux of Eq. (4)

G, = (DL ¥"")is the (mostly) electromagnetic pinch term:

Vrjp‘“C“z(n]/q: E,Z)((nd] + {g)( E +V B) ﬁny,B). This term depends on the

collision andtoroidal angular momentum transport frequencies givéngare30, the
measured radial electric fieldhe carbon toroidal rotation velocitgndthe unmeasured
deuteriumpoloidalrotation velocity which can be determined byngsihe deuterium
radial force balance equati&T7].

]

interp — - erturb
BV =B ¥ -E o
]

(18

The interpreted deuterium poloidal rotation velocity profile evolution is shown in
Figure34. The deuterium poloidal velocity profile ssnall and positive through most of
the edge, and generally increases at each point during th&liteperiod. For the
three higher current shots, the profiles only change significantly between ELMs in the
sharp gradient regionFor these shots, tivelocities increase by a small amount, and the
locations of the peak values shift slightly inwakbr the 0.5 MA shot, despite a similar
small increase in velocity between ELMB unexpectedarge inward shiftn the
location of the peak structucecurs This large change in location is partially associated

with the widening of the pressure pedestal.

The profile values are largely driven by a combination of the pressure gradient
term and the radial electric field (Ed.8)). In the flattop region, the pressure gradient
term is small, and the radial electric field term overcomes the deuterium toroidal velocity
term to keep the deuterium poloidalagty profile positive. In the sharp gradient
region, the negative deuterium toroidal rotation velocity term becomes smaller, and the
positive radial electric field combines with the positive pressure gradientdedrve a

significant rise in the deuterium loodal rotation velocity profile. Near the separatrix,
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the pressure gradient term continues to rise, while the radial electric field term contributes
less as its magnitude decreases, damping the rise at the separatrix. The 0.5 MA shot
shows the peak sirture in a significantly different location, and its outside slope has a
different profile, than in the other shots. The inward shift in the radial location of the
peak is due to the widening of the pedestal, providing a larger area over which the
pressue gradient term is large and increasing. The low rotation values near the
separatrix (after the peak) are related to the wide pedestal, and the increasingly negative
electric field with decreasing current. The pressure gradient spans more of the edge in
the 0.5 MA shot, then is much smaller near the separatrix, providing a wider poloidal
velocity peak that begins further inside, aholwly tapers ofinear the separatrix (with a

small gradient). This allows the negative toroidal velocity term to balaecadlial

electric field term more effectively, decreasing the value of the deuterium poloidal

rotation velocity profile at the separatrix.

The expression for the pinch velocity (Ed)) required by momentum balance
was obtained by combining the radial and toroidal momentum balance components,
Equationq3) and(4), into Equation(7). The first two components of the pineblocity
term relate to the external applied torques, while the thirte(Bn) concerns the
electrostatic field forces, and the fourth,{Y¥érm) and fifth (\4 term) terms take the VxB
forces into accountAll the values necessary to calculate the pinelocity have been
interpreted from the experimental data, andvidlees of the pinch velocity are shown in

Figure35.

The pinch velocity profile represents the rdiffusive transport forces on the
ions, andt is small thraaghout most of thanneredge However, ibbecomedarge and
important in the sharp gradient region, where it forms a deep negative (inward direction)
well. This interpretation of the experimental data suggests that a large inward

electromagnetic forcesiacting on the ions in the far edge, and that it is due to non
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diffusive forces such as electrostatic fields and VxB forces. The pinch velocity evolution
generallydeepens the negative well structure found in the sharp gradient region between
ELMs, with a larger decrease aacsmallerovershoot behavior seen in the lower current
shots. The magnitude of the pinch velocity and the width of the negative well are both
strongly affected by current, with the maximum speed increasing ~600% and the well
width increasing by ~50% from the 1.5 MA to the 0.5 MA shot. As with the diffusion
coefficient, the reduction in the radial ion flux due to IQintributes tahe interpreted

pinch velocity returimg to smaller values in the far ed@hrough the drag frequency),

along with a similar pattern (return $mall magnitudeat the separatr)xn the radial

electric field

The values of the pinch velocitiFigure35) peak near the separatrix, dnetome
significantly more negativevith deaeasingcurrent. It is useful to examine the
components of the pinch velocity determine what causes this strucfunedthese
components are comparedHigure36 for the first and last intervals of each shét.
brief glanceat the components Figure36 shows that the radial electric field and the
deuterium poloidal rotation velocity terms are the most influential on the total pinch

velocity. Thisconfirmsthe main dependence of the pinch velodigyived from Eq(7),
w x ' O w 0 ,andlargely explains the structaseen inFigure35.

Generally inthe first intervalsin the flattop regiona negative carbon toroidal
anda deuteriunpoloidalrotation velocitytermoppose gositive radial electric field
term, the difference being small and negatiMear the end of thimter-ELM period,in
the same placéhenegativeradial electric field term and toroidal carbon rotation velocity
term have eclipsed thmloidal carbon rotation velocity term, andmbine to result in a
small positive radial ion flux. In the sharp gradli region, bwever,the main pinch
velocity drivers are both negative throughout the &M period. The radial electric

field and the deuterium poloidal rotation velocity are both significant and negative, and
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outweigh the other contributions to thiegh velocity. It is important to note that the

radial electric field and the deuterium poloidal rotation velocity profiles, which both peak
in the edge, are multiplied iq. (7) by the drag frequency, which also has a peak in the
edge. This multiplicative effect is a reason for the large values contributed by the radial

electric field and deuterium poloidal rotation velocity terms.

One important featerof the pinch velocity profile is the widdnd depthof the
negative well in the sharp gradient regiofhe properties of this negative well structure
dictate how much of the edge is affected by this large inpiach, and partially
determine the strgyth of the effect. Thdominantdriver ofwell width, and the linked
property of well depthis the extent of radial ctbcation among the minima of the pinch
velocity components. In tHest, postELM interval, these peak magnitudes tend to align
relaively well, driving a relatively narrow well with a maximum possible depth.
However in thdast,preELM, 80-99%interval, the peak magnitude$the components
misalign, broadening the well, but lessening its defthis evolution between ELMs
and thechange in alignments best illustrated in the MA and 0.5 MA shot# Figure
36, where the minima are well aligned in the first interval, but the alignment is degraded
by the end of the shofThe increase in the pedestal widtith lower current, a trend that
has been well established, alsoreases thepportunity for the pinch velocity
components to be misalignetiowever, different sensitivities to changing pedestal

width among the pinch velocity components, also playsea r

The depth of the pinch velocity negatiwell is dependent both on the alignment
of pinch velocity component minima, and the interaction among parameters inside the
component to determine the magnitude of the minififae peak magnitude of the pinc
velocity increases with decreasing current, and between ELMs, atidékearameters
to beconsderedfor responsibilityare the radial electric field, the deuterium poloidal

rotation velocity, and the drag frequendyegarding the increase in the ginvelocity
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between ELMs, all three variables have small magnitude increases that are responsible
for the observed increas&he increase in drag frequency across the-iatévl periodin

the sharp gradient regidar each shot is responsible for a goodtipn of theinte-ELM
increasebut thisis mitigated by the overshoot behavior in the drag frequency that is seen
in the higher current shogshown inFigure30). The magnitudes of the radial electric

field change somewhat veten ELMs, and the deuterium poloidal rotation velocity
profiles increase slightlgear the separatrixetween ELMs.These increases play a
significant role in the evolution of the pinch velocity between ELMs, but variation in
radial location and alignménf the peaks in the two main pinch velocity components,

and in the constituent variables of the components, still play a large role & ier

evolution of the pinch velocity.

A muchlarger increase in pinch velocity seen with decreasimmgyirrent. As the
current decreases from 1.5 MA to 0.5 MA, the pinch velocity peak magnitude increases
by a factor of 10. This is largely driven by the increase in thialrakkctric field profile
with decreasing current, shownkigure25, and a better alignment between it and the
multiplying drag frequency. Another driver is the better alignment between the drag
frequency and the deuterium poloidal rotation velocity profiles. These changes in
alignmentare noruniform, andare a resulof differing sensitivities to a widening
pedestaland other, lesser influenceAdditionally, the elimination of the overshoot
behavior seen in the drag frequency profile evolution by the 0.5 MA shot maximizes the
potential magnitude of the quantitiesing multiplied. The deep, wide well seen in the

last interval for the

9.3 Components of the Radial lon Particle Flux in the Plasma

By separating the pressure gradient in &jjinto its constituent temperature and

density gradients, the radial particle flixthe plasma&an be written
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The three components of the radial particle fluthe plasmare shown irFigure37. In
all shots, there is a large inward pinch flux and a large outward diffusive flux (mostly
driven by thedensity gradiet) that almost balance to produce a small net f{there
also a radial ion flux of frestreaming iororbit-loss particles that increases strongly for

} > 0.95, but tHgers3d) are not shown 1in

The most striking featerof Figure37is that in the sharp gradient regions in the

edge there are large inward electromagnetic pinch fI(E\gpes=nerjp‘”°“ and large outward

diffusive fluxesG; =, D, L;]jl andG; =D, I_;jl that almost balance each other to

produce a much smaller net outward flux (w
are actually strong diffusive and electromagnetic forces that almost hadaacerive a

small net outward fluxomposed of plasaions In the flattop region, both the diffusive

and electromagnetic fluxes (forces) are relatively smaller, but add to produce a net inward

flux (force) immediately after the ELM which evolves to a small net outward flux (force)

later in the intefELM period. We further note &t thecomponent of thdiffusive flux

(force) due to the density gradient is generally larger thaodimponent of theiffusive

flux (force) due to the temperature gradient.

The recovery of the inward electromagnetic pinclk following the ELMis
more or less immediate (within the resolution of the anayseeFigure16), while the
diffusive flux recovers more slowly as the density and temperature pedestal are re
establishedand it rebuilds durinthe interELM period It is notable that a significant
change that occurs between ELMs is found on the inward side of the ety and
pinch-driven fluxes (forces). As the int&LM period progresses, the pedestal widens,
and the outward diffusiviorces extend further inward, softening the slope of the inward

side of the peak in the diffusive flux (forces). This migration is matched by the
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broadening nodliffusive pinch flux (force), which broadens its area of effect to match
the expanded diffusesflux (force) that now exists near the top of the pedeJtaé two

main components of the pinch velocity combine (and possibly misalign) to broaden the
pinch velocity negative well during the irtELM period, and match the broadened

diffusive flux (force).

9.4 Transport Interpretation Without IOL Correction

The results shown iRigure29 throughFigure37 are based on an IOL correction
assuming that 50% of the ion particles crossing the separatidss®orbits do not return
to the plasmaY = 0.5), and are lost from the ion population being transported
outward in the plasma edge. The effect of the assued on theion orbit loss

fractions is shown ifrigure26 and on theadid particle flux inFigure28.

The assumption usually implicitly matdg neglecting IOLis that none of the ions
crossing the separatrix are lost from the plaskha (= 0), but instead all return to be
transportedutward Relative to this, increasing the assumed loss rate of ions crossing
the separatrix to 50%Y( = 0.5 drivesa number of important differencessaveral of
the quantities shown iRigure29 throughFigure37. Those quantities which are most
affected by this assumptigneglecting IOL)aretheinterpreteddeuteriumdrag
frequency andhermal diffusiviy. The effects of neglecting IOL on these quantities are
shown for the 1 MAshotwithY =00 in Figure38, as the characteristics of the

profiles for these parameters are roughly representative of those in the other three shots.

Comparinghe upper plot irFigure38 (Y = 0.0) with the 1 MA case ifrigure
30(Y =0.5), the effect of neglecting IOL is to sharply cestimate the interpreted
momentum transport (drag) f rreoffmoe@ntumbyf or
IOL is significant. The consequence of neglecting IOL on the interpreted diffusion

coefficient then follows directlyrom Eq.(6), and maye seen by comparing the center
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plot in Figure38 with Figure33i the interpreted diffusion coefficient is significantly

overestimated for 3 > 0.75, where the mome

Whenit is assumed that no particles are lost from the plasma throughh®L,
radial ion fluxprofiles of the first and last interval for the 1 MA shot slnewn inFigure
28 (along with the profiles foly =0.5and 1.0).For’Y =0, hepeak values of the
radial ion fluxarenearlydoubledto account fothe particles required to be present by the
continuity equation (Eq8)), but that in reality have escaped confinement through IOL,
andare no longer part of the plasmahis is reflected in the disappearance offiaak
structure found ifrigure29, andit beingreplaced by a continuous upward trend that
extends to the separatrix. This new structure follows the inward slope of the old peak
structure, but does ndecrease near the separatrix, as it must account for the full density
from the continuity equatioat eat point. In the 0.5 MA shot, where IOL is more
influential further inward, the radial ion flux is larger across almost the entire &jge.
not taking IOL into account, this critical edge ion transport parameter, which is
instrumental in calculating se\aother parameters, is greatly overestimated near the
separatrix This overinterpretation ofadially outward transparor underestimation of
radially inward transpoffor certain parametersgshen neglecting the effects of 1Qis a

problem in most eshates of transport in the plasma edge

As the(interpreteddrag frequency is derived from the radial ion flux, it too loses
the peak structure seenkigure30, and increases consistently to the separatrix, as
shown inthe wpper plot ofFigure38. Thisis a result of attempting to create a
momentum transport level that could explaindpearent, but inflated, largeitward
fluxes in the region, while still taking into account the srdaliteriumdensity near the
separatrix (the actors in the momentum transpditie profiles of the interpreted
deuterium diffusion coefficient for no 10and the 1 MA shaére shown irthemiddle

plot of Figure38. The prominent peak strucas present in the profiles Bigure33 are
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absent, and instead, the continuous increase to the separatrix seen in the drag frequency
and the radial ion flux are mirrored. Although IOL has little effect on the ion temperature
or collisional toroidal momentum transfer frequency, its effect on the drag frequency is
sufficiently large tastrongly affect the diffusion coefficient. Again, the balance

equations are forcing the diffusion coefficient to account for a large outwardfflars

(that no longer exist in the plasma) in a low density region of the plasma.

The interpredd pinch velocity profiles calculatateglecting IOL(Y = 0)are
shown inthelower plot of Figure38, which should be compared with the 1 MA case in
Figure35(Y =0.5) The neglect of IOL makes the interpreted inwarthimuch
mor e negat i vlibeeirtegreted pinch vedocity IBses the well structure found
near the separatrix figure35, and instead decreases continuously to the separatrix.
The pinch velocity neglecting IOL hasader magnitude in the edge than the pinch

velocity taking it into account.
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CHAPTER 10

INTERPRETATION OF TH ERMAL DIFFUSIVITIES

10.1 lon and Electron Deuterium Diffusivities

The radial component of the energy balance equation for the electromsaand

ion species can be solved for the ion and electron heat flB3esFor the ions,

e SR SRR Gra-nbendT D) @

Thelastthree terms on the right are the neutral beam heating of ions, the electron heating
by ions, and the chargexchange heating of recycling neutrals by ioAssimilar

equationholdsfor the electron heat flux involving the radiative and ionization heat sinks.

R, na

W He

18
M2

-FE(B

e-e

1-O:On

r—!-l||

3 ~
2 € O‘%ﬂ'e qje+nenkL(< T)e né’(s_ ,>ion Ei (21)

«O) QDo
i

In theseequationsthe neutral beam heating is indicabgdg,,, the ion to electron heat

flux is given by @, and the last terms represent charge exchange cooling of the ions, and
radiation cooling of the electrons, respectively. Once the heat flux is aeailabl

thermal diffusivity for each species can be infelfi@g] from it and tle density and

temperature profiles.

. (6-1sE)

Coen(m o 2

A similar equation can be found for the electron thermal diffusivitgthBhermal
diffusivities were evaluated using experimental data and the energy IOL fagtor E

shown inFigure27.
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. The result®f the calculatiorare shown irfFigure39 andFigure40. (For the deuterium
thermal diffusivity, the 2512% interval in the 0.5 MA shot is weilable due to

di fficulty fitting the data to caleul ate
25% interval for the same shot is omitted due to numerical error arising from division by

the derivative of a nearly flat temperature grad)ent.

Neither the electron nor the deuterium thermal diffusivities vary much over the
inter-ELM period except near the separatriXhe deuterium thermal diffusivity is small

and decreasing with radius throughout the flattop region.

There is a stronger inverserrelation of the thermal diffusivity with plasma
current, especially near the separatrix. The magnitudes of the diffusivities increase
significantly from ~1 to ~3 A8 with decreasing current from 1.5 to 0.5 MA. In the

higher current shots, there is eacrease in the edge diffusivity near the separatrix in the

preELM (809 9 %) i nterval. I n the I|iiothepreEldMur r ent

interval (809 9 %) profil e near the s evplaerataher i x i s
separatrix decraas during the intdeLM period in the 0.5 MA shot. The electron

thermal diffusivities generally increase throughout the iEle¥vl period throughout the
edge, and t;mearthkseparatria (slue inipamt todOL) is not seen in the

e | e c § mhene is some slight evidence of a transport barrier in the electron diffusivity,

but not in the ion thermal diffusivity.

10.2 10L Effects on the Deuterium Thermal Diffusivity

As was the case fahe ion transport quantities, the interpreted experimental
thermal diffusivities are based on the assumption that 50% of the ions and ion energy
crossing the separatrix outwgfd = 0.5)on IOL loss orbits do not return to the
plasma edge to be transported outward. Relative to this assumption of 50% return of IOL
ions and energy, the usual neglect of IOL (implicit assumption that 100% of the ions and

energy exing the edge plasma returns to the edge plasma to be transported outwards
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(Y  =0.0)) leads to significant differences in the inferred experimental thermal
diffusivities. InFigure4l, the interpreted deuteriuthermal diffusivityprofiles are

shown for the 1 MA shot ant¥ = 0.0. When compared witthe 1 MA case ifFigure

39, it is clear thasimilar tothe ion transport quantities, excluding IOL effects causes the
interpreted deuterium thermal diffusivities to be much langar the separatrias the
interpretation attempts to account for the energy being removed by IOL as energy being

removed by thermal diffusion

The shapes of the no IOL deuterium thermaludiffity profilesin Figure41 have
a well structure in the sharp gradient region that has in the past been interpreted as a
Atransport barriero creat e Howbvgr,oacelOeiduct i on
taken into accounshown inFigure39), thiswell structure disappears for the deuterium

thermal diffusivity profiles
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CHAPTER 11

RESULTS AND CONCLUSIONS

Evolution of measured profiles of densities, temperatures and velocities in the
edge pedeat region between successive ELM events has been analyzed and interpreted
in terms of the constraints imposed by particle, momentum and energy balance in order to
gain insights regarding the underlying evolution of transport processes in the edge
pedestabetween ELM events. In order to maximize the time resolatidhe analysis
while maintaining adequate data points within each time interval, the data from
successive inteELM periods during an otherwise steastpate phase of the discharges
were combird into a composite intd&LM period for the purpose of increasing the

number of data points in the analysis.

Available evidence strongly suggests that, after the particle and energy expulsion
from the plasma edgmused byhe ELM event, the plasma aditions in the edge
pedestal rebuild rapidly (< 10 ms) fo 50% of the preELM values and then evolve
furthertothepre LM fiasympt oti co values on a sl ower
evidence also strongly supports a major causable for inward electromagnetic pinch
forces in the pedestal rebuild (which requires an inward flow of ions up a steep pressure
gradient) and in the evolution of density profiles between ELMs (reduction of density just
inside of the separatrix and inwdashift of the steep gradient location). The achievable
time resolution is adequate to resolve the evolution of plasma conditions after the initial
rebuild to the asymptotic pifeLM state, but not the initial rebuild (< 10 ms) itself
While there is idication of a net inward ion particle flux over the initial pedestal rebuild

period (< 10 ms) after the ELM event, the evolving net ion particle fluxraest ofthe
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inte-ELM period has a relatively smaller outward value which is the difference between

a large outward diffusive flux and a large inward electromagnetic pinch flux

Momentum balance prescribes a form for both the electromagnetic pinch velocity
and the particle diffusion coefficient.
frequency(due to viscosity, inertial effects, chargechange and anomalous processes),
which was interpreted from the measured toroidal rotation velocity, is an important
component of both the pinch velocity and the particle diffusion coefficient. This drag
frequency dominated the diffusion coefficient in the edge pedestal in the lower current
shots (but not in the higher collisionality 1.5 MA shot), while the interspecies collision
frequency dominated in the flattop regi@md throughout for the 1.5 MA shot)l'he
radial electric field and the poloidal velocity VxB force dominated the electromagnetic
pinch. The inward pinch velocity in the edge pedestal increased in magnitude over the
inter-ELM period (suggesting that control of the radial electric field opthieidal
rotation might be a way to control or at least affect ELMs), and the magnitude of the
inward pinch velocity was strongly inverserrelated to the magnitude of the plasma

current.

The Fourier heat conduction relation was used to interpret elantron
thermal diffusivities from measured temperature gradients. Neither one varied
substantially over the intdfLM period. The electron thermal conductivity rose sharply
at the separatrix, but otherwise there was not much structure in the thdfusaity

profiles.

lon-orbit-loss was calculated and taken into account in reducing the radial ion
particle fluxin the plasmawhich in turn significantly affected the interpretation of
particle and thermal transport by reducing the number of iang b@nsported to
account for those lost by fretreaming.Referencg35] furtherdiscusses the effect of

IOL on the interpretations.

101



In summary, the measured evolution of edge plasma profiles between ELMs can
be understood in terms of particle, momentum and energy conservation constraints,
using an ion toroidal angulartomentum transport coefficient and ion and electron
thermal diffusivities that were interpreted from experiment, and using experimental
values of the rotation velocities and radial electrical field. Thus, identification of the
theoretical mechanismssonsible for the ion toroidal angular momentum transport and
for the ion and electron thermal diffusivities, together with the development of a
calculation of rotation velocities and the radial electric field, would lead to a first
principles predictive apability for the evolution of plasma edge profiles between ELMs

and perhaps to additional insights about the control of ELMs.
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CHAPTER 12

FUTURE WORK

The explanatory power of this type of analysis could increase significantly if
progress continues in several imamt research areas. Different approaches could also
be taken to examine the same processes, and their findings could combine with those of
this research, to present a claicture of edge transport. Some of this research is
underway at Georgia TecWhile other projects have been proposed.

The CER system at DHD incorporates cuttingdge diagnostics and is very
flexible to meet the needs of a wide array of research projects. The use of its new
capabilities to measure deuterium rotation velocdies other properties in a research
project similar to this one would be beneficial. This could enhance the accuracy of the
interpretation of the alimportant drag frequency and provide a direct measurement of
the poloidal rotation velocity to use in calating the pinch forces. The very high time
resolution capabilities of the CER system and the ability to rapidly move the plasma
across the edge CER viewing chords could be used in tandem. This weekly beeful
to futurestudies examining edge tigport, IOL, and the radial electric fielandit may
allow researchen® obtain some evidence of causation for the various edge transport
relationshipsmportant to pedestal structure and ELM mitigation

Further development of the ion orbit loss modeid a better understanding of the
effect of ion orbit loss on plasma rotation and transport would improve the explanatory
power of this type of research. Given the large effect of ion orbit loss assumptions on
interpreted transport quantities and plasotatron, the capability to better estimate
parameters such &  would be important for predictive modeling and other efforts.

An improved understanding of IOL may also allow increased insights into the processes
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that determine the radialectric field structure, and uncover significant edge rotation
effects.

The outsized effect that the drag frequency has on edge transport in the sharp
gradient region has been well documented in this research. This parameter may hold the
key to bettecontrol of the edge pedestal, its structure, and new methods of reliable ELM
mitigation. There are a number of proposed drivers of this momentum transfar, and
better understanding of how they work, and how they relate to the drag frequency, may
enabledirect control of the drag frequency, and through it, edge transpdmpedestal

structure
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APPENDIX A
GUIDE TO PROFILE FIT TING USING PROFILES.PY, THE DIl -D

DATABASES, AND THE DIIl -D NETWORK

A.1 Introduction

Al1l Notes

Il n t hi s g ui wlleefertdtheereademmda GereralbAtomics (GA)
contact (or other fitting expemill be referred to usingthetermise x per t 6 or A GA

contacto. The following things will also

1 The researchdras been granteatcesgo the GA network, including the Cybele

gatewayserver, the server nodes on the GA network, and the internal website

1 The researcher accessiee GA network through virtual desktog(thin client)on
the GA Cybele server, which is accessedhotelyusing the NoMachine client

from a Windows machine.

1 FTPaccesstd he us er 6nsthe GA metwvark igailyed using Putty and
WinSCP.

1 The researcher is familiar with the GA data analysis (@sigecially reviewplus,

and is able to use them
Take note of the following statements.

9 This guide is built froma Windows user experiencéloweveronce on the GA
servers, this should no longer matter.
1 Inthe figures that accompany this guide, certain features are specified with

circled red numbers. Thehighlighted featurewill be referenced by both the
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figure number and th@ed)location/feature number. For instanEeggure44
Location 1 will be referenced &sgure44.1.
1 Onceaccesgo the GA networlhas been grantethstructions for installing the

remote access tools are availabtehe following link
https://diird.gat.com/diid/Computing/internet_portal

1 Documentation for the python scriptsagailable at this linKif the bravser

cannot access ¢hlinked pagesee#3 inA.10):

https://diird.gat.com/~osborne/python/Doc/python_d3d.html#profiles.py

A.l.2 The DIII-D diagnostics systems relevant to this guide

The ChargeExchange Recombination system atlEl[28] measures ion
properties, and the Thomson Scattering syR28hmeasures electrorrgperties. For a
detailed review of the inner workings of the CER system (other common acronyms for
similar systems are CXR or CXRS), please see RefeféhoeChapted. The CER
system measures the impurity density, the ion temperature, and the carbon poloidal and
toroidal rotation velocities. The Thomson system measures electron temperature and
electron density. (Other important deganeasured by additional diagnostics systems on
DIII-D, but those values are less relevant to the task of fitting, and will not be reviewed

here.)

The radial electric field is directly calculated from these five measured values
using the equilibrium céon radial force balance equatj@h]. The electron pressure is
calculated using the measured electron density and tatape These eight measured
and constructed properti@be electron density, temperature and pressure; the carbon
density, temperature, and poloidal and toroidal rotation velocities; and the radial electric

field) are involved in the fitting process.h& data for the measured variables, collected
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directly from the diagnostics systems, is displayed in-grssatter plot with error bars,
as is the electron pressutata The radial electric field is displayed as a pro##.of

these plots can all lseen inFigure51.

A.1.3 The purpose of the fitting process

The measured data includes outliers, artifacts, and a number of other structures
that partially obscure a clear trend. The goal of the curve fitting is to take a sgt of x
data, and @aft a smoothfitted profilethat replicates the overall trend of the data, taking
into account physical constraints and a number of other concepts. The smooth,
continuouditted profiles can then be used for purposes poorly suited to e>qreem
data These purposes inclutkkingderivatives approximaing valuesin areas where
there is a gap in the measured data, g the experimental data trends while

minimizing the influence of artifacts, outliers, and erroneous measurements.

Despite the advantages of a smofitled profile, it is important to remember that
the profile fitted to the data is not actually measured. ddtavever, because it is
assumed to accurately represent the measureditdatanperativefor the researcheot

carefullyapproximate the measured data using the profiles.

A.l4 The fitting process and the role of the expert

Due to the sometimdmprecise nature of approximating a large group of points
with a curve, and the serautomatic nature of the fitting pragg which preventgrecise
controlof the profiles experiences often necessary to ensure the fitting process
produces a represent at i vtene experienaepracticelandi s ft o

through gaining an understanding of how the fittingtemn worksand responds to



various inputs. The process of becoming proficient at curve fitting is not unlike learning

to code in an elegant fashion.

As a beginner, the researcher will usually be unable to excel at curve fitting, and
will require assistare and constructive criticism of their products from an expérose
feedback is very important. The exp&nbuld generalljhave a good knowledge of how
to identifylegitimate datdrends, and how to reproduce them with a fitted praoiigpite
of numepus possible complications, such as artifacts or incorrect measurements. They
alsocan help the researchdentify priorities for fitting, basedn the type of research

being conducted.

For up to a year, the researcher should consult regularly witkpanteéo discuss
the researcherodos efforts, det erandidestifywhat e
methods of producing better fits. Consultation with the exaaitseeking assistance
from themis important for time efficiency Without help, thenexperienced researcher
may struggle with a problem for which an easy solution exastpend a significant
amount of time working on a fit that poorly represents the data or is influenced by an

erroneous measurement.

For even longer after learnitige process, the researcher should check with the
expert before finalizing any fitsThis is usefuboth for feedback on technique and as a
resource for particularly difficult fitsDiscussions witlother researchers who are also
working on fittingarebeneficial to all parties, @sedback, ideas, and solutions can be
exchanged Fell ow researchers can al soandul fi ||l

assist in solvingproblemsallowing all partiesto gain expertise more quickly.

A.1.5 Data Limitations
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There are two main external constraints onifitlse amount of data available to
fit, and the known physical characteristics of the variable being fit. Both constraints are
very important for accurate fitting, and their influencesdime clearer with gerience.
Some data sets have less data than others to guide the fit, and reseaushers
respect tls scarcity avoidingoverinterpredtion ofthe existing dataThis challenge is
regularly faed in the edge pedestal region, but data may be scardeeimantas as well
This scarcity may beuwk to physical limitations of the data gathering sysfeystem
settingsor operational choices. When these gaps occur in the pedestal region, where
large gradients in plasma properties are found, it becomessdifticult to accurately fit
the datdn this important location. Nonetheless, it is important to avoid creating structure
(a profile fit is characterized by structure, i.e. hills, valleys, cliffs, flat area},etbese
gapsthat is not directly coelated with the measured dataow numbers of data points
can also complicate dealing successfully with outliers, which appear much more

influential in sparse data sets

The known physical behavior of tparameter being fitteghust also be taken
into account.Often, due to outliersystematic errogr radial gapsgata trends appear to
suggest filstructure that isot realistic Data set mayincludetwo data points located
near the same radial location but having very differevdlyes, implyng a neasvertical
gradient. A horizontalariationof this wouldinvolve two data points located near the
same yvalues in the pedestal region, but having different radial locations, implying a flat
profile, which for many parameters, is unlikely to barid in the gradient regiorThe
presence of these trends in the data usually suggests that one of the two measurements is
inaccurate, or a gap in the radial data distribution is pregemwledge of the general
appearance and behavior of edge parametéen enable the identification of aberrations
in thedata trends. To address the presence of the aberration, it is best to consult the

expert. They usually can provide assistance determining if the aberration is a systematic



error that can be correctean outlier than can be ignored or removed, or a feature that

must be included in the fit

There aresources of variation within the diagnostics systems atDIIMultiple
sets of diagnostics are available for analyaisl for the CER system aloribree sets of
viewing chords comprise the main CER data gathering systerki(gge7). Slight
systematic differences among data from these sets of diagnostics systems may not always
be fully corrected, and maypmplicate the interpretation of data trend$ie accuracy of
diagnostics measurements may also be degraded for certain parameters or areas of the
plasma. For this research, in most cases, the expert determined that the data from the
tangential CER chordwas slightly more reliable than the data from the vertical CER
chords, and the data for at least one parameter was unreliable in the inner 50% of the
plasma radiusThe researcher should always consult with an expert to determine to what
degree reliabity needs to be considered when fitting a set of datia. iftportant to
prioritize theinfluenceof the most reliable data on the fit, and minimize the influence of
unreliable data. The expert is often familiar with the reliability of various datéosets
specific types of research, and they rhayedevelopedechniques to mitigate the

impacton fits of specific typesand patternsf problematic data.

A.1.6 Useful Techniques for Data Fitting

Throughout the fitting procesk is conveniento imagine a guation where the
researcher is asked @aplain the reasoning behitikir fitting decisions to a neutral third
party (i.e. these thragatapoints formed an arand an arc is expected to be in this region
for this parameter, sdfit this data with an & structurg. If the researcher imagines that
the third party maye skeptical of the reasoning givendecision madet may be
prudent tarevisit the decisionThis helps the researcher be conservative in the task of

profile fitting. Conservatism ign ally in fitting, and it is best to err on the side of less
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information (structure) in the fit, rather than ma@avoid misinterpretation or over

interpretation

A useful systemoi ¢ ot d haes diadsma peffacfifig r avch e r e
that is physically reasonable and captures all the structure in the data ffaedsuthor
generally considersféted profile grade of 9196 (or A- to A) to describe a welit data
set, and tandicate arappropriate point tceasavork onthefit. A fit graded lower than
91 can generally be improved slightly to become a good fit, while a fit graded higher than
96 often indicates thadverinterpreation of the data set trends may be preséhts is a

subjective concept, but it has been avaluabletoa n t he aut hor 6s f i tti

A.2 Setting up GA access

A2.1 The GA Network and Databases

The General Atomiceetwork incorporates several typegpefmissions and
access The credentials used to access the various parts of the network generally have the

sameusername and different passwords

The gateway which allows access to the GA network is the Cybele server, which

has a password or passphréibe Cybele passwopdd This is the serveahat runs the thin

client remotely accessed througbmachine. Wheworking on the Cybele thin client,

the useis essentiallyon a GA computein the San Diego DIHD network.

In order to logonto a server nodeyhich is where the computing and other

anal ysi s i s dosereerde padSswponust heausedTheeserndesnodes

include benten, venus, and several other serantthe passworis generallythe same

for each. The login commands will be described below. @reaser is logged ont
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server node, it should be possible to run many of the dalgsentols that GA

maintains, and access the MDSPlus database.

The website fusion.gat.com has an internal users poiah is accessed using

thewebsite password(Theserver node passworday serve as theebsite password

but theserver node passnd may also need to be reset to a vesbsite passwordising

the links on the website, to gain access.) There is a wealth of information available on
the DIII-D internal website, including DHD system éhgrams softwaredocumentation

and experimentchedules and details

Once logged ontthe server nodefhe user canaeess several other servers used
for various procedures and codes that each have their own passwords. Twge of the
specialty serverare relevant to this process and are discuisséed If access tany of

these other serveis requiredit is best to coordinate the request vatBA contact.

The GA network can be summarized for remote users as folyiele =
gateway server node = functional servevgebsite = documentaitn and information

specialty servers = special tasks

Basic remote access to the BDInetwork is available using a number of
different options, the best of which is the NoMachine client. There is a guide to
accessing the network remotgdynd instrgtions for setting up thoMachine clientat

the following link:
https://diird.gat.com/diid/Computing/internet_portal

This pagemustbe accessed using the @#&bsite passwordAlso found there are

instructions orconfiguringfile transfer softwareywhich allows remote access to the
user6s General Atomics directory. The

is the |l ocation where t he.Masyofthe flesf i | es
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automatically stored here by GA scripts are important,namst be transferred the

u s elocél somputer.

The thin client on the Cybele server ikiaux Red Hat desktap This desktop
includesa Linux command line interface wherest interactios with the General
Atomics systemarecarried out In order to efficiently work within Linux, it is helpful to
be familiar with a few basic command line operatiorGiven that very few students
today recogni ze t hel swbichmeeirdpertait dommandséot | 0 or
computer interaction in a bygone gaad whose cousins are still importantinux
command line operation, it may be useful to do a quick online refreshenax

commands.

A.2.2 Steps to Enable Use of GA IDL and pythsmripts

There are a number of configuration fil
directoryin orderto fully operatethe python and idl scripts that areegral tothe fitting
process. The types of files, configurations, and permissions aegéssise these
programsvary, and it is best to coordinate with a contact at GA and/or GA tech support
in order todetermine how to obtain the necessary accessfitting, clarify that in
addition tousingthe basic GA data analysis tools, accesheqtython scripts and idl
scripts is also required. There are some instructions on the fusion.gat.com website and
the python documentation for gaining this access, but they may not always work for

remote users.

In order to operate the profiles.pydaother python scripts, accesswm of the
specialtyserverds required the huez server, and a relational datalsaseer A request
for access to #seserves should only be made once fitting activiiggins and the

request should be coordinatedwa General Atomics contact. Dr. Tom Osborne at GA
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is responsible foaccounts on these two specialty servansl he should be contacted to
request an account. The researcher should request an account for the purposes of doing
spline fitss pwiot, h ampr gifdfomedioa ihcluging the usérs d@A

username, a brief overview of planned research,andthe r 6 s advi sor 6s i nf

Il f profile fitting will not be part of
by others is nessary, simpléir e a d 0 a Egadnsn8tablesmaytsuifiee. This
accesss generally available to collaborators using a simple username and password,
found in the profiles.py or general GA python scripts documentation. Using this read
accessyserscan find fits and shots that are useful and view them without needing to

access the fitting routines.

A.3 Shot and Time Selection

Again, this document assumes that the researcher has access to the GA network
through Nomachine, and is familiar with theimdata analysis toolsefittools,
reviewplus, and gaprofiles. To access these tools, bring up the command prompt on the
remote desktop (through NoMachine on Cybele), and lmginserver nodesing the
commandyY A*ssehr ver name?* dow, the hewer, Ghitserverxk a mp | e b e

fvenuso i s accessed, which is one of sever
[*username*@cybele ~] $ s3lY venus

The server wilthenprompt the user for their venus server node password, which is
usually the same for all the server nodesteEm, and a command prompt will open on

the venus server node, where further commands can be entered.

*NOTE*Aspace and ampersand A &0 should al way:

name (e.g. Aprograml &o0) . Tat thesprompt While al | ow
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the program is running. If this is not done, any program that is open will have to be

exited to enter further commands at the prompt.

*NOTE* When using the GA tools and systems, and something does not work as
expected, always examitize command line output of the program being run. It will

usually provide information that can assist in solving the problem.

A.3.1 Shot Selection and Research Purpose

This is a topic that is unique to each individu@heprofiles.py script is the main
tool for fitting andhas a large number of possible usEsr this guide,te profiles.py
scriptwill be used to consolidate data from different time periods into one composite
time perioddivide the composite period into intervals, dngrofilesto the datafor
each interval The author hasompleted this process studytransport evolution
between ELMs, and aldwas used the tools to analyneéltiple successive periods of
absolute time (studying transport evolution across thettansition). This gide will
focus on thenter-ELM analysismethod, as it is the one with which the author is most
familiar, but most of the steps are generally applicable. In some cases where the
procedurdor analyzing time periodgiffers from that for interval analysigadditional

instructions will begiven

A.3.2 Time Period Selection Analysis of Time Blocks

If the goal of the research is to analyze blocks of time, or any other purpose for
which the construction of a composite iRELM periodfrom various time peridsis not
important the endpoints of the period to be analyzed can simply be recorded, and the
researchemayskip toA.4. However, it is still important to examine the time series data

for the plasma, note the presence of kmge aberrations during the selected time period,
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and consider their effect s -steatystatbperiod esear ch
unrelated to ELMs is being sought, a similar process as is described in the next
subsectioimaybe followed, but wth the listed parameters being changethose seen

as important for the phenomenon under consideration.

A.3.3 Time Period Selection Inter-ELM evolution

After the shot has been selected, the first step is to examine the macroscopic
stability of the shot.This is important in many types of reseaestaminingtime
evolution of parametersAn important part of constructing a defensible composite-inter
ELM period is to make sure the plasma is in a stesaie or quassteady state during
the time examinedA quaststeadystate plasma can be seen during ELMingbide in
certain shots, when ELMs are destabilizing periodically, and very little else is happening
in the plasma. Although this is not technically steatjte, ifsimilar pedestal rebuilding
trendsfollow each ELM and the only things that are changing are related to the ELMs, it
can be said that the plasma is in a gsésadystate. This assumption relies upon the
inte-ELM periods in the quasiteadystate periods being broadly similarform and

character

A.3.3.1 Time Period Selection Inter-ELM evolutioni reviewplus setup

There are several variables generally examined to determine if the plasma is in a
steady state. They can be accessed through the MDSPIus database using the reviewplus
tool. Inorder to view them together, as is shown in the following graphics, the tool

Areviewpluso is useful, and its name shoul

venusa 31: reviewplus &
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Click through any popup screens and a screen similar to that shégune44 should
appear. Gotéigure4dd. 1 and enter the relevant shot ni
will ensure that any variables displayed will be for énéeredshotnumber unless

overridden in andter window.

Go toFigure44. 2 , and click fAedito, and in the
Signal so. Anot her wi nd®bigure45ibut dwpopoup th
Dat a Sields filadling. AtFigured5. 1 i n the fAZ Data Signal o

through 5, enter the following signalnaméspi nj 6, fidensityo, fdAbeta
Afs060, and finlr mso. f Tthheen feinvtee ril Xi aotri nYe oD ait
AtFigure4ds. 2, cl i ck #Aapplyo. The value Aoko sh

Astatuso fields, and Rigbre44shauld filllin, aodoresembleei n d o w
Figure46. | f Aerrorodo is shown, there Some a pr ol
parameters do not have data for every shédweverjf a specificparameted datais
importanttothers ear ch being conducted, andoran fderr
the data does not appear for the entire shot length, it is best to consult with the expert

and/or check X.5 for possible solutions. To make the winddvigare45 close, click

A d o n E&iguredb2.

*NOTE* it is always preferable to close the windows in the GA data analysis tools
without wusing the fAx06 i n the thocpl orsiegoh to phtaino

within the windowwill provide a better experience

Once the window with the profiles appears, the zoom can be changed to get a
clearer view. UndefFigure46.l, ensur e the buttons for fAzoo
selected, and ne&igure46.2, maximize the screen. The coordinatethetursor will
be displayed &tigure46.4; if they are not, the window is too large in relation to the
NoMachine window, and thidoMachine window must be enlarged (¢e&0 and the

second note after this paragraph). Next, click with the left mouse button at the top left of



the Apinjo data, hold the buttowthaand dr ag
minimum of extra space in the box, as showRigure46.3. Release the mouse button.

This should increase the zoom on the data to a reasonable level, asFgare’.

*NOTE* In the reviewpls window, to go back to the previous zoom on a graph, the right

mouse button acts as an Aundoo button for

*NOTE* The DIII-D data analysis tool windows have a fixed size. Changing the size of

the Nomachine window on the local deskwafl not change their size. The only way

they can be fully seen is if the | ocal mo n
Nomachine window is set to be large enough. On the desktofr-gpead7, the bottom

of the revewplus windowis obstructed e cause t he monitords reso
1280x720, is too small in the vertical direction (the full window can be seeigune

46). A vertical resolution of 80pixelsseems to be sufficient to giay the full window.

If buttons are missing, or a tool is difficult to understand, make sure that the full window

is visible! For more details, séel0.

A.3.3.2 Time period selection Inter-ELM transporti the five variables

The five variables required to be in guagtadystate for intetELM edge
transport analysis are shownhrigure45 throughFigure48; theyare the injected power,
the lineaverage densityhe normalized beta, the electron density at the top of the
pedestal, the ELM diagnostic, and the RMS power diagnostic. Anomalies in any of the
five variables generally disqualify the local area from being egtasidystate, but
exceptions maybemadei consul tation with the research
Theselectegeriod of quassteadystate operation is usually the largest time period in
the shot for which the five variables have overlapping pewbdsutine behavior (i.e. not
continuouslyincreasing, or with random large spikes, et&pr the shot displayed in

Figure47, the overall quassteadystate period is from 2668800 ms.

11€



pinj: injected power It is important to ensure that the auxiliary power inpuh&o

plasma remains the same across the time selected for analysis. There may be inverse
deltafunctiontype artifacts in the profile (see ligure47), but these can usually be

ignored. Also, there may exist periodic patteng,as long as the variation within these
patterns is relatively smalnd they repeat themselves, they can be ignordéigine47,

there is a peak in injected power before 2000 ms. After this feature, there are some minor
artifacts and a small pattern, but the injected power seems to be in steady state until the

shot ends.A goodsteady state period for pinj Figure47is from ~18065000 ms.

line-averaged density (density): Thjaantity isa meaare of the plasma density
Although it fluctuates with ELMs, a series of ELikduced patterns with similar minima,
maxima, and drops, show that the plasma has enteredsgeadystate Hmode

operation. IrFigure47, the densit throughout the ELM pattern seems to climb until
about 2600 ms. At that time the patterns begin being roughly similatayat a

relatively constant density until around 3800 ms, when a large dip breaks the pattern.
goodquaststeadystate perioddr densityis 26003800 ms. This was thiEontrolling
variabled for quasisteadystate periodelection in this shpasit was in relative steady

state the shortest time of any variable.

normalized beta (betareta is a measure of the relative streagihthe kinetic pressure
and the magnetic pressure. Again, fluctuations characteristic of building pressure
gradients between ELMs are seen, but the values are relatively constant from around
2200 ms to about 3800 mshingure47, where the large dip again ends the qisésady
state period A goodquasisteadystate period for betais 22003800 ms.

electron density at the top of the pedestal (prmtan_neped): this variable is the pedestal
density measured at the point deteraairio be the top of the pedestal by a data fit. The
location of the top of the pedestal is sometimes slightly inaccuratéy leuttp ar amet er 0 ¢

accuracys sufficient for tke purposs of this processin Figure47, this variable hs a



consistent pattern with similar magnitude peaks and troughs from about 2000 ms to about
3900 ms, where the large drop is again seegoodquasisteadystate period for

prmtan_neped 20003900 ms.

filterscope channel 6 (fsO6)his parameters adiagnostic that is used to indicate the
occurrence of an ELM through measuring the light emitted when cleag@nge

interactions occur between the plasma ions and the neutrals outside the separatrix and
near the divertor. There are a number of thesgndssticswith different viewing

locatons and the researcherodés advisor and GA
which location provides the best data for the purpose of the research being done. In the
case of studying intdeLM periods, the fsO6grameter is a diagnostic close to the

divertor, but outside the private flux region, making it a good indicator of ELMs. These
signals normally approximate a delta function when viewed on 1 second timescale, which
is realistic given the short durationaf ELM event. After the transition to-fHode

around 1600 ms, the first ELM kigure47is not very deltdike, but the next six are

closer to this shape, until around 3800 ms, where the peaks broaden again. The large
ELM just before 4000 ms is abnormally extended, and seems to be the catalyst for the
large drops that mark the end of the gtstisadystate periods for the other parameters.

A larger ELM will have more area under the curve during the delta furidti@signal

For reference, the ELMs iRigure47 arevery large ELM events The period for fs06 in

which ELMs were similar was from 2368800 ms, an@achinter-ELM period during

that time vasviable for analysisassuminghe rest of the pama wassimultaneouslyn

guasisteadystate operation.

indicator of MHD instability in the plasma (n1rms): This variable indicates the level of
MHD activity and instability in the plasma associated with various modage
fluctuations in this parameatean indicate othesngoingprocesses in the plasma that may

affectthe aforementioned and other important paramaterapredictable ways. It is
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desirable to have a minimum area under the curve for this variable; flat lines eaxise x

are best, dedt functions are ok, broad peaks are bad, and a bubble as seen near 4000 ms
in Figure47is unacceptable. Although there is more MHD activity in this shot than is
desirable, it seems that the period from about 1800 to about 888@atively calm. The

large bubble around 4000 nmsthis parameteis likely a partial driver of the

abnormalities in the other profilsgenaround thasametime, illustrating how MHD

activity can affect many parameters.goodquasisteadystate paod for nlrms is from

1800 ms to 3800 ms.

After carefully examining each variable, and determining if overlapping steady
state periods exist and if thaye of sufficient lengtio analyze the shot, it is important to
doublechecktheselection withthe e sear cher 6s advisor and GA
the purpose daheresearch, and try to select a time petlwat has the least opportunity
for erroneous or abnormal readings, and alkich provides the most data for analysis.
For analysis of inteELM transport, it is generally good to start the time period just
before an ELM and end it just after an ELM, so that a set of full-Eité periods is
available. Also, the horizontal crosshair can be useful in trying to determine constancy in
a variable When these tasks are complete, record the beginning and ending times of the

guasisteadystate period that is to be used.

A.4 The Tools of the Trade- profiles.py, pgadmin3, and Profplot, and

how to use them.

This is the point where the fitting procdsegins in earnest. The pgadmin3
program will be used to alter the inputs tepdinefit, the resulting data and profiles will
be viewed on the Profplot tool, and the fits will be updated using the profiles.py script.

Each of these tools will be discudsa detail in this section. Using the analogy of a
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piece of industrial equipment, think of profiles.py as the machinery, pgadmin3 as the

control panel, and Profplot as the diagnostics display.

The structure of this section will follow the proceduredagating a run. First
profiles.py will be introduced, then pgadmin3, and then Profplot. Next, using profiles.py
to create a run will be reviewed, followed ibgtructions toview the run in pgadmin3

and Profplot. Finally, editing and fitting the datangsthe three tools will be covered

A4l profiles.py

The main function of the software is to gather all the diagnostic measurements for
a certain time period or set of time periods, and display them together. Then, the electron
data is automatically fit wit a tanh fitand the ion dates semiautomatically fitwith a
spline fit Thelatter fits usuallymustbe improved by the researcher. In each case, the
script weights large clumps of data and attempts to create a curve that passes as close to

the centeof the error bar for as many data points as possible.

The rapidity of the Thomson system measurement of electron properties allows a
large amount of data to be collected during even relatively short time periods, enabling
the automatic tanh fit of thelectron data to be relatively good in most case<ontrast,
the CER system provides the ion data, and the properties of the measurement techniques
and electronics systems often generate much less data than the Thomson system for the
same time periodDue to this reality, the data for the ions often exhibits trends that are
harder to identify, and are more vulnerablenisidentification resulting fronmaccurate
measurements or outliers. For this reasarsexadjustable spline fit ismployeduo fit
the ion data. An automatic attempt is made to fit the dataxpeatrt input and guidance
from the researcher is generally necessangdjast, correct, and turiiee profilesin order

to best represemietrue data trends.
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When manually fittingon data, the serautomatic spline fit takes the radial
location of thespecifiedspline knots, and attempts to run the curve through them, while
still taking the presence and location of the data into consideration automatically.
Thereforethe user hasubstantial, but ultimatelymited control over the curveThis
causes the experience of fittittge profileto the data to be quite difficult in many
circumstances. The two main inputs used in fittingdhedata for each variable are the
spline knotsaand the range of the fiand for the electron datduetrange can also be

adjusted.

The radial location where the researcher wants to place the spline knots are
specified byther radial coordinate. The range variabggsthe radial bounds within
which the script attempts to fit the curve to the data. If a clump of data points outside the
separatrix (where the dateay beless reliable) is causing a fit to have a +updrysical
slope near the separatrix, the rasga be reduceso that the offendinglump of points
is not taken into account. There are a huge number of other inputs and capabilities of the
profiles.pyprogram, but the knots and ramgfethe ion data fitgre thenputs that

researchers wipend the vast majority of their time altgyin

The documentation for profiles.py is easily accessible, and it should be read a few

times before beginning work. It can be found at the following url.
https://diird.gat.com/~osborne/python/Doc/python_d3d.html#profiles.py

If the browsers unable to acess this page, please #e20. Some basic documentation

can be found by entering

profiles.py-h

A4.2 pgadmin3
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When the profiles.py script is run, it reads in the inputs and other properties from
a spreadshedike table, whee the inputs for each run are entered into a single row. The
script then reads the data from the row, and performs its functions accordingly. The
program used to access and edit the inputs is called pgadmin3, and it is an important part
of the fitting pocedure. To open pgadmintBeprogram namshould be entereak the

command prompt.
venusa 32: pgadmin3 &

Click through any pojups, and after the program has opendokdbmesecessary to

log into the huez server. Although a view of the progvdrie notlogged in is
unavailableFigure49.1 shows the information to enter in order to log into the server and
access the profiles.py inputs. This information is covered in the documentation for the

python scripts at thaforementionediddress. The profiles.py documentation is on the

page, and a discussion about the huez server is at the top. If there is a problem, it may be
necessary to consult a GA contact. Once the information has been entered, and the user

is logged ino the huez server, it is necessary to navigate the tree struckigeiia49.2

until the ATableso tab can be opened. Und
Aprofile_runso. Sel ect t Rigue49i3withthepuplad t he
funnel, which will bring up the window iRigure49.4. In the blank area for filters, a

variety of filters can be entered that correspond with fields in the input row. Intorder

simply look at the different profile fits alreadpmpletedor a shot, enter
shot=*shot number*

in the field. The fi el dantidodrldo wsst abtoeonheenatns | c
used to filter the shots using the variables in the profiles.pyt irgov. It is easiest to

stick with simple Aando and/ or Aoro constr
with |l ong statements. When using Aoro st a

be restated (i.e. shot Di4&4A%4DP 8a/n dd nus airsied 3 d
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Upon cl i cki rrigured9a ke inpuetable wr profiles.py will open, and any
runs that match thepecifiedfilter will be displayed.Figure50 shows the rests when

fshot =1449770 is entered into the filter

A.4.3 Creating a profiles.py run

First, the procedure for creating a run/row (a profiles.py run is controlled using a
pgadmin3 row, hence the use of both run and row) will be reviewed. There araimvo m
ways to create a run, either by copying an existing run, or creating a new run. For several
reasons, it is recommended to copy an existing run made by a GA researcher. Much of
the information that the usaeeds to specify cae taken from fits conipted by a GA
expert, and in most cases where a GA researcher has completed a fit, certain settings will
be present that improve the quality of the data to be fit. This includes eradicating
malfunctioning diagnostic chords and preselecting the datahsetgive the most
accurate, clean, and reliable view of the trends présetite selected shotThese
procedures are beyond the scope of this papérjsscecommendetb copy a row with

certain fields prdilled.

There aralsodisadvantages to pging the data from a different rumifferent
data settings are used for different purposes, and the data analysis goals of the other
research s wnay nkt line up with thenes for the curremgroject It is always
important to check with a GA contao ensure the suitability of the values that will be

copied over from a previous run.

Setting up a new ruitom nothinghas the disadvantage of resetting all values to
default values. The default values are discussed in the documentation for .profiles
The choice whether to start a new row, or copy a previous row, and how to thgdate

varioussettingsshould be discussed with a GA contact.
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In order to copy a row in pgadmin®e shot, timeid, runid, and userid values
must be known. To create aw row, at least the shot, timeid, runid, tmin and tmax
values must be known. The process to determine these vargatéscribed in the

following paragraphsyith example entries:
shot: Theshot number (e.g. 189889), should be already known

timeid: This value is customarily set at the vatlifehe midpoint of the maximum and
minimum time being examined. Sbthe time period from 2000 to 4000 ms is being

examined, the timeid variable should be set to 3000

runid: This variable is a text string to signate the purpose of the rand distinguish it
from other runs It isrequiredto limit the runid of a row to five alphanumeric characters,
asanymore will cause difficulty in retrieving the dagad writing it to the MDSPIlus
database If a row wereexamining the first 280% of a composite inteeLM period, a
good runid choice would be e20@LM 20-30%), or e203a for a second iteration of the
20-30% fit.

userid:This is automatically set identify the user who creates the row, and only they

can dlit or run the row.

In order to copy a row in pgadmin3, the shot, timeid, runid, and userid of the
original row must be specified, in addition to the shot, timeid, and runid of the new row
to be created. These values are all shown in the pgadmin3rt&deire50. The userid
of the user making the row is automatically entered into the row when it is created, and
cannot be changed. For example, if the ru
shot 189889 with a timeid &050 and a runid of j2030, and the user wished to create a
new row for shot 189889 (a run can also be copied to a different shot, although this may
create problems) with a timeid of 3000 and runid of s2030, the command to copy the row

would be
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profilesyyis 189889 timei d=3000 runid=6s203006 <co

copy_runid=0j 203006 copy_userid=0epsteinod

After running this command, a message should appear confirmicgetgonof the new

row with the same parameters as the original row ircéinemand prompt.

*NOTE* If any process, window, or tool is not functioning propgeslyasit is expected
to, check the command line window, and see if the tools are producing error messages

that may help identify the problem.

In order to create a new raw pgadmin3, the shot, timeid, runid, tmin, and tmax

of the run tabe createl must be specified.

tmin: This is the starting time for the analysis period (for HiEeM analysis, the quasi

steadystate period)
tmax: This is the ending time for the analyperiod

Given a tmin of 2000 and a tmax of 4000, shot 189889, and a runid of s2030, the correct
timeid would be 3000, and the command to set up a new pgadmin3 row as specified

would be:
profilespyis 189889 timei d=3000 runid=6s203006 tm

This command should result in a message saying that the computer is setting up a row to

control profile.py for shot 189889, and listing the input parameters for confirmation.

Once the row has been created, it can be viewed in the pgadmin3 program. To
locate it, follow the directionid.4.2o0nce agai n, but enter in th
userid=*researcher wuseri d?* -theprbpettieswiehe d =3 00 0
run just created in the previous paragraphss $hould bring up the row in pgadmin3

corresponding to the new run.



Ad4 Running the profiles.py script for the first time on a row

Before running the script for the first time, there are several additional checks of
field values in the pgadmin3 row that skbbe done in order to ease the process and
ensure its accuracy. Many of thalues in thdields are automatically generated and a
field should never be changed without reason or just for convenience. In pgadmin3, the
field name is listed in the firsow, and the format for the entries is listed immediately
below. Only the creator of a row can edit the row. Changing a value, then pressing

enter/return, will save the value in the spreadsheet.

Note that in pgadmin3 t takecafedonetadd f unct i
previous values when changing a valU® copy and paste in pgadmin3 is slightly more
complicated than usual, as a selection must be made inside. aHigldight the value in
the field,anduseeither the keyboard shortcuts (ctrl+&xl+V) or themenuinside the

programto copy and paste.

For a new row, the default values for each of the variables in the row will be
present, and they are discussed in the profile.py documentation. It is important to check
each of the following w@ables as well as any others recommended by the expert
ensure that they have a proper value. For copied rows, several values need to be changed
to ensure a good ruand they can be identified by checking with the expAfso, a
common default vale that commands the program to automatically determine the value

for a -1o el dcoemnsandicansbe used with many fields

*NOTE* If using the number pad to input values, number lock must be on to input values
in pgadmin3, but must be off to inpvalues in the Profplot.py tool. If number pad

keystrokes are not having their expected effect, checktdtes of thesumber lock.

complete: When profiles.py is run from the command prompt, it will run for each row

created by the currentuserwitthaa | ue of O in the Acompl eteod
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anything other than 0, profiles.py will not run the row. After completing a final run
where the fit data is written to the MDSPIus database, profiles.py will automatically set
this variable to 1. ThiBeld is often useful to denote the status of the fitting of a row. If
work is ongoingthen a2 could be usedyutif it is complete and awaiting finalization, a
-5, etc. Feel free to create a system of notation, but doaatallyset the value to Bs

this has a high likelihood of causing confusion.

*NOTE* If a #fAfinal runo is interrupted,
the server, but not show a filo value to
isnotrunningusingtnt r ow when fAcompl eted appears
necessary to manually set the fAcompl eteo

change it back to Gave the value agaithen try to run profiles.py.
shot: This is the shot number

timeid: This value is customarily set at the value at the midpoint of the maximum and

minimum time being examined.
runid: This is a label related to the specific run.

userid:This is automatically set tdentify the usewho creatd the row, and only they

canedit or run the row.

write_mds: This variable should be set to 0 until the fitting process is fully complete and
the user 6s GA ppmvatohtletits Qncevtlessvariable & iset to B and
profiles.py is run, the data from the fitted pl®fwill be written to MDSPIus for other
researchers to use. It is set to O by default for a newly created row, but may not be zero
for a row copied from another run. Running profiles.py with this value as 1 will set the
Acompl et ed v ariling data ® MDSPlud shaultl enly be don&once the

fits are complete, as there are a limited number of slots for runs in the database for each

shot, and the data on MDSPIlus is difficult to delete as a remote researcher. Check with

of

t

t

h
0
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the GA contact before viting to MDSPIlus. It is usually possible to overwrite an older
MDSPIlus row for the same shot, timeid, and runid without a problem. This may be
useful when aolder, complete fit needs to be updated to take new information into

account, or in similar scanos.

*tmin: This isthe lower bound of the time period being analyzed. If analyzing inter
ELM periods, this should be set to the beginning of the egtaadystate period of the

shot. If not, then this can be set to the starting time of the anaéysisi p

*tfmax: Thisist he upper bound of the time period b

value, this will have different values depending on the type of analysis being conducted.

*elmsync: This is a very important variable when using profiles.[f\analyzing inter

ELM time slices, then this should be set tofilpfiles.pyo will automatically detect

intetrELM periods between Atmino and At maxo, a
them into a composite int&LM period. If other types of rese&rare being pursued,

this value should be set to 0. Setting this variable to zero will simply combine all
measurements between Atmind and At maxo int

ELMs or other phenomena that occur.

write_mds:This should be sebtzero for the first run of a row, and should remain at 0

until fitting is complete

adjust_ztsThis should be set td, so that profiles.py will automatically determine its

value

shift_ions: this should be set to 0

which_prof _id: theplshepld be set to i
run_onetwo: this should be set to 0 until it is time to write the complete fits to MDSPIlus

nubeam: this should be setto 1
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ne_co2norm: this should be set19 so that profiles.py will automatically determine its

value

*elm_phase_min: when eraning interELM periods, and elmsync = 1, this and
elm_phase_max determine what percentage of the composit&irieperiod will be
represented by the current row. A decimal is input to determine the starting point of the
fraction of the composite intdtLM period represented by the current row. Itis

generally best to have a large difference between the two values avoid complications. A

good starting point for this variable is 0% (0O)

*elm_phase_max: similar to elm_phase_min, this is the ending @fdim¢ fraction of
the composite inteELM period being represented by this row. A good initial value for

this variable is 30%630% =0.3).

Once these variables have been checked, and set to the correct values when

necessary, the row can be run. Tosdpenter the command
v fAproifri Pesedhogy number * o

at the server node command prompt, substituting the desired shot number into the
command. Recallthallt he runs with fAcompleteo fields
be run consecutively aftergvi ng t hi s command, so be sure
Acompl eteo fields of those rows that are i
created by the user running profiles.py wi
the quotation rarks, which ensure that the computational load of the run is balanced

across available server nodes.

Running profiles.py for a row with run_onetwo = 0 usually tak&sn3inutes. If
the run completes successfully, a message to that effect will bedponiee command
' i ne window, and the fit data wil/ be writ

succeed, an error message will be printed to the command line window, and nothing will
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be written to the remote directory. A failure to compketein will be addressed 5.1

If the run completes successfully, proceed to the next section.

It is useful to watch the text that is written to the terminal screen, as it updates the
viewer on the status of the run, amiterates much of the information entered in the row,
like spline knots. In addition, other information, such as the interim value of ne_co2norm
(which is only written to pgadmin during the process of writing the data to MDSPIus),

can be found by lookmthough the text that is output at the command line.

When running profiles.py for a final time, and writing the data to MDSPIlus while
running onetwo during the profiles.py run, the run may take considerably longer than a
normal run. In the event thete run takes longer than an hour, the user should manually
cancel the shot wusing the ACTRandt§a@agaio,o mbi na
as the run may never complete. If this problem happens routinely, and a run allowed to

continue for some houstill fails, the expert should be consulted.

A.4.5 The Profplot graphing tool

Profplot is a graphing tool that is currently the best option available to view the
data and fits. It can be temperamental and has a steep learning curve, but it is lightweight
and powerful. It can be run by entering the program name at the server node command

prompt, remembering to capitalize the first letter.
Profplot

| f Profplot opens with windows, the user m
10 and pr e slysaftefichrhpleting this step v@ll interaction with the input

panel of Profplot be possible. It is also necessary to close the graph windows. This can

be viewed as either interacting with the graphs, a mode entered when the graphs are

drawn onscreen, anteracting with the control panel, which is achieved by switching

132



modes. To renter the graph interaction mode, the graphs must be plotted again from the
control panel, upon which interaction with the control panel is no longer possible. Both

modes canot be active simultaneously. To recap, Profplot only allows user interaction
with one part at a ti me. |l f interacting w
replot the graphs, and interact with them. If interacting with the graphs, thewuse

click on the title bar of APGPLOT Wi ndow 1
with the input panel again or close graph
Window 10 can be maximized by maximizing t
to control panel mode, and replotting the graphs, which will then fill the maximized data.

I nteraction is only posAliothdr grapmwwinddwsdyP GPL OT
only be viewed and not modified. However, it is possible to change the graphs that

appear in APGPLOT Window 10.

I f APl oto is clicked in the Profplot co
command line window. If an error is being shown, part of the profiles.py run has failed,

and this isueaddressed iA.5.1.

The input panelRigure51) for Profplot will be discussed from top to bottom.
The fishoto, ATimeido, and ARunido fields s
the run to be viewed. If the run is already weritto the MDS server, then the radio
button AMDS+0 should be checked. I f the u
is not written to the MDS+ data server, it will not be viewable. If the run to be viewed is
not yet written to MDS+, and hasbeemr eat ed by the current wuser
must be selected to be able to view it. T
to view the data to be fit and the existing profiles. To interact with other windows
(checkboxes ifrigure51. 1 , I . e. AELM ti me pl ot o, AEr, v
more than just view them, they must be the first box checked. For instance, if interaction

with the AELM isdemsei pkdt 0ot we ndBworichedked Pl ot s
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in Figure51. 1 . This will cause APGPLOT Window 1.

ploto instead of the AProfile plotso, allo
It is very important that the rtadi o but
defaults to Apsino, but Arhobo is the radi

needs to be used when fitting the data. The small but important difference between the

two is that rhob is a normalized minor radius, whereas psin is a radialnemeast based

N

on percent of flux surface enclosed. psi

maximum value for the-axis that will be displayed in each graph.

The AELM time plotodo option displays the
shows a sapile ELM time plot window. This view is mainly useful when examining
inte-ELM phenomena, as it gives a graphical representation of the time periods being
analyzed for the current row/run. The green boxes are the times being combined into a
composite pedd, the pink crossed circles are the locations of CER measurements in
time, the red circl es-ELMmeriodi amdktheflbetblpcgkn ni n g o

signal is the fs06 signal described earlier.

The AEr, v*ExB Pl ot so b adialetpetric Beidcaswee t h e
as a number of other variables, and should be checked. Everything else should generally
be left as is iFigure51. Beginners should keep the first three boxes checked to display

these plots.

Thevierl ayo function is useful for deter
parameters. Whethis box ischecked, anéiplotois clicked, the current data and profiles
are displayed on the same plot as the previous data and profiles, but in a different col
and trendline style. This can be useful in understanding the difference made by small
changes to spline knot sets, or when directly comparing a current data set and fit to a data
set and fit completed by an expert. It is invaluable when changindgtihg parameters

discussed i.6.
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After clicking APl oto, the graphs shoul

werealready present. Similar to reviewplus, a left click and hold creates a zoom box, and

arightclickisan Aundo zoomodo button. The views se
al so deposited in the userdés remote direct
used to send highuality reproductions of graphs to colleagues before they are written to

MDS+, and to create a image with a customized zoom. The file will be writtee to

u s edirgctory as follows

p*shot number*_*timeid*_*runid**graph number*.cps

The graph numbers start with 0 (PGPLOT Window 1 is graph number 0), and the

PGPLOT Window 1 piatre for the run of shot 189889 with timeid = 3000 and runid =

60)j 20306 would be written to the userds rem
After retrieving the file using a file tra

file extension taead the file using a general postscript file viewer. It may take several
minutes for the file to appearinh e okler aftérshe figures are generated using

Profplot.

A.5 Advanced Setup

A5.1 Errors in the profiles.py run

Errors in the profiles.py run atesually discovered in one of two ways. Either the

profiles.py run fronError! Reference source not found.does not complete and gives

an error message in the command line window, or an error is printed to the command line

window while trying to graph the results of a run using Profplot. There are many and

sundry reasons why an error may occur, but this guide will only attempt to discuss two of
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the most common causes. For other types of errors, it is necessary to seektdreassi

of the expert.

A.5.1.1 Data Errors

These types of errors occur when there is an insufficient amount of data in the
time period specified for analysis. The profiles.py script requires a certain amount of
data to calculate the values of indirect measergs, and if @ insufficient amount of
data is present, an error will occur. These errors are usually directly related to the
number of measurements inside a given analysis period. This can usually be solved by

increasing the cumulative length of theabsis period.

For a run that represents a fraction of a composite-ifltéf period, a researcher

can try several solutions:

1 increase the length of time of the qust@adystate period by slightly relaxing
the boundaries, thereby increasing the nurobrhole interELM periods for
analysis, and increasing the amount of data in the fraction of the composke inter

ELM period

1 increase the width of the specified fraction of the composite-ili&t period
(designated using the elm_phase_min and elm_phasevariables in the

pgadmin3 row)
1 change the data selection criteria by altering the cer_twin field (discus8ed) in

91 allow a wider variety of ELMs to be considered by altering the elm_size_min and

elm_size_max fields (discuske A.6)

It is clear that all of these solutions serve to increase the amount of data in the composite

period. An easy way to determine if the quantity of data is problematic is to set the limits
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of the composite period tebvery large, such as BD% of a composite intdtLM

period.

If the composite period consists of a block of time, rather than a set of fractions of
inte-ELM periods, and errors occur, then similar actions can be taken that increase the
amount of data ailable for analysis. A good rule is that for each block of time, there
must be at least three CER measurements to obtain sufficient data. The time
characteristics of the CER measur eAents ar
To learn the frequency of either CER or TS measurements, the graphs in reviewplus must
be altered to not show a continuous trend, but instead discrete measured points. This can
be done by locating a variable known to be measured by the CERsystems, and
plotting that variable in reviewplus, then removing the trendline, and examining the
resul ts. Two useful parameters for this a
menu to adjust the plot properties can be accessed by right glmkithe reviewplus
plots, holding the button down, and choosi
least three TS and three CER data points in a block of time, and profiles.py runs

successfully, it has sufficient data for analysis.

Another comnon data error is when the profiles.py script runs, and the graphs are
displayed, but the data is unfittable either due to its sparseness or the insistence of the
profile being fit to maintain a nephysical shape such as a straight line or a structure
having a maximum value 1000% of the highest measured value for the parameter. In

those cases, additional data must be used to succeed in fitting.

In all of the following examples of this problem, the profiles have not been fit to
the data, the left set fifjures is the tanffit electron data graphs, and the right set of plots
are the CER splinrét ion data graphs, which are the subject of this guide. An example
of a period with too little data for reliable fitting is showrFigure54. Note that in the

outer 20% of the upper right hand graph there is essentially no data to fit. A zoomed



view of the second data trend in the lower right hand graph (the gray points), which must
also be fit, is shown iRkigure55. This data set was successfully processed by

profiles.py, but there is an insufficient quantity to reliably fit with spline profiles. Note

that if there is an insufficient quantity of data for just one parameter, the entire data set
must be brodened. Figure56 andFigure57 show a data set that barely has enough data

to fit, and ordinarily would be widened unless no more data was availigiere58 and
Figure59 show a data set that is a bit sparse near the separatrix, but generally has enough

data to reliably fit.

A.5.1.2 Fitting Errors

These types of errors are more difficult to detect on the initial run, but easier to
detect during fitting They occur when the fit of the data as specified in the pgadmin3
row (discussed in the next section) causes numerical errors in the profiles.py run, which
end the profiles.py run prematurely. A row with this error also may be run by profile.py
with little problem, but not display in Profplot. This type of error can often be
distinguished from data scarcity errors by the process referenced above of increasing the

analysis period to be very large. If the error still occurs, a fitting error is likdlhatoe.

This error is usually associated with an overabundance of spline knots in a given
fit, unusual values for the fit range, an input error, or an unusual data formation. When
copying fitted rows from one shot to another this error often occutise aetting and
knots for the original shahaynot work well with the data from the second shot. It can
also be the result of an accidental keystroke, such as setting the range for a fit from rho =

0 to rho = 102 rather than rho = 1.02.

When this errois encountered on the first run, it is best to review the values in
the pgadmin3 row, and reduce the complexity of the fitting instructions. For instance, if

this error is occurring, and the spline knots for a fit (that were copied over from an
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originalrow) are {0,0.5,0.55,0.9,0.92,0.921,0.924,0.95,0.99,0.991,1.02}, a solution may
be to reset the spline knot set to {0,0.2,0.4,0.6,0.8,1.0}. Unusual ranges also trigger this
issue often, and setting the range to {0,1.02} from whatever it previously wasaive

the issue. If this error is encountered during fitting, it is usually best to go back a step,
and try to understand what action caused the error to occur. Narrowly spaced
{0.921,0.922,0.923} or excessive spline knot placement is a common cufphiese

steps do not solve the problem, it is best to seek help from the expert.

A.5.2 Accessing the actual time data for irREtM analysis with profiles.py,

and its uses

Figure53illustrates an important function of the pre8lpy script. It locates the
ELMs based on the fsO6yBignal and the elm_size_min and elm_size_max variables,
and defines each complete int&tM period that occurs during the analysis period,
during which the plasma should be in gestsiadystate. Tha, it finds the portion of
each intefELM period specified with the elm_phase_min and elm_phase_max variables,
and selects the data measured during each, according to the criteria set by cer_twin
(discussed i\.6). Then, althe data measured during each fractional iEevl period

is combined into a composite fractional iREEtM period.

In order to complete this task, the profiles.py script records the ELM starting and
ending times, and the starting and ending timeseofréctional width of each intdtLM
period, as specified using elm_phase_min and elm_phase_max. These times are written
to a file in the userb6s remote directory t
files that contain the figures from ProfploFor a run in shot 189889 designated by
timeid = 3000 and runid = 06j20306, when th

directory named



time_windows_189889 3000 _j2030

This contains the starting and ending points of thespecified fraction othe inter

ELM periods in the analysis period for shot 189889. This data is required to use the
automation process for the input file generation and input file balancing for GTEDGE, so
it is useful to have these files on hand. However, by varying thepekse min and
elm_phase_max values, the user can obtain time coordinates for any fractional point in
any interELM period in the analysis period of the shot. Values of 0 and 1 can be entered
to obtain the lengths of each ii€LM period, and other techoiles can be used to

gather such data which is useful for many purposes.

It should be noted that profiles.py takes 0% of the iBla¥l periods (i.e. the
starting points of the intedeLM periods) to be at the locations of the red circleBigure
53, which are located at the peak of the fs@sQnal. However, it is abundantly clear
that the major transport disruption caused by the ELM takes some time to dissipate, and
any analysis of inteELM transport which starts at 0% will be polluted by iriiaM
event transport. To determine where EiéV event ends, for each leading ELM event,
requires a careful examination of the fsOgsiginal, and noting where the fs0g Signal
again approaches steagyt at e after each | eading ELM. I
leading ELM event is recorded, thaércan be compared against the beginning time of the
analysis period for the corresponding iAEdrM period. For instance, if the second ELM
inFigureb53iended o at 2 6-106 (firsy fractionaltof the mteELN %
periad following that ELM began at 2600 ms, there would almost certainly be at least a
1015 ms overl ap bet weeleMo tairea lf ysaiced | perrail o di i annt
event, polluting the transport analysis. The starting time of the first fractioaaEni
period would have to be delayed to 8%6, or 7.5%10%, in order to avoid being

contemporaneous with the ELM event.
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This is just one example of the usefulness of the time_windows data generated by
the profiles.py script for each run. A secondrmple is a part of the process described in
A.5.3. In sum, the profiles.py script can be queried for the starting and ending times of
the analysis periods it uses, whether fractional compositekhter periods, or blocks of
time. That concrete time data can then be used to examine experimental data and

determine what occurs inside the analysis period.

A.5.3 Setting up custom time slices for ieLM analysis

A feature of the profiles.py script is the ability to set a blddhnoe, or a set of
time blocks to be made into a composite data set. When elmsyncid is set to 0, the
measurements during a block of time are combined into a composite data set, and when it
is set to 1, the script calculates where the fractional-Eltdd periods are located in time
based on the elm_phase_min and elm_phase_max values, and combines those blocks of
time to produce a composite data set. However, it is also possible to provide profiles.py
with a set of time periods, and use the script to ¢oenthese specified time periods into
a composite data set. This is useful for many purposes, and one is illustrated in the fifth

graph offFigure48.

I n this shot, many of t hel[l# chdsctedzechi bi t e
by a series of smaller fsO6yPeaks after the initial one indicating a Type | ELM. These
inte-ELM periods were unsuitable for analysis, but it was important to be able to use this
shot to study inteELM transport evolution. To do so, those irEtM periods which
did not exhibitdithering (such as the one between 3100 and 3200 ms), were selected for
inter-ELM transport analysis. By running profiles.py on the period from 1500 ms to
5100 ms on this shot with elm_phase_min = 0 and elm_phase_max = 1, profiles.py
generated list of atting and ending times for each irteltM period between the two

times. The beginning and ending times were compared to the {§nal, and those
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inte-ELM periods without dithering behavior were selected. Next, the process described
in the previous section was used to ensure that the first fractionaEidtéanalysis

period did not overlap with any of the leading ditfree ELMs, and the widths of the
fractional composite inteELM periods were set. Using the starting and ending times of
each intefELM period provided by profiles.py, the ending time of each leading ELM,

and arExcelspreadsheet, a set of divisions of the pogite intefELM period that were

useful to the research being done were specified. A time_windows file was then
constructed with the appropriate syntax and name, with the beginning and ending time of
each fraction of each int&fLM period. The timeid ahrunidmustmatch a row

previously created using normal setup procedures. Changes to specific variables in the
pgadmin row that were necessary for profiles.py to accept the external time_windows file
are outlined below. Profiles.py was then run to comabhis set of time periods into a
composite time period, and fitting commenced normally. However, if a custom set of

intervals is used, the AELM time plotod in

In order for profiles.py to accept an externally generated time owisdile that
specifies a set of intervals to be combined into a compositeEnteM per i od, t he
At maxo, @Ael msyncido and fAel msynco values
documentation specifies a certain method, the author worked out a sligrehgaliff
procedure that worked successfully. Set the variables as follows: trhjrirsax =-1,

elmsync =1, and elmsyncid = time_windows

Then, the beginning and ending times of the desired intervals must be written to a text

file in a two column format wit the file name
time_windows_*shot number*_*timeid* *runid*

There is no file extension (e.g. filename not filename.txt) for this file. The row created in
pgadmin3 must have the same labels as the time_windows file (e.g. shot number, timeid,

and runidi if this is not the case, an error will appear when trying to run profiles.py for
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t hat shot) . The time_windows file must al
Having completed these steps, profiles.py should work well with custom sets of time

intervals.

A.6 The pgadmin3 row and its entries

Once the setting up of a new row in pgadmin3 is completed, good fractional
composite inteELM periods are found, and profiles.py has been run for each row (one
row existsper fractional composite int&LM period), the fitting process begins. Itis
recommended to set up each rand run profiles.py for each of thebefore beginning
to fit the data for any row. This is an excellent time to review the profiles.py
documentation and read about the various paemdtat can be varied in its use. The
GA documentation provides a good explanation of the purpose of many of the different
parameters, and a postscript will be provided here for selected variables that are
i mportant and/ or doimthe¢documentatiort. Selebted f ul |y tr
troubleshooting for each variable will be designated with an asterisk. pgadmin3 fields

reviewed in previous sections will not beexplained, for efficiency.

A.6.1 General settings

guality: generally signifies the quality ofaldata. This field can be sometimes used as a
designator for certain rows. For instance, if the user is working on fitting a set of rows,

the quality can be set to 6 for each row. Then, when pulling up rows in pgadmin3, if
Ashot =189889 and asdr gdabefigueddditvillaloant er ed
the user to view only those rows. This becomes useful when many runs are entered for

one shot, and an easy way to separate those of current interest is valuable.
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elm_siz2_min and elm_size_max: these variables specify to profiles.py how large of a
fs06 Dy signal should be considered an ELM. It seems that they are normalized to the
largest fs06 Qspike during the analysis period. Therefore, for values of 0.2 and 1.0, if
an ELM fs06 0y spike were between 20% and 100% of the largest fs@piRe in the
guasisteadystate period, it would be considered an ELM, and start arkhter period

according to profiles.py.

cer_twin: this string represents how strict the conditfonenclusion are for collected

data in the specified time frame. (What follows is a general description of how this
function works, but details regarding the methods the CER system uses to label data may
vary from system to system or shot to shot.) TER systems that measure the ion
properties average the collected data over the CER integrating time, which varies from
shot to shot. (By using the method described in Seétibr3to alter the reviewplus

graph results for ER and TS measurements, an idea of the minimum time separation,

and therefore integrating time for the CER systeraybe obtained. However, always
confirm this parameter with an expert.) The data is ieeledwith the midpoint of the
integrating time So if the integrating time is 10 ms, then datseledwith 150 ms is

actually gathered from 145 ms to 155 ms.

| f cer _twin is set to 6strictdé, then an
from times outside the specified boundaries isthrownbut. it i s set to Oi 1
data points for which the midpoint of the integrating time is inside the boundaries is kept.
| f the setting is 6édextendedd then any dat a
the boundaries is kept. For exampiehe time period boundaries for one interval are
100 to 200 ms, the integrating tilabeeedi s 10
105<t <195 will be included. I f 6indé, then
95<t<205 is kept. Whenedling with short time periods, like slices of a composite-inter

ELM period of a shot with a rapid ELM frequency, the integrating time will have
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significant effects on the amount of data available for a fit. When doing an analysis with
consecutivetimepei ods and fine time resolution,
ensure that any overlap between the sections is avoided. Beginners should leave the

setting on O0strictéo.

adjust_zts: this value sometimes is changed to alter the radial tooatiee measured

data. It should be set tth, and will be automatically filled in by profiles.py when the
finalized data is written to MDSPIlus. Users should never change this variable without
consulting with their GA contacts. Sometimes for a cenam this value will be an

outlier from the other values for the shot, and cause inaccuracies in the data positioning

relative to the separatrix.

*NOTE®*: Ensure that after setting write_mds to 1 for a shot and running profiles.py, if

the fit on that shais revisited set adjust_zts back t.

run_onetwo: setting this value to 1 will run the onetwo code, which is a transport code
that calculates various information about the row that is important for a complete
MDSPIlus entry, but is not especially reden to the fitting process. It will take

somewhere between seven and sixty minutes to run this code along with profiles.py, and
therefore this value should only be set to one once the data is ready to be written to

MDSPIus.

nubeam: this variable tells diles.py to run the neutral beam code nubeam, which
calculates several important neutral beam parameters, such as the beam pressure. It
usually does not add much to the run time of profiles.py, and therefore should be set to

one while fitting profiles.

ne_co2norm: this variable corrects the density data, and should be setWhen the
data is written to MDSPIlus, profiles.py will automatically write the correct value in this

field.
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*NOTE®*: Ensure that after setting write_mds to 1 for a shot and rurpriofges.py, if
the fit on that shois revisited set ne_co2norm back tb. Also, when copying another

completed row, this value often must be resefto

A.6.2 Electron Profile Fitting settings

The next set of parameters are the main tool to alter thditarior the electron
data that are automatically generated by profiles.py. Consult with the expert when

altering the electron data fits.

ne_psimax, te_psimax, pe_psimax: these variables determine the radial extent of the
electron density, temperatusnd pressure fits, and are one of the few ways to tune the
electron data tanh fits. If the electron data automatic tanh fits are imprecise, change the
range of these fits using the psimax variable in coordination with a GA contact. Psiis a
measure of dius (related t@nclosed flux surface percent) that is used by many
researchers, although usually normalized radius (rhob) is used by Dr. Stacey and
GTEDGE. These values should be setltto be automatically determined, and only

altered if a problem lw®mes apparent.

A.6.3 Refining the data chosen for analysis

The next set of parameters alter the data retrieved for the ions and electrons, and
can omit those diagnostic channels that are inaccurate. The process of matching chord
data with a chord name is fidult, but can be done by using the diagnostic overlays
function in efitviewer and through trial and error (running profiles.py, plotting the data,
omitting the chord, running profiles.py again, overlaying the data from the new run,
seeingwhatdatapoints no | onger present, etc.) and.

Thomson view chords (for the TS electron data) and the CER chords (for the CER ion
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data) are shown using this diagnostic overfaystion, and can be used to identify the
general radial locain of the data provided by a certain chord. This can then be
confirmed using profiles.py and excluding data from that chord by following the stated
procedure. It is always important to check with the expert before altering the sets of

Abado chor ds.

bad *: these variablesbad_ts core, bad_ts_tan, bad_ti, bad_fz, bad_vtor, and bad_vpol

ispecify diagnostic channels that are provi
researcherds row, this data is often inclu
of data from the individual <channel s. Thi
row, since the process of determining a b

amounts of expertise in the diagnostics systems. *It is important fiorconth a GA

contact that the set of fAbado channels is
copying them from another row, and also if
A.6.4 lon profile fitting parameters

After these variables, there arelanber of fields related to the fitting process for
the ion temperature (ti), impurity fraction (fz), toroidal carbon rotation velocity (vtor),
and poloidal carbon rotation velocity (vpol) profiles. There are several fields that are the
same for the diffemt variables, which will be discussed in common, while other fields

that are nosharedwill be discussed as needed.

* knots (ti_knots, fz_knts, vtor_knots, vpol_knots): this field contains thedefered

spline knots the computer will take intoaccomh en cr eating the profi

bracket o will begin and end the set of kno
knots are input as a radius, and the wuser
through the data pointsatwre ar t hi s r adi al |l ocati on, what



Generally, the knots should start at the fitting range minimum and end at the maximum,
with one knot at each extreme. Positive values place a spline knot at the indicated radius,
while negativeknots instruct the profiles.py script to automatically place however many
knots are included in the substti$ seems to be the casé\s an example, for a profile

fit ranging from psin=0 to psin=1.2, an acceptable set of knots would be (0, 0.590.8, 0.
1.2). If negative knots were used, it seems #@5£0.8) would instruct profiles.py to
automatically place two knots to generate a spline fit for the profile. Placing a spline

knot at the minimum and maximum range of the fit it always a goodbde¢as the user
becomes more advanced at manipulating the profile fits, these minimum and maximum
knots may be altered for specific purposes. For trends that are clear, without outliers or

much obfuscation, automatic spline fitting may be useful.

*NOTE* The radial location of the spline knots specified by the researcher is read by

profiles.py as beingsin values, not rho valuesven thouglthe rhob boxmay be

checkedn Profplot andhe datads viewed versusormalized radius (rho). The location
of thespline knots (in the psi coordinates) will always appear inward of their rho
coordinates, and spline knots are indicated by arrows onakesf the plots (sethe

figures pasFigure54 for examples

* range: this field cat@ins the range that the profile fit will be generated over. It again
uses Acurly bracketso and two radial | ocat
majority of fits, the range will begin at 0, and although the maximum range may vary, it
should alwag be very near 1.0, the radial location of the separatrix. The presence of data
outside the separatrix may induce desirable or undesirable structure in the profile fit, and

the maximum range may be tuned for that purpose, but it is important to rembatber t

the fit should be accurate throughout the entire range being fit. Therefore, if the range is

increased to 1.02 in order to improve the profile fit (through the spline fit taking data
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points outside the separatrix into account), it is still importaatitthe fit be accurate

through 1.02.

*NOTE* the radial location of the range is agasin not rhob This should not be
disruptive to fitting, but will explain small inconsistencies in the radial locations of the

emplaced knots and range extremes, aogdlsettings input into pgadmin3.

ti_views and fz_views: these fields determine which CER chords profiles.py will collect
data from to generate the data profile. The three main types of CER chords are
tangential, core, and vertical, represented by therteT, C, and V, respectively. Itis
probable that only two sets of chords can be used at one time. This field is usually
altered to improve the clarity of the data profile, or remove systematic data sets that may
be known to be less reliable. CER dahset selection should be discussed with an expert.
For general purposes, the fz_views setting, the tangential (T) chords are most reliable,
and when more data is needed in the edge region, the vertical (V) chords can be added,
maki ng t he f Recallithatyakhough ddficult to achieve, specific chords

can be added in to the data set using a combination of these parameters and the bad_*
parameters, and by using the diagnostic overlays in efitviewer, if necessary for a specific

reason.

include vpol: it seems that this field controls the generation of the vpol fit, and therefore

should remain set to 1

Other variables in pgadmin3 exist, but they are either of lesser impettan
profile fitting, or the author has little experience working witam. Consult the
documentation and the expert if more information is desired regarding the other fitting

parameters and features in profiles.py.

A.7 Profile Fitting
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Once the row has been made, profiles.py run initially, and the fits viewed in
Profplot, theprocess of tuning and improving the fits can begin. The colors of the data
points and trendlines in Profplot correspond to the legend to identify what each trend and
data point is. The legend is in the form xyz, where x is the variable name, y enthe it
being shown, and z is theaxis parameter. For example, the electron density in the top
left graph ofFigure54 shows netanhrhob for the black line, which is the electron density
(x=ne) tanh fit (y=tanh) against rhob (z=rholjhe data in the same graph is red, and
labeled nedatrhob, indicating that the red data points are showing the electron density
(x=ne) data points (y=dat) against rhob (z=rhob). For the ion fits, such as the fz data in
the upper right graph iRigure54, the data is shown the same way, but the fits used are
different. For instance, in this graph, the fz fit is the black line, and the label indicates it
is a trend fitting fz (x=fz) using a spline fit (y=spl) against rhob (z=rhabectron data
and trends are denoted in the legends of the graphs as netanrhob, tetanhrhob, and
petanhrhob, standing for the variable name, the fit type, anddkis yarameter,
respectively. These three trends are shown on the left side of {bletsscreen. The
calculated radial electric field profile is shown as a blue trendline in the bottom right plot,
along with the carbon toroidal (usually red data points) and poloidal (usually grey data
points) velocities. This is seenkingure51.9. Recall that the radial electric field profile

is calculated from the fits of the other variables, and cannot be altered directly.

A7.1 TANH fitted, electron density profiles

A.7.1.1 Electron densityKigure 51.2)

The accuracy of this fit is of high importance not dmécausehe profilesare

derived from the fitted data, but albecause it determindise location of the separatrix
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relative to the data in many of the plots. Since there will usually large number of

data points for this profile, it should be relatively simple to discern a data trend
identifiable as the weknown electron density profiles for-ode (as shown iRigure

54in the top left graph) (ordmode,etc., depending on the focus of the research.).

Unless an exotic behavior is being investigated,-imétle, the profile should have a
relatively constant slope from the core to the top of the pedestal (the profile may be
slightly hollow, rising a bit fran the inner edge to the top of the pedestal), with a drastic
slope change at the top of the pedestal. The profile should rapidly decrease until the
bottom of the pedestal, where the profile should become nearly flat. The separatrix
should be located netlve bottom of the pedestal. The location that is defined as the
separatrix is often determined based on the tanh electron density fit, so make sure that it
accurately reflects the data trends. It is also important to make sure that the density fit
doesnot curve upward before the separatrix, as this may be a sign that the ne_psimax
field needs adjustment, or that another important variable, like ne_co2norm or adjust_zts
are imprecise. Consult the GA contact when encountering problems with the electron
density fits. An example of an electron density fit needing improvement is given in
Figure60. In this fit, the ne_psimax had been set to 1.1 somehow, and this large value
damaged the accuracy of the fit. It was changed,tto be set automatically, and the fit

improved greatly, resulting in the electron density fiEigure61.

A.7.1.2 Electron Temperature=fgure 51.3)

This profile shares many characteristicdwitie electron density fit. The main
ones are the userb6s inability to alter the
numbers of data points that should enable an automatic, accurate tanh fit that clearly
follows the data trends. Again, # good to check and make sure that the location of the

separatrix is appropriate based on the res
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normal electron temperature profiles, and that the profile slope does not become positive
between the foot of theedestal and the separatrix. Any other anomalies, or poor fits of
the data trends, should be discussed with an expert. In the event of a bad fit, the

te_psimax parameter may need to be adjusted in consultation with a fitting expert.

A.7.1.3 Electron PressureRigure 51.4)

This quantity is directly proportional to the product of the electron temperature
and electron density, and should be a strong fit if its constituents are as well. Similar

guidelines as those for tlgher electron properties apply to this parameter.

A.7.2 Spline Fitted lon data Profiles

These profiles will consume most of the time in the fitting process. Itis
recommended to go slow, be patient, aftdnrecord changes in fitting parameterbhis
is ueful as the researcharaywant to retrace their steps to a previous fit, and try a
different path. Also, it is best when beginning to make one change at a time, and see how
it affects the fit. This knowledge is important for fitting and learning houstothe

profiles.py tool, and it is clearer when done one step at a time.

Several basic examples will be given for the various ion data sets and profiles
from the authords research. These are si
can be foundand the researcher is encouraged to try different methods to solve any

problems they encounter. It is generally best to follow this process in creating the fits:
1. examine the initial fits generated by the first profiles.py run for a row

2. identify areas otoncern in the fits
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3. adjust one fit at a time, one change at a time, keeping an eye on the radial electric
field profile (blue profile in the bott
box is checked in the Profplot control panel) and the location antipdaced
spline knots (small vertical arrows on thexis, up for the upper trend and down
for the lower trend in plots with two trends, clearly seen on thgixin Figure

21)
4. move through the rows/runs, completing ste@sfar each run

5. after completg the fitting for the set, apply any lessons learned or solutions

found when fitting any of the runs to other similar situations in the set

6. ensure consistency in the fits and that similar data trends and similar problems in
similar runs are being treat@dsimilar ways. This is especially important when
the various time periods being analyzed will be compared against each other.
The goal is to introduce as little differentiation through the fit as possible, and let

data trends drive differentiation.

7. take some time away from the fits (1+ days if possible), and ask a fellow

researcher or fitter to look them over

8. take another look at the fits, and submit them to the expert for feedback and

approval
9. implement the suggestions
10.finalize the fits by running oo and writing the run to MDSPIus.

To understand the relationship between the fit and the spline knots emplaced by
the researcher, it is useful to recall the metatl cable that connects the handset to the
telephone in a public phone booth. The cabRexible to a point, after which is
becomes rigid and can no longer be easily bent. The spline knots can be thought of as

points where the cable is bent. The spline fits handle small to substantial gradients well,

15¢



but have difficulty approximating thadata as the trends approach a right angle. This is to
be expected given the trigonometric nature of the spline fit is based on the tangent

function.

The spline knots should initially be thought of as points where the researcher
wishes the fit to charmggslopes, or wishes the fit to takelooated data into account
more strongly. However, their actual functionality is far more complex. Keeping in
mind the public telephone cable analogy, it should follow that when two or more spline
knots are locatedaar each other, they will interact, and this interaction, along with the
effect of the nearby data, can produce unexpected results. Due to this, it is best to avoid
locating knots within rho=0.05 of each other as a beginner. Consider two knots on a
trend with some structure between them, like a shallow rise. If they are brought more
closely together, the rise will become higher and narrower, and if they are drawn apatrt,
the rise will become lower and wider. The structure in the trend is influencée bata
present, and if there were a valley in the data between the two knots, the inverse would

occur.

In the case of three knots, the effects of their interaction is less predictable, but if
the data in the area resembled a mountain with valleysabnséde, the changes
resulting from shifting their relative locations would be analogous to thdmebcase.
Bringing the outer knots toward the center knot would increase the height of the
mountain, decrease its width, and increase the depth and sketmeavidth of the
valleys on each side. If the center point were brought closer to one of the outer two
points, the mountain and valley structure would become asymmetric. One useful
example of a structure that is fit well using a thkeettype systenis the edge pedestal,
which will be seen frequently if fitting +hode data. One data point is situated inside of
the top of the pedestal, another is situated in the middle of the pedestal, and a third is

placed at the separatrix. By varying their relatiocations, and through having edge
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pedestakhaped data trends, the fit can be relatively easily tuned to match the actual data
trend. Another useful thrdenot interaction is one that forms a well defined rise, with

the knots on each side formingfiies houl der so of the mountain,
demarcating the peak. This type of interaction (inverse) can be seiguia76. As

seen inFigure75, previously, thex were only two knots in the edge pedestal well region,

and as a result, the well was shallow and wide, missing the data point in the center of the
well structure. Adding a third knot in the center of the well helped structure a larger

Avall ey 0 ,tendugtre(and marrawigg it accordingly) to catch the data point at

0.98 inFigure76.

Finally, some very useful tips will be given here that are difficult to classify, and

are most appropriate for users with sofitting experience.

1 If the fit does not seem to take a clump of data into account, add a spline knot at
the radial location of the data. If it still does not work, adding a second spline
knot very close to the first (rhe rho, +0.001) may help withat drastically
changing the fit of the data. However, if too many spline knots are added to a fit,

it may result in a dAafito Figurd6® t hat i n t

1 If the curvature of the fit is differentdm what would result in a good fit (i.e. one
side of a parabola resembles an exponential curve rather than a parabolic curve),
try to reduce the spline knots or increase their number to be either odd or even,

whichever it is currently not.

1 Try not to emplae a spline knot at a radial location where there is not data, as the

results are often unpredictable

1 Before writing the fit data to MDSPIus, see what spline knots can be removed
without changing the fit. Spl ceesse knot s

and unnecessary ones often remain. These may cause difficulties with the radial
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electric field profile and other fits, and add excessive complexity to the fit. It is

always best to fit data using the minimum number of spline knots.

T I n t he expari¢enbeptmedaslial location of the knots can be specified using
up to decimal places, and after that it seems that profiles.py will round the input

values up to the thousandths.

1 Recall that the location of the separatrix relative to the data as shd@ofplot
has some small uncertainty associated with it, and therefore it is important, where
possible, to ensure that the fit is consistent with measurements which nominally

lie slightly outside the separatrix, but may actually be inside.

1 Sometimes all eeas of a fit cannot be 95 A fits due to the nature of the interaction
between the data and the spline fit, a problem demonstrakegiire 76, where
the edge fit is excellent, but further inward, the fit is rogaod. Once a
significant amount of time has been spent trying to improve these fits, and
success has not been achieved, it is important to remember to put the most
emphasis on those areas of the fit that are most relevant to the research being
conducted In the cases discussed in this guide, that would be 0.85 < rho < 1.0,

where the fit inFigure76is excellent.

9 Last but not leastjiew the data points in the context of their error bdrss

always preferalal to have the fit go through the exact center of the data point

error bars, but if not possible, the fit is still acceptable in many cases.

A.7.2.1 Fitting the Impurity Fraction dataKigure 51.5)

This quantity represesthe percent of the ion density that consists of impurity
ions, represented as carbon in GTEDGE. It is very important to get this fit as accurate as

possible, as it has a major impact on the radial electric field profile, which cannot be
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directly modified. The fz data generally has an asymmetric parabolic shapeniodd
operation, with a gentle rise from rho = 0 to rho ~ 0.8, and a plateau where it is relatively
steady until about rho ~ 0.95. After rho ~ 0.95, the data shows a steep slope going down
to the separatrix. Often, outside the separatrix, the fz data levels out at the value at the

bottom of the pedestal.

The author has found it useful to fit the fz data backwards, starting at the
separatrix, and moving inward. This is due to the factfanahis variable, most of the
difficulty of achieving a good fit is related to achieving a sharp gradient in the pedestal
region, a small gradient at the separatrix, and an asymmetric parabolic profile inside of
rho ~ 0.95. The fit for this parametaaybe initializedby using a set of spline knots
with one at the beginning, one at a low radial value (0.1 < rho < 0.5), one at the top of the
data trend, one at the top of the pedestal, one in the pedestal, one at the bottom of the
pedestal, and one at antside the separatrix. An example set could befigure62

{0,0.2,0.8,0.9,0.95,1.01} with a range of {0,1.01}.

Due to characteristics of the CER system, and depending on the entry in the field
fz_views in pgadmin3, there oftean be a kind of double trend in the fz graphs:-zA f
graph showing this type of issue is giverFigure62, although the trends are sufficiently
close on the yaxis to be somewhat merged. The two trends are sometimesyshitiét
radially as well, making them more difficult to distinguish from normal data points.
Also, data scarcity in the edge can often limit the continuity of these trends from being
shown in the pedestal region, disguising the existence of two separate. In these
cases, if there is a clear double trend, it is generally best to fit the lower trend rather than
the upper trend. If it cannot definitively determined that there is a double trend, and there
are two sets of data at different magnitudearrthe same radial location, it is best to send
the profile between them. It is also a good idea to consult the expert for assistance in

determining the best trend to fit or to clean up the data in the plot.



It is desirable to avoid the presence oftaslopes at the separatrix (despite their
presence just inside the separatrix) for several reasons, including data outside the
separatrix that suggests this is inaccurate, for computational reasons, and because of
known properties of the fz profile. brder to avoid this, most of the fits in the examples
will turn up slightly at the separatrix, either reducing the slope drastically or bringing it
near zero. This can be achieved by increasing the range of the fz fit to a value greater
than 1.0 in instaces where there is data outside the separatrix, but it often comes at the
cost of softening the slope of the fit in the pedestal, which the data normally suggests
should be steep. However, it is also important to avoid inducing a positive slope between
the pedestal and the separatrix unless absolutely required by the data. The main issue
with a positive slope in this area near the separatrix is the negative effect is has on the
radial electric field profile. Approximating the fz fit slope at or near #ethis area is
acceptable for two reasons. The first is that since the magnitudes of the fz profile are
very small in this region, the actual magnitudes will not have a significant impact on
calculations. However, the slope and structure of the fitusually have an immediate
and direct effect on the radial electric field profile. The second is the known shape of the
fz fit, which generally does not have an increase right before the separatrix. This is an
example of constraining the profile fit ngi what is known about the realistic behavior of

the variable.

Just inside of the separatrix, the next difficulty is to induce a large enough slope in
the spline fit in the edge pedestal to match the data trend. Sometimes, in order to induce
a sufficienty large slope, it is necessary to decrease the range to a value lower than 1.0,
although this must be balanced against the result of a large negative slope at the
separatrix. This is an example of a thkeet system, where the data trend is asymmetric
and the right knot must be moved inward against the central knot to steepen the right
flank of the mountain. The difficulty is in avoiding a simultaneous deepening and

narrowing of the right valley while also avoiding inducing much structure on thedeft si
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of the central mountain, where the trend should be relatively flat) However, if decreasing
the range below rho=1.0 can be avoided, it is best to do so. As a user gains experience,
they will see how small changes such as this cause major effectdits,thad must be

done incrementally in order to determine the effect an action will have on the fits.

Finally, the area inside of the pedestal must be fit. The data in this area usually
takes the form of either a rise or a plateau, with a gentle slofiee left. The structure
in this area can be controlled with a small number of spline knots, and the correct shape
can generally be induced by varying the locations of the leftmost of thepéuiestal

knots, the knot at rho ~ 0.8, and the 0.1 < rib5knot, relative to each other.

*NOTE* fitting guidelines in this document are intended for data similar to that shown in

the example figures, which is ELMing-iode DIIFD shot data. Items such as spline

knot locations, structures, and spline knahbimation strategies are very subjectively
determined, and may be entirely inapplicab
this as a complementary guide to the general characteristics and dynamics of fitting, and

not as a definitive source of infoation.

Several examples off fit problems are shown in the Figurdsgure64 through
Figure67 show two runs in the same shot that both had the same problem, and were both
fixed in similar ways. (This is often the case for a shot, hence instructioA.3.i) In
Figure64, largely due to a large data clump that creates a discontinuity in the data trend
at tho ~ 0.75, there is a concave shape at the top of the profile that does not match the
data trend. To eliminate this concave shape, the spline knot at rho = 0.5 was removed,
resulting in a much better shape for the profile (showkignre65), but one that still
missed the data trend magnitude. This is an example of how having a smaller number of
points, and changing the number from odd to even or even to odd, can affect the
curvature of the profile fit. This i@lso an example of eliminating a t#aoot interaction,

which introduced the concave structure into the fit, as there existed another knot at rho ~



0.85 (shown by the arrows kigure64). After the left knot of th twoknot interaction
was removed, the structure was eliminated. If the rho = 0.5 knot had been changed to rho

= 0.6, the depression would have become deeper and narrower.

The run shown ifrigure66 had a similar discrepantetween the data trends and
the profile fits at the top of the profile. After working with a GA expert to examine the
data for this run, and better understand the apparent discontinuity at rho ~ 0.8, it was
determined that the large data clump at rho75 vas less reliable than the other data,
and it was removed (using the method described in Se&ttom.1). This eliminated the
seeming discontinuity in the data, and an excellent fit for the entire range was achieved,
whichis shown inFigure67 (more fitting was done to achieve this fit than is described in
this paragraph, but the description of the workflow is generally accurate and is useful for
illustrative purposes) (another fit problem thatviixed was the fit being slightly low on
the large data clump in the edge pedest&igure66). These procedures were followed

for almost all of the runs for the shot, achieving great fits in all cases.

A.7.2.2 Fitting the lon Temerature Figure 51.6)

This data is generally well fit by profiles.py after the initial run. Problems most
often occur in the edge pedestal region and near the separatrix. If this fit is insufficient,
then it maybe useful to use several negative values in the ti_knots field to get an
automatic fit with two or three knots (removing all knots may work as well for this
parameter). If these steps do not solve the problem, then it may be necessary to fit the
profile using the general fitting techniques that the user will utilize on the other spline

fits.

Often, the range on this fit will need to be adjusted either to affect the profile
value at the separatrix, or to prevent unrealistic values from being presaafiin

outside the separatrixigure68 shows both of these problems in one ion temperature fit.
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The fit is quite good through most of the plasma, but near the separatrix, there is a sudden
decrease in an area void of datdisicreated three problems. The data outside the
separatrix, while less reliable, strongly contradicts this fit, and it seems unrealistic to see
such a large drop in a profile that generally is quite smooth to the separatrix. Also, there
is no data to jstify such a deviation from the general trend. For these reasons, in order to
fix this problem, the range, which was previously set at {0,1.0} was extended to {0,1.02}.
This created the fit seen Figure69, which is in accordance with the data outside the
separatrix and what the ion temperature profile is expected to look like. The price for this
improvement was a slightly worse fit of the clump near rho ~ 0.9, however, given the
dual trends seen in the tlata in these plots, and the data scarcity in the edge pedestal,
this fit seemed to be about an 89 to the author. This was accepted as finished after a
considerable amount of work on the fit was completed, and the fit did not improve.

However, the fit doepass within the error bars of the data in the clump.

On this fit, it is also easy to overinterpret the data, as often the double trend
phenomenon seen in the fz profiles is present. It is important to resist this urge, and
ensure that the profile remaissiooth and without extraneous structure that may have
l'ittle justification in the data. Simply
than about a 94 on this fit is approaching the territory of overinterpreting the data. This is
because the datvould imply a significant amount of structure, but the actual ion
temperature trend is generally a smoothly varying line with a barely noticeable pedestal.
Again, generally, it is desirable to have a low negative or zero slope fit at the separatrix,
which matches general physical knowledge of the ion temperature fits seen on research

reactors.

A.7.2.3 Fitting the Carbon Toroidal Rotation Velocitlfigure 51.7)

161



In this graph, there are three different profiles. Thbaatoroidal rotation
velocity (vtor) is the one with red data points and generally is above the other two. This
plot is similar to the ion temperature plot in that it often can be fit successfully with one
or two automatic spline knots (or none) andtaobadjustment of the range. However,
there is often less data available for the vtor fit than the ion temperature fit, making the
danger of overinterpreting the data significant. This is relevant because the vtor profile is
an important fit that hasrect effects on the radial electric field fit, as well as other
calculated values. Again, it is important that the user not be tempted to overinterpret the
data, and it is also good to have a low negative slope or zero fit at the separatrix. It often
seems like the slope of the vtor profile changes at a few points near the edge, but again,
combining the lack of data with the different trends, it is good to be conservative for this

fit.

When the carbon toroidal rotation velocity fit is inaccurate, ussisally a poor fit
in the edge pedestal region, and it may not accurately represent or pass through the data
groupings in this region. There also may be structure in the fit that may not be a result of
data trends. This fit sometimes is inaccurateie&t separ atri x as wel |l
experience, with some patience, it is usually possible to obtain a good fit of the carbon
toroidal velocity data by using automatically placed knots (negative knot values) or no
knots at all, and good choices for tlamge of the fit. However, in some cases it is

necessary to do a traditional fit for the carbon toroidal velocity, and tune the fit manually.

In Figure70, a carbon toroidal rotation velocity fit is shown that is poor at low
radii and also misses the data trend in the edge pedestal. After adding a spline knot at rho
= 0.2, and removing one at rho = 0.95, the fit improves greatly, becoming thE&ifjuire
71. Again, the fit is noperfect, nearly missing the data point on the separatrix, but
working on the fit further may have resulted in introducing additional unsupported

structure.
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A.7.2.4 Carbon Poloidal Rotation Velocityigure 51.8)

The carlon poloidal rotation velocity (vpol) is another important profile in its own
right, andalsodue to its contribution to the radial electric field calculation. It is the
profile with the grey data points in the graph with three profiles, on the bottotofigh
the Profplot screen. The carbon rotation velocity is measured, and while most of the
velocity is in the toroidal direction, a trigopnometric fraction of it is in the poloidal
direction. These measurements are what make up the vpol profile, whichasteery
few data points, and large gaps between data groups. These gaps often manifest in the
most important parts of the profile, right near the separatrix. This situation makes fitting
the vpol data difficult due to its large importance in edgesprart and the lack of
information available to create a fit with. Fortunately, there usually s&ebe enough
points to provide a general outline of the data trends, and allow a conservative fit to be
made. This trend generally consists of (from thEasarix in) a high value near the
separatrix, decreasing strongly from near zero to form a negative well right around the
edge pedestal, and then increasing from zero to form the inner edge of the well inside the
pedestal. This well structure varies beén asymmetric to more of a symmetric shape,
and the fit must be closely based on the data present for thahgide of the well
structure, the structure of the poloidal carbon rotation velocity profile varies. The
poloidal carbon rotation data is aéively unreliable inside of about rhob=0.5. Although
the fit should notildly move about in that region, the fit near the core for vpol is
especially devalued compared to that in the edge. Given the relative lack of data in this
profile, its importancén edge transport, and the unreliability of data inside of rho = 0.5,
it is especially important to be conservative in the fit, and not overinterpret any possible

data trends.
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Problems in the poloidal fit can occur anywhere in the edge, from rhote thé
= 1.0, and beyond the separatrix. The main areas of concern are the shape (or presence)
of the negative well in the edge pedestal region, the steepness of the inside and outside
wall of the negative well, the depth of the negative well, and tloé fite data inside of
the negative well. In some cases, there may be data indicating the presence of a well by
having a downward trend on either side of the pedestal region, but lacking data indicating
the depth. In those cases, it is best to conseehatestimate the depth of the well by
trying to accurately fit the downward trends bracketing where the negative well should
be, and allowing the algorithm to determine the depth for consistency. The outer wall of
the well may be partly determined by aatightly outside the separatrix, which is ok to
use as a guide, and should be fitted accurately with the profile. The inside wall of the
well should be determined the same way, using the data trends as a guide. Often, there
will be a shallow rise in & poloidal rotation velocity data just inside of the edge
pedestal, which should be conservatively fit. Although complex structure is often present
in the data trends of the poloidal carbon velocity, it should be possible to manipulate the
profile to geta relatively accurate fit. However, it is important to remember to observe
how the changes in the knots for the poloidal carbon velocity fit affect the radial electric

field profile, and backtrack if the radial electric field profile becomes damaged.

Several examples are shown in figures for correcting errors in the poloidal
carbon velocity and radial electric field profiles. Higure72, the upper graph (zoomed
out to show the radial electric field prafiin full) shows that the radial electric field
profile has some unusual structure between rho = 0.8 and rho = 0.9, before the normal
negative well structure. The lower graph in the same figure zooms in to obtain a clearer
view of the poloidal rotation Vecity profile, which needs improvement. The spline knot
at rho = 0.92 seems to be forcing a change of direction in the poloidal carbon velocity fit
that causes the well structure to be found too far inward. After removing this knot, the

lower graph inFigure73 shows that the profile fits the data trend much better, and the
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expected carbon poloidal velocity well structure is located in the correct place. Note that
the depth of the well cannot be determined ftbendata, and the fit must be done solely
with the information available from the slope of the edges of the well structure. The
radial electric field in the upper graph of Figure 30 appears to have a much smoother

trend, ensuring that the chosen carboloidal velocity fit is acceptable.

A three step progression in fitting the carbon poloidal velocity is shoWwigure
74throughFigure76. InFigure74, the ft of the data trends is reasonably good, but the
fit is unacceptable beyond the separatrix. This is due to the range of the fit ending in the
blank space between the two carbon poloidal velocity data groups at rho = 1.01 and rho =
1.04, probably at rho £.02. To solve this problem, the range of the fit is extended to rho
= 1.1 (this is an especially wide fit, beginners should limit the right extreme of their
ranges to less than rho = 1.1, and preferably, to less than rho = 1.05 in most
circumstances)This change results in the fit shownRigure 75, which shows a good fit
of the data trends outside the separatrix and inside the well structure. However, since
there exists a data point which probably indic#tesdepth of the @il structure (unlike
in Figure72 andFigure73) at around rho = 0.98, it is important to make sure the fit
mat ches t he As pecidonedydcbangng thd knotlsygeem defining T hi s
the well structure in the edge pedestaFiglure75 from a two knot system to a three knot
system inFigure76. This additionaknot, and the interaction among the three knots,

better structures the edge pedestal well, and successfully matches the data trends.

A.7.2.5 Radial Electric Field Figure 51.9)

The radial electric field profile (er$ generated based on the four spline fits
mentioned above, but is mainly influenced by the impurity fraction profile, and next most
importantly, the carbon poloidal rotation velocity profile. It is proportional to the profile

shown in blue in the lowerght graph along with the rotation velocities. The er profile is
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very important in edge transport, and care must be taken to ensure a good fit and smooth
profile, even if that requires a redo of perfectly good profile fits for one of the velocity
profilesor the impurity fraction. The structure of the radial electric field profile generally
begins as a high value on the left, and slowly decreases until the edge pedestal region. In
this region, a relatively deep, clearly defined well structure forms,hndnds around the
separatrix. The depth of the well, its location relative to the radius, and the structure of
the slope leading into the well from the left will vary with different shot data. Any

deviation or abrupt change to this structure must beedewmith concern, as it will likely

be directly replicated in the radial electric field valuegyure52.1 shows the actual

radial electric field profile, which is shown in PGPLOT2 window of Profplot when both

t he APr oafnid et hpel oftEsro, v* ExB pl otsoO boxes are

panel.

The radial electric profile shape showrFigure51 (the actual radial electric field
is shown inFigure52), Figure64, andFigure73 are acceptable, while the oneHigure
72 probably has too much structure in most cases. When a radial electrjrdiiel
deviates from the smooth, continuous, singldl structure, the culprit is usually an
overly complex fit for the poloidal rotation velocity or the impurity fraction, and the extra
structure in the radial electric field fit is almost alwaydamated radially with the
offending part of the other fit. Changing knots in the impurity fraction and poloidal
rotation velocity fits is one way to determine where the extra radial electric field structure
is coming from. Once the offending fit is found,most cases, the same data trends must
be fit using a different spline knot pattern that does not damage the radial electric field fit.
Sometimes removing one or two knots from the offending fit, or removing extra, low
impact knots from it, will corredhe problem. Rarely, it will be found that the carbon
toroidal rotation velocity fit or the ion temperature fit are at fault. Examples for fixing
radial electric field fit problems caused by the poloidal carbon rotation velocity are given

in the precedig section.
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A.8 Final Checks

Once the fitting process has been completed, before extracting the data for

analysis, it is useful to check each fit in each run one more time for these items

1 Is the data physically realistic? Does the ion temperature dea&ass the

edge? Are wells that are generally known to exist generally in the right places?

1 Are there any structures in the fits that are not representative of data trends? In
the case that they are emplaced for a reason, is the reasoning defersthiedto

party?
1 Are adjust_zts and ne_co2norm setltdefore writing to MDSPlus?

1 Are the fits as good as possible outside the area of emphasis of the current

research (i.e. rho < 0.8 and rho > 1.0 for the examples in this guide)?

1 Is the radial electriciéld profile smooth and relatively featufiee, until the
negative well in the edge pedestal? Does the well profile extend smoothly past

the separatrix?

1 Has nubeam been set to 1 during the fitting process?

After these have been checked, it is good &cklihe beam pressure levels, which

generally appears as a magenta trend in the lower left plot in Profplot. It should be much
smaller than the total electron pressure. If it is not, contact the expert. Finally, after
receiving approval from the expesgt write_mds, nubeam, and run_onetwo to 1, and
complete to O, for all the rows ready to be written to MDSPIus, run profiles.py for that

shot, and take a break while it runs! You



A.9 Data Extraction

This step will vary depending on the typeamalysis being carried out. The
automation guide associated with this guide will contain detailed instructions on
extracting the data for intéfLM evolution analysis through a set of specialized scripts
developed for this purpose. The expert may renend other methods of data extraction

for other research purposes.

A.10 Troubleshooting

1. The nomachine window doesnot show t he f

cut off.

The Nomachine interface is generally user friendly, and technical assistaricesoare

often available using a thorou@ooglesearch. However, display problems may occur

when there is a mismatch between client resolutions, monitor capabilities, the virtual

desktop resolutions, and the various configurations of these three @m®pedd when

accessing the GA servers from different machinesat@®mpt taremedy these problems,

open the nomachine shortcut that shows an
left (Figure42.2) . After cbnétkigngeéon bhéetidn, in the
Afull screendoWwnomehheuudigupddf)di spdlaycok (ASave
AOKk O . T h i ghe author haBawe hadestictessnwgh.

Now, if whenthe nomachinelientopensa bar across the top listing open
applicationgs not visible the resolution of the remote desktapst be adjustedRight
clicking on the open desktop area wil!/ br i

option. After left clicking onhis option, a terminal will appear. Type

xrandr-q
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to list the available resolutions for the remote desktop. Choose one that is lowtbethan

local desktop size, and type it in using
xrandri s #HHEXH

replacing the pound signs withe newdesired reolution. This is illustrated iRigure

43.3, and the remote desktop should change size accordingly. Be aware that choosing a
remote desktop resolution lower than 800 pixels tall on eitiedocal desktop or remote
desktop wil, in some occasions, result in the bottom of windows in the remote desktop
being cut offin some GA analysis tools. This will prevent the selection or usettuiis

and featurebelow the bottom of the remote desktop screen.

Now that the remote desifi resolution has been set to a low enough level to fit

onthe localscreenthe nomachine cliemhust be closed, ardisconnectnust be chosen

rather than terminatén the open windowKigure43.1). The next time Nomachirie

openedthe full remote screen should appeatl®l o c a | desktop, includi
bar o.

2. the password assigned by GA in my email
It may be useful to open the fAputedsyo progr

documentation, and change passwords through it. Once logged on to the Cybele server

using the putty interface, type
passwd

which will then allow theCybele passwortb be reset. The new password must comply

with the strict requirements for Cybele pa®rds, and may not reset correctly if they are
not met. Also, the linux system often does not print asterisks to the screen when entering
the passwords into the system, and often the cursor will remain in the same place and

nothing will appear to have be entered, when keyboard input has actually been
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recorded. This method of changing passwords can also be used to chasgeectheode
password

3. parts of the fusion.gat.com passwprdtected internal website are inaccessible

through my browser.

Open the website using tHérefox browser in the Nomachine client on the remote
desktop. If the page exists and there are no technical problems, the full content of the

website should be available this way.

4. rendering the Profplot plots on the screstes a long time

There is an important setting to change in the Nomachine program that may save much
frustration and time. Go to the start menu (not the short¢hetpreconfigured

program), and find the 0ANX FQuredZinWheior Wi nd
opens, select the Cybele session from the-doypn menu irFigure42.2, and click the

Aconfi gur efigure428tt dm itrhe wi ndow t hbatt adbpens,
ensure the box | abeled fiDisable DirectDraw
is nearFigure42.3. Click ASaveo in the window, then

Nomachine program as usual.

5. when in reviewpls, and trying to bring up the data for a common or important
variable, an fAerroro appears in the status

variables is unavailable for the entire length of the shot.

While checking with the GA contact is alwaydvesable in this case, it may be possible
to view the data by changing the format of the data name, and calling the data specifically

from an MDSPlus data tree. Thi s can be do
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and entering an efittree branch  t he fitr ee o0 ar ea. FigurBdbr t he \
this would be done by changing fipinjo to o

field.
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Figure42: A: Important setting change for Nomachine
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