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Abstract

| nducti ve magneptriocb efsi,e | Mi rsneonvs ocrosi 1(sB) are i mpor
pl asma experimedensnti trcatcah ©d thetabilities
€q
de

uilibrium spaobe. dineettltyngnaoBa fusion rel
Vv
protea@ating @ao ound the probe, placement behind
c

ice, meaning these probes need appropriate
recessed wells in the confinement chamber wal
cal i bpradleke$B shielded in these ways, eanverting

| ocations to meaningful magnetic field streng

Gener al Fusion, in pursuit -prfohbmeasgnsehiieledde d alryy
sheaths to be placed within recessed well s in
propamageometry for the magnetic fields, and |
cali bration methods. This project investigate

simul ati onsprtoob ecsalwibtrhaitne stBhiee §Geonmegtarly .Fusi on

A pltws$i cali bration expenmndméhtedwas t méenf COMSEOL
The simptabedvB8ltages were compared against e
accuracy of the simulations. tNoa nsadirtszyetd avnoglet ao
the simusaowong this approach can be used to
cali bration factor for each promaegnBadicafiptd
strewmigtthhi n ttthheaitwenhlilns t he ilboday | @fn tchea mbalr .
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I ntroducti on

1.1Ont roducti on
1 . Motivati on

1. NuXl ear Fusion Energy

Thermonucl ear fusion is a rapidly developing
energy producti on. Fusion combines small nucl
releasing energy withod4t veadygctaavbbwheimesdi ohet
greatly from existingoacticiese @ofidrgy ngn@d@neloppi

heavily polluting powerepFaontentfyfu3Thos bhan
many private and public institutions f[olr] deca
Difficulties in achieving net energy product.

combine two atomic nucl ei

Fusion occurs natwurally within stars, where t
gravitational pressure to overcome the electr
[ 1] On Earth, no gravitational source is suffi
fusi on. | n ofuaacte,s wdr yanfyewisnd provide enough e
fusion. One of the primary approaches to init

confinement of a pl asma.

Pl asma is the state of mattemt  wnetre sepgasathas:
from their atoms, <creati[nlg Tay phiicgah | yp | eansentagse tgi ecn
| aboratory environments require high voltage
maintain the plasma for a meaningful durat
ternally dppl(lbdseétl dasghapect he plasma by dire
ergetic ions and electrons. The most common

o
X
n
haped chamber in which the motion ofdalplasm
Xi's to extend plasma | ifetime pb¥%] Aedegampgl eo
h

i s structFurgd&iries shown i n



I ntroducti on

Fi gl e Diagram of a tokamak. The pl asma, appro
the body of the confinement chamber, of which
pl asma current . Polmmk dgadey,0iwhi alr eg srmdnwat @ na dg
General Fusion is a Canadian company pursuing

pl asma technologies for|[ &Whpdhesi apgrbachgetcombs
energetic plasma with a piudcreaagelixasesransadt yc otnop r

i ncrease t he upsriomalbrielaicttyi otnbsatoccur .

The rate iocfalt edcehveolloopgment and scienti fic i mproc
accelerating, requiring constantly improving
perf or mance wiachiinng adelvipcleass maThe Fusi o3 | ndust

private companies pursuing fusion technology
bet weehd4ft Mbemse numbers increase each year as
With the impact that an opeoatitbepabl bbsaloernpo:

productiondbvandsedapesearch aadecextinued oppe

1. Maggnetic Field Probes

Many diagnostic tools are used throughout the
analiyvse psopredtgeal i ties, all owing researchers
i mpl ementation in future fusion reactors and

magnetic f-pebdbbeprobeed Bt o measure the magnet i



I ntroducti on

information can be used to identify plasma in
fields within the reactpb] Tpe b dekaleintmhedd epw i at shnman
Gener al Fusi onds syst eammsi cahr ee xipnedrui cetnicvee acno iilnsd u

magnetic f I ur-atpherao wogha ntgbelesA cicno rtdiinmmegrinyat itoon gai n
about the magnetic field of the plasma, these
confinementhcfhmbgy. paheicles within the pl as
material Theprecpartlaxtshield thesel asomaes Gemem
surrounds the body of the probe with a thin m
a cylindrical pof 6] iTmtto stul ¢ osu mahinnsg r esxhpedadtehd it o
plasma, but its tip is flush with the chamber
shape. Thi s iFs gdi&neolnhset rpaltaecde mennt of the probe
degradation while ensuring exposure to the ma

FiglZe CAD rendering ofrobeGCGerecrblsmimd hom hR a
magnetic confinement chamber.

For the voltage measurements induced in these
a set of reference meapnuoleenewndlst aBgs cwimplarti ma:
known magnetic flux, a cal i braatyi one afsaatear sd gm
magnetic field strength. ThesebPhpredress, |iads ptalrd
magnetic field of interest is not at the | oca



I ntroducti on

Cali bration pr-bagoBmrelsed olra\ywd alsesmma lpyneiseald € d
[ 7]-sint u xaiothee® eand t hrough the use of Hel mhol't
we-defi ned magnetic fields suf®@pWhdlegthepeome
have proven effective in their specific I mple
Bprobes. The combination of the metallic shea
chamber walal sgecornecattrey ahabyommalt axi ooar and pr eve
pl acement within a Helmholtz coil; only one <c
of Gener al Fusi onds pl asma eixnijsetgitnogu ORI Bpr ati
met hodsew met hodspobbesalibraacogr 8cy and preci

the i mprovement of plasma diagnostics for adyv

1. Fihite El ement Anal ysi s

Finite el ement analysis o0 appompumateonhé me
compl ex equations withmaded paeaqga oinntby gdmasliclrert i
[ 1L0O]JA set of defining equations are solved at
resul tiwmmersied wdl mes and their combinations afy
whormedebs pegdleO] Thi s can be applied to the propa;
physical spacd,acdngh desiaepl dtsimet hpihsy sii ncpall e nsepmatc

divided into small el ements through which the
are evaluated given an initial excitation.

|l f the modell ed space exhibits ideal symmetr.i
approximations to drastically reduce the comp
General -pusbesdshBwever, cannot be simplified
cylindrical ports within the tconrhodelmetnh e cihratme

of magnetic fields-panbeshap@eneprddbmnehisy jomaa | Bul3

simulation is required.

1.@bjectives of Thesis

The primary objective of this thesi®nissctaoa in
be used i n t ke odelsi hrnatrieccre ssfedB port s, by prop

of magnetic fields near and through conductin



I ntroducti on

perf or mepd owbietsh pBosi ti oned wixbtitnhead kbynaduse¢eli ings
magnetic fields, to record the resulting indu
COMSOL Mul tiphysics, a finitetendegmeatti s offitevMad s
the associated vol{paogbe andagsesd WhehvolthgeB
simul predeB were compared across a number of

of the smmdeEké#thieam hiymsi c al behavi or.

The results of thigrtolbe@seiio pamaemti pfrorgmafmst wmaea
cali bration procedures, for numerous applicat
i mpl ementation in fusion energy devices, the
facing device omplepecomeumdtsi wgtheaemetri es ne;:

devices.

1.Brganization of Thesis

Chapter 2 presents the necessary theoretical

experiment and corresponding f i ndattiec etl eanernyt s
presented, closely foll owing | bh#&]Tdheer icvoantsitornusc t
magnetic field probes, their opermatcalgi pratni ol
presented thoroughly. Preliminary considerati
of the detail and intricacies of this subject
presentation of theafsoi peeskrmedt Mmet hodi hg

Pepper and He0 hGh aphtéesr tE xdescri bes the physica
designed by Gener al Fusion empl oyees and perf
details the design and i mplementation of this
numer ukbtasi mn. I n Chapter 5, data analysis pro
experi ment al and simulated results are proces
i mplications are shown in Chapter ©6f Chapkey

findings, and provides suggestions for future
figures, data tables, and example code for th



Background

2. Background

2. 1lEl ectromagnetic Theory

El ectromagnetism is one of the four fundament
charge an(d1.1}El encottriiocn charge is an intrinsic p

characteristic of subatomic and el ementary pa

2. 1Ellectric Fi el ds

The presence of el ectri ef icehladr)g,e whriecaht edse sacnr ieble
force exerted on any other chargedgénmtaeri al

vacyumocated at the origin of some dddrifdinate
— ik C8t

whe®@idi s the el ect—aitc tfhiee Ipdbifd g toai) ruediedttod nt é e

origism,the magnitude oxXfi s hteh e | peecrt miitct icvhiatryg eqf

approxi matperd—[blyl | Her e, variabl esvedctdr @, bahi loe
with hats are unit vectors (vectors in the sa
Coll ections of electric charge exert a bul k f

' inearly through t heorpra nvcoilpulnee torfiifs ucpghdare pgoes idtein

resul-ftiienlgd Ei s gi ven by:

01 P M”'_'r’ h
-5 3 074 P
where the integralz,isneavardiagspdatei &If feacltsme.f

charge &lad megmtds trieolnast | v.e Plost hedlbbsogchbe
observation/field point. solfhet hda fd hearegnec ea rbde t twhee
given bThis isFivgslual i zed in



Background

p(r")
R dr’

-

L J

Fi gBre Schematic of a volumetritdeclhdrsgegg vddn int
and an infinitesi mal vol ume el ement 0

The force on lDaukody af temlsdargdarge fiiselddrectly
generated by 1tl1Hedht esf ocharge repulsive if the

of charge, andgnast tdriafcfteirvie i f their si
'O 008 c®

The vefciteoord Ecan be described by a scalar field
thedikld is the gradient of the scalar potent.i

oir nk ifh ¢®
wheries the del operator, awwhboh def Caesiepanni akt
defined as:
n N g -F]éﬁj 8
_ﬁboo 'Fu’)w =t G

The super pfoseiltdison nocfl uUWes t he generation and a
presence of individual positive andprodest iave
considered the sofuireled, awllerse nfkiselod, ltiheme € i ni f
respectilvied yexpansion and contraction of a Vvect
which i s defined as topatsacral wairt ( dtohhe e otdarc tf i
circularity within a vector field is quantif]i

productomdr ather with the vector field.



Background

2. Maggnetic Fields
Magneticfifeldsls &mBe faleloe cat rbiyfg redidburagse :a@ rae &Bt e d

movement [olfl |d hfaisegl8 descri bes the magnetic for
ot her near by mefviienlgd cfhraormnda aTtheesagBy accluir se@ g$ @ @ me
by t h®aBamnfitl:LJaw

h C®

‘_L
-

wheGidi s the magnetic fl uxeoitged art i ive ,D ca ttt htesh @ r

current travellingdt harnodsi ghheé hpetl maabiel emgnof |
IAn pnt—[1.1]The integration is performed along t
flows, indliedidngotnhe i Buti on from each infinit

integration over the charged ivilg2kee i n Equat.i

——

< —
N —_
R

et | - — )

T r'

FigBZ e Schemati ctofPoasiltiimen cvwercrteor s of the ob

infinitesi mal l' ine current el ement
A physical current can pass through different
through a solid. Similarly to the superpositi
of elecsridhelHhBrsgdrom individual l ine current
observation point. Folf aheolfeim@mltd iiogcBiavgr Wbe:
sip L 2L Toq @
TA T



Background

The force on ODanolvo chyy ovfi dfihih el e cprt-ys ehdei ef ga v B
the LorentkxThobosckeotaw acts in a direction per
char@andfit@dledB

O 0 U[ 6 ¥

A prandiemt of i ehd, Band one of it sfideilsdt,i nicst tdhiaft

no singular sources or sinks: ea[clhl |magnet ida afl
|l ine currents produce field Ilines which form
vector cross prodfuicetl.d Acsc ocradlilnegd ys,oltehneoiBdal , o

di vergencde iosf atlhwea yfsi ezler o.-afileiBehdpeanéeé¢ ocommpadm
Fi gal e

Fi gRB3x e Vi sual i zfaiteilodn (effie étkthjle @gendgBt ) gener ated f
charge and a straight | ine curlrlelnt f Il owi n

This f eatfuirel dofl eaahdes Bt o t he devel opment of a r
the electric case. The Magnetic Vector Potent.
foll owingtahadepkrieationalSpescalfencoaildayl, ffioal dad .l

di vergence of taeheufleld atwaepgthers constan

ntn oJ &y
As the divefgehdei ef atiwayB zer o, It can be de
fielldn the magnetostatic case, this relationsh
61 n ofirs (€N



Background

As t-hieelBd i s defined as an integral over a cul
t he magnetic vector potentialr peitegttitai scaon
calcul ated for a given current density:

ofir L Ui'—r’oas B

2. El22ctromagnetic Coupling

Theakdf iBel ds are i nti mactoeninpepeuwnpleendt ed wer ted etch e
This coupling is descrhibeld dagn Max wed ¢ dst &€qfualt |

electric and magnetic fields for hngaveacsgagm

. M.
ntO —h P p
X

n 0 ﬁjﬁ
= ® G
ntd mh o

noé o me

O LU X+ CHT

These equations are known as Gaussod6és Law ( ME1
Equation 2. 1R2)el &89l eNMBEBdaEgBati on 2.13), and
Correction (MHE4L1]Equation 2.14)

Theahkdf iBel ds can be decoupled to define the el
the curl of Faradayés L[lawl]arhee Amddroenm sh gleaewy usaet
process-ffet dt he E

n n O n

SR

3| 3

by using a vector ilcHasidtdey,r alned by siwmplcihi yngt
di fferentriiadnlatsad den t he

>
Os
¢

nntO n 0 P o

3|
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Background

then by substi ruthiansgl den aviedd aopnp Ityhieng t hat t her
current in a vacuum, meafniienlgd tahnadt tthhee fdrievee rcguer

both zer o:

O

n -
O X['Ff)8 P X
Foll owindeai sami bar
no X 1:]68
U= U

Equations 2.17 and 2.18 follow the form of th

their solutions také&lihe form of a plane wave
oifp o0Q tT Ah P w

with an alOnplprtoupdeeg aotfi ng i n t heQdiwiddt iammn osfci tlH

frequenkterteef wave sgqa@atton o the oscillation freg

of propagation. dlhi=s o poere-f 1.0 $F aglilvewmi rogy Equat i c

and 2.14 in vacuum, the waves are seen to be
perpendicular to their di raencet iwanv eo fh apsr otphaeg astain

excha®didn.g

Whil e these plane waves -weirdkiBdeds vmdt bgmdecoa
remain physically bound. Through Equation 2.1

orthogonally and in phase, meaning they propa
Thus ftdawre dEIBel ds have been considered in vacuu
far umoafeul for wide ranging applications. The
their motion, and their nucleael espinscall ahdyv
properties of a material. l nsul ators, or diel
to speci f,whi bl pcaVvest | arge intdrldEbenctcricait)
fl ows wel |l t hrough conductor s, as many of the
atoms and move freely through the mpl®}fial ac

11



Background

The charges within a dielectric are thus know
[ 1.1]They can, however, stil!]l produwoen ameel ectr

di spl aced from t hdaihre eagswplatbartiguom pebrseea tdeosn 8an s n

anal og exists for current, with bound current
antdhosesama HIli eB1dlsj]Al I ot her charges and current s
same conf i neremdf.iBekxdtsercrmanl ihduce these bound
alignment of atoms and theicureleamdc¢tsr am®. uBleas ¢

pol arization and magnetization of a material,
mi salignment. Thecuwmorenthoiundi chacged under an ¢
strongl yo npaog mertiizeeedd ah mat These properties ar e

and Magnetization vector fields within a mate

E-andf iBe? dead( respectively). Auxiliary fields
0O X0 0 xOn g T
where the Polarization vector is given by
0 X?Ch 8 p
and
@) tﬂé 0 tEéﬁ C& C
where the Magnetization vector is defined as
b ? 8 ¢ O

I n considerat-spacofithebel chatt Blax we lilndcsl uEdeu at
t heamdf iHel ds:

nfoO mh ] T

n 0 -Fﬁﬁ
=Y & v
nitd  mh & @

n "0 0 =
O of T68 c8 X

12



Background

Decoupl tengdftiBed dE i n media follows a very si mi
vacuum case, now consideringatlhe oafdfueecdti vaft yc m
materi al i's a measure of tiepeabflicayl yprcouondu

i nverse ofl.lrj]abl smat e tzerl s choanwdauwocatgihwihthye, br oad

of materials into conductors and insul ators i
small conductivities, respectively. I n i deal

infinitely | ar gien scuolnadtuocrtsi,v istuicens awshitlhee pr evi ou
zero current to flow, and thus have Ekenmnearcond

conductor can be described Kiys OthmdsplLamwor when
consheatniee-hi ehd E&Bnd t hel:lcqurrent density

of K08 ] Y

This definiti obnguiast isouns s2t.t2hvat ed henteamaecBi on b

fields can dxplwirditttleyn: mor e

TO.
n o6 10 tx%h 8 w

where the permittivity and peamdfaibelldgs)y t er ms

respectivel y. Equation 2.29 | eads to the deco
me d[i Jal ]

y TO Q06

to Uhg g® @

The pvlaarree sol utions to Equation 2.30 have the

compl ex wave vector constructed from the ma

conductivity. This [wlalvle vector takes the form
T tY PADB ®p
which can be seen to be a generalized form of

of this wave vector describes the eatntad reuadtailan
this component grows, the wave penetrates | es
the strength of the wad e kao wat tasn,u ddee fdiki end aae:
the reciprocal of tthha si mvaadvikd rect®@mponent of

13
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T
. il A .
IQ 5 — — h &
{ ) < P B (& ¢
P
-8 C® o
'
Heresi seen that the propagation of waves thro
dependent: in the magnetostatic case with a s
the material. However, as the fregquraayefamd

transmitted field concentratf[els2]al ong the oute

For dynamic cases, the definition of the scal
varyifngelRB . Speeviafriyafanlg Iy ias trianeat ed EEandédot h t

the magnet i cofveacst odre rpiovteedn tfiraskm Far aday

0O ng —8 C® T

This formulation reduces to-sEquati oeg2m& icant
for oscillation frequencies where higher orde
el ectromagneti cavave @quB&)i can(Bge reduced to
(Equatbs),on 2.3

. Fo .
n o tﬁ%h C® v
which holds under the following criterion:
AI 8 &
Xb_P o @

2. 1 nduction
Due to the coupling of the $tlietdrombdgde®didlsc ahi

Beginning with Faradaye6cesharagne:in a system with

_ TO .
n 0O —h ® X
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The relationship can be simplified by taking
Thear (Equ@t icoam 2.e3 aplpdaméddet of t hbel effuati on:

noo T oJt B e
The flux of a vector field through a region i
n ¢Jt Qdh & W
Meaning t haEf itehled ressrullleandescri bed by:

™

ot'af <38 8 m
Thleefamsd de of this equation is simply the defi
integral form: tHd]Atecot diowmrtyivreg ffolruwe t hr ouglt
wire induces a voltage within it:
,Qn8 8
90 ¢a p
This result Hfawnmrdf Belt dbi nKbhetbhkeeEtromotive forc
potential, or voltageduWedhivol aagkoswed!l cgeaer
current wil |l geherebdtde whiasv®scanatedtBrn induc
circuit. This is tchdssitihhed, asta ebrtutiydos ose
Thi s pirsopefrtteen undesirable, as the induced fi e

evidenced by the negatMuvtaeadi gmdiuctBaueat i adhe2 .a

induce a voltage in a seconttl magoeiit¢c appbicteae
sebhhd mundwadt ance proportionality constants Vv
| ar ger immodruec tsatnrcoesspbpwgempedecurrent dwulkeat o | ar

oppose the change.

2. Pl asmas andi dNucErearr gy u

Atoms are constructed from a positively charg
negatively charged el ectrons. The electric ch

their formation, as @rse odf[ nhf@herumadlaammeae adf pcl
15
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bet ween pr ot anmns oared oetl hdaditeridhress soadl e exi st ence

|l i ke charges repel and opposite charges attra
A plasman i1ionized gas, commonl )y 1lc] oWwhsei ndiear lenda ttehr
is at its coldest, with | ow ther mal or Kkinet.i
with generally strong interatomic bonds that

systekn,negtheecgy of t hse Admats| 6§ sn cmeslatsieng poi nt i
whi cahkithhehebgygi ssrpass the ener gyhdmsdend het domnde
and the tplomsamonhoof oosen. Further cauosesast hg
atothoss vi br atma cdin dnormr et a tagoil dulmpi wiht rsiurf fa ci ent en
atoms disperse and t hweh daitepunsd aevwapd r ddaaisadi Irt.too
The four tcthaammae foifasldragieziwhg |l materi al is the
el ectrons from its nucleus, known as ionizati.i
separated el ectrons 4dnd Tnhuicsl esit,a tken oowfn naast tae rp |i

due to the high aeaneogetimateaialet eafdsi 6 owar ds

configuration according to fundamental ther mo
naturally stable confiWguthautoexoerBatt hos es wvre
bodies of electrons and nuclei would attract

chamwges as close to neutral as possible, with
repelling until the HewelMerngthoscesnwentei bal
atomuclei for fusion.

To fuse two nucl eriemdwved eflrecrhrtomesi rMmuasttomse t o &
interactionllofkéehbhednaeas!|l are both positively <c¢h
protons and neutrons with poTsviotiweé eamatdhunwsagt na
experience a repulsive force, naturally preve
applied to bring the two bodies together, wit
barrier. This barrier is immense, as the repu
guadratically as the seHoaweavtero,eragesmaéh dhesma
range of 1 f m, approxi2nmattedey ntuhcel esarz es torfo nag nfuc
domi nant over t he 2l Tehcits oortaagmeed iics -Evblaactg eall | o ws
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nuclei to join and stay together, as they bec

Coul omb repul sapartan push them

To utpllagmaacti vate controlled fusion reacti ol
into configurations where the fusion reaction
for fusion vary based on the fiurlf sDiuor er eisea:l
combination of hydrogen isotopes deuterium (D
(T), with one pr[o2zt]JoThhiashdf ueMo snccwrtae niss often ¢
| argest react i-oectpirom)abatl integl dittihwelsy sl svh otwenmp ¢
Fi g4 ewheresehéeioness$or three pogsi]bThei sf uiesl as
desirable property as energizing the nucl ei i
costly. At ugmergames rmatadddeildn has a cross secti
magnitude i pkkaeD thant iDons.

— D-T
— D-D
107 D—>He \
_ 10
™~

1 10 100 1000
Deuteron Energy [keV]

FigB4d e Cross sections forelgatvieme fuc i tomeldrjeapglt a €
Thesifaan of a deuteron and a triton pif@2duces a
0O "YO'OQ o®- A6 ¢ p®- A c8 ¢

The kinetic energy of these products is due t
t he princempdregy feguaiswsal ence, the héeght eenergy.l
This is the energy for which the fusion react

17
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Background

MeV of energy. This energy density is anot |
oduce four times morteisesaeogyfubbn andequhbl i

an an equal [mMa3s]s of fossil fuels

e ultimate goal of $usiannregctossonsreéactctr

vironment, with a net production of energy.

sitive power bal ance: t heoupoweearg hg etnheer aetneed gte

the plasma and its constituent particles.

ich can be generalfizlJed into the Triple Prod
¢’'Y

Cw P
¢4 oKa

egies t he pl &sanat e nmliasanast empecanh®i se méret t
rgy heladtthlddersai n ¢ on £fiineel dddsEy satnhde e Baver age o
stributionsedtiremstamad [pamoRsasrc | & gogrieMeorciftu eels t
alyeilaal onshdevelaompdaddeusesrmnene the plaama tem

siftuispeweal ggnoveen a certain plasma density an

e core result of the Lawson criterion is th
oduct must be | arge enough. Various tadamgr oac|
m to maxi mize one or more of these variable
nge of fusion devices in development. As of
entified that private ¢ o mpcaanieegsodr iaepsp,r owaicthhe s2
chndl4d glihees most common approach, in both pri
cilities, is magnetic confisheménus thr chaglpet
ntrol [tilhle, p[lHa]lssmaappr oach extends th&"Ylife of
otdutco ful fill the Lawson criterion. This 1is
ere a toroidal plasma is confined and direc
ngth of the pl a@g@&mahse ohaorege ke narotfi dlhes spect

coinfement, which uses combined | ase[rl]pluHisses t ¢

cr
h a
t h

eates an exceptionally dense plasma, though
ve shown significant progress and reached m

e UK Atomic Energy Agencgdrécomdadf bLLbpomopt ;
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and the National l gnition Facilityds inertial
the first scientific[®herjgWbiglae nt hiby faadiulsii town
energy producing, the experiment wadushHown to

inpenhergy of apgrlidyi mately 2 MJ

Gener al Fusion is one of the worl dodés | eading
Vanceruv Canada, the companyShascapi statd o6vedi § 8
2002] The company is pursuing magnetized targe
whiaihmexternal ly compress a pl asmd atwes ormmaicg e tie
[ 1.7]This techniffueldses oehbédnaheBpreliminary
fields are much weaker than traditional maghne

necessary coxnfliomvweawrent ti me i

A plasma injector is wused #aapllfaoacen itthewibtoldiyn otff
confinement chamber. This ,whamtheraries plriece & ewiy
uni formly compress thelplTabsaenas yt ot € m swiolnl croenaa \
conditions prior to repeating this process: i

pul se per seconddlhas been proposed

Regardl ess of the appr oBfcihel dmneiass uirneproerntta notf ttah
pl asmaés behaviour, and a critical el ement in
comparfiinegp dB measurements at different spatial
computed tooi dmagnéyi areansclehl Tht sonanr bweakn
identify instabilities within the plasma, whe
of the pmasmbhandi abil i[tly] ,of[ Afle®imbmn na¢ aoni ovi $
di agnostic infioematpoofi t@desienBorm the intern:
all ow for the optimization of plt@almamproowmadi o

conditions, controlled fusion is more I|ikely

2. Magnetic Field Probes
2. DVvEIrvi ew

There are many different magnetic field measu

principles and opti mal applications. Dependin

19
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fields, different | imitationge musesbebeTbenmbde

ma

I n
I n
t e
de
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r e
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t h
t h

I n

me

g
d

g
0
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n

netic field measurement devi cles] are induct

uctive coils have many namesbe 9, cMiurpnacwid ®i
this project, tphreoyb ensi Iflorb ec ornesfiesrtreendc yt owiatsh
mi nology. The opoppebasi hgl powsciFpredafy 6B Law
cribed i n Sectviaagrny Hh.g2hBRly c evdh ea evied dimigeee wi t hi
on .
Qo 8t

sagveolctcan be amplified by wrapping the wire
ating a multiturn coil. Emahyohgt magaeet ucn
eraenceduced voltage which sum to create a

each turn i s approximately constant. This
n 6ty 606 h cg8 v

ulting in the defdamiilng velmeurae itome feolre cat rmourhat

ol tage and the perpendicul ar requli rement i

: . ."968 R
W UO,QO 8 o

S si mpd eproipreciapgli &iig@5iel l ustrated in

induction is directional, with the induced
neti-pr bbesf,teeBhe construcaedt bé mathé igheeatopoh
ng different axes to meafsiueled.t hlen dma rfye rtemk a
mpl e, the pofpbpeddt and dosoi dled.BIPr olmporama

structed accordi nignl ymupvwwitphet ytdwa ud cairl sdiareicdn

me centr al |l ocation, meaning one coil has a

e

a

rd perpendicul arl ¢Brodet i ¢t m, ache &@tvien@ & otmmplil
-dihmersif og#dl®]B [ 20]

maapnpyl i cati ons, t hese pnrtoebgersa tairneg ccoinrncewcittesd tt
sured voltages are pfrioplodtimatahen otfibdhre ivtad
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While this adds arlsbyesere oforcetmpdleexdd yadBant age

passive operating principle.

Fi g5 e Schematic pfob® inductive B

Anmnal og integrator cannot, however, | everage
field. Hall probes (Hall/l Effect sensors) are
measuring the strenwarhy b g bRl sAhc tsitvaet,i ci na ntdhitsi ns
they require a driven currewmhi,clasf opetoiserd itrmod e
Specifically, Hal | probes capitalize on the m
voltage proportional [tSfheh&éomagnehia MmMbel dgst

presencfei eolfd ai sB descri bed 14y the Lorentz force
O O U 68 8 X

When a current fl ows perpendi c ugleasr etxop ea ineangcnee

force in the thir[dilpjénpanghgsli aal dmae¢eetriah, s

semiconductor material, this force wislildecsause

of the device when a current is -frevédnt hidfbugh

semiconductor, perpendicul afri ¢lod bowhi adthegrdows

el ectric force cancel s ttthe oubdmeshidi cp oftoerncte ae x pd
at the two edges of the semiconductor can the
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proporti ofniad!|l d osttrhen@Bh bt ang g dithngsno peer ati ng p
showhi gaa e

OJCRONONCNONC

—%—D
DOOO0O0OC
/
I Voltage Suppl
— |, Voltage Supply
|I
Fi gk e Schematic of a Hall probe.
Whil e inductive and Hall effect sensors are t
devices, niche applicati ons] Tlreadgde tihreanlsied v esptti
which capitalize on the interaction between e
fie¢bdl as wel lr easssi smhagvreetscensor s, wli elatgnneentei cal t ¢

properties i nfitehl@dlshr esence of B

For most fusion and plasma i mpl emdntedtdi ons, i
di agrfqaogtTihci s is | argely due t-dwepgdaredentpaprso per tn
the relevant plasmas. As the chamberdéds conduc
field of the plasma, they wilddl ke xnpaetred reinacle, tthhee
fields and the resulting currhbhtlt] diPBhiZg brudii oy

environment near the probe | eads to difficult
the device, |l imiting the precfacongaagphccata
A further benefit of inductive probes is thei
speci fic Hall probes can be constructed with
sensors are | imited[ 2.2]Tthhies |roaw gheu nidsr etdysp iocfa | klHy

and capacitive efkéetlitmsdwdittihven pgrhebase,viwhri | e st
effects and -rtehseo maemnscaud tafn gt hsee | gfr cabree aste evne rtyo hhiag
reliable responses well into the tens of MHz

rate of the[®i3di,ti2i4jg devi ce
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The intense environmental conditions of a pl a
t hese iptr oibsesc:ruci al that these probes do not c
integrity and the purity of the plasma. A coml
t heprBbbes in ports wi6t]h,i n[.2t0Ale,s c[h225maer c waf | shi s
showhi g&it e Here, th-eiebdtinuness wBIl | per meat e i
space, allowing measurements to continue. The

toroidal or poloidalspahhsharobindhtéeesgy upgawu
with the probes. These recessions are known a

groups.

Figte Renderingpobéba tecaxsad Bnto the wall
chamber.

Within these wells, toftheereacsdueddf irel adtstveen @
pl asma chamber. THhiue 4dtot e¢rmweati ineam eias emplamrtaldy al

due to the probebdés proximity to the conductin
pl asmatassadci ated fields, induced eddy current
maghetfields generated by these varying curre

pl asmadéds fields, introducing noise and distor:

Ot her tdlemsrtiegunesnt probe degradation include a sh
from t h[e2 @il aplmacement of the probes behind an
that used to absorb the fast h20ft.yoh36]mitted
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2. a2i bration

Cali bration is the process of convefrdadnng a ra
inducprebeB, this procelstsage nmeeca & sr d rheen ti nidrutcee
strength at the | ocation of the probe. This p
space, placed away from conducting materi al

attenuation fmomeadhly camdeatisng structures,
established by placingiehd: pPbbél wipshiamda Tunhn
approach in 1965, by wusing a Hel mholtz- coil a
fi €R8]J]A Hel mholtz coil consists of tawoiuisdent i c
t hese aligned cofiileshhpsrcdhd wa e ad ed iat iveaga yB smoot h
bet ween2.3 hTeiine eB d al ong tamedilay tcye nctornapl u taaxbiIse ivsi a
current and coi l geomdtireil s ,i smewvaen il n gepntodwane. r eBsyu
in the center ofi omebappaemtiulse amadvoBet e Icad| t a
field strength can be recorded for various ex
dependent|[ 2&] i brati on

For probes near conducting material, however,
approach needs to consider tihse wiolnld uhcaviev eo ns htit
Bf i &lud.t wemeaburi g ed dgiavernw aB i ous radi al posit
develtchhmadr el ates a measur ed sfiigenladl aatt aan oftihxeerd
all ows the measher eméht suwionhhipmoper radial cal

t hef iBel d within the confinement veéeqnsgelrfaeamd nggwa

conducting walls. ®Broper icaltihtursatai cwmr idfi ctaHe abB
di @agni c experiment, ebpecngl tgmpbonert svith pl a
This is not a new probl em: many calibration a

of plasma research which account for tae effe
the same basic probe structure: windings of t

support.

The -DIt okamak is a U.S. Department of Energy |
pl asmas for fusi[ohO]elrheerigy mammleitd at iddmsgnostic

B-pr obes, originally calibrated Wi2BhHar s, mi har
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primary difference was the use offiaelldarignes tseodd
a Hel mhol f20dJ0h-pr ele®upal i brati on system was t |
for induced eddy currents by finding the corr
wall and the induced PpR.@hTaHiss wa ptphriona crhe cceosnspeadr €
results to two finite element analysis simula
curriemts relationship can -fhehdbeouoskabtbiesenb
eddy currents i n measufanmpd&dt]$Vhof ed nphractkDd ¥ ¢a peé

not recessed in wells, they atraebssoepoarnagt egdr afprha
used to protect.Gd]iTeh eslkeamb dre swavi | | produce edd
the fields, meaning even wiptrho beedsd ywiclur rbeen te xcpoo

| owefri eBB d strengstnmas edgaen. at t he pl a

TAE Techinho | prgiinesa ey cpur suing fusion through th
fieledersed configyrdt)fThei pl deswiacedevorgttai ns a
di agnostics, incl wdiorpge.SdgfhaysudbflreeeasedmBin
based modseiltsu aenxdp eirni ment ati on to develop a cal
measurements into | ocal magnetic field streng

i mpecbwitndi ng and the propagation of the fiel

scale thef meladur@dt lBe value of iIinterdg2tsh]lat t h
By carefully constructing the system of | inea
each axial winding of a probe, probabilistic

rotational factors f&8&8Mhccisatape rwiatch evash awil rdit
accuracy within 5% for-ptbbepri mhoygtwi ntdi wgs b

an

c

hi gher wuncert adaxitsy wliozdJiffrhggsst @appobfach takes a
al yoiremalt o shcal pbowptssted afefiemence coil s, de
c

Sections 3.2 and 5. 1.

Wendel Xt essmiagiagneti ¢ daoamsfiiomemestearch device a
which confines the plasma within a toroidal d
variation than [a2.6t]Tddist devalcet hlaamakvo types o
graphite tiles and steel panel s, which are wus
Bprobes used in this deviceBmaprebeostarecplsaedad
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the graphite tiles, and others are in front o
shegqg®Ohs [Th&] uni que calibration approach, poOSS
the chamber wall s, umetlhiozde.s TPhhei |fluilpls parnodb eT uarsns
the internal metallic components and the boro
where a -uineff @drim$§ Bf éAn ebiaastoeedd tmo d e | i's then wused
vol tage t o -ftiheel do btsherrovuegdh Ba frequency dependent

equivalent circuits [®f the probes and integra

While the majority of calibration is empirica
facing syseteind&d]e vHolwapredd aanalppibudimanbhef or t he
di stribtutebdsowg8bmet 2y gpooidi th ons of the Comp
Experiment (CTI X) at UC Dawinal iynmidz@&0 8v.a sl rs htohwan
reasonalelxy emanngednutiatls, providing -proph8pbration

Theinral ywode&dl expanded on the mef{RR&8dd @Eresknt edc
and Di[azmi@ndsol ve for the magnetostatic potenti
conductiThe mhgnhet ostatic potential ,whiah anal

descri bes magnetic phenomena in applications
free charge can accumul ate. This potential 1is
no§ t B 8y
I n free space, no current can accumul at e,
n § th 8 w

which means, by the #Hatedrde cafn bectderf i fniedl by, t

scal ar:
n n"Q 18 C® 1
This scalar, #foreltdhe icakemowin talse aBhe magnet ost
0 t "y 8 ¢ p
The space surrounding a cylindrical hol e with
where the magnetostatic potential can be calc
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Background

t he pl ate. By atslsas mmagnetomsti amtuiid ypotfenti al anc¢
the spati al interface between regions, the po

Transforms and the separation [0o0fd] symmetric an

Whi |l eandaleynénde&d!l was shown to match [QTItXh ee xnpoedreil
makes several key assumptions whiexXxipdriimmdantig.s
Most prominently, the I mpacts of the current

neglected. The magnetostatic potential only a
conducting plate, however, rwi ImModbkd |iemdp & ot ed olp
within these vacuum spaces. As an oscillating
will induce eddy currents along the boundari e
currents i ntiealacex cwittaht itohne fiinagltd, resul ting i n

within the cylindrical hole. This lkeaywliyntieradc

solution, but must be considered in al/l rel ev
Whil e thei mapgpoeteostat is a vdliied dappropaglatti @n
an ideal cylindrical hol e, as there are no ma
bottom of the hole, a more thorougbemedatewou
along the outer walls of the cylinder.

Many fruesieovparnotbeBs are shielded with a ceramic
sheath used -Xft9Wepnéeéeksateng degradati on of the

particles whiéldaltlt owemgeB t he well with mini.
conductivity. These sheaths are ubkeifoltewaeni o1
with the plasma, particularly for magnetic co
This approach, however, is insugrfoltesendud otro tt

uni que approach to a fusion r eactaorc,0onwWwh ereemeant
chamber prior to compression. This plasma is
magnets, but their strength is much | ower tha
tokamak dasitgresngdihmsc eame magtn eriea cefdd.d flyngietth ef u s i
absence of very strong magnet s, Gener al Fusi o
|l evel s of magnetic flux soak as the outer bou

wal Itsheofclh 80blde-peob8s require stronger shieldi
27



Background

Fusi-pnoBes are protected by a thin metallic s

wal[lég This stronger protection wiilell df umwetahseurr eadt

within the port, asdi edvdttlhg nr rtehret ss heerad hi.nduced
This project investigaBepsobesovbromghhodeotse
anal ysi sdiamedn stihorneael ©co maiil aérniomg t he i mpacts of

probe recession

2. i nite El ement Modelling
Numeric simulations are powerfuomdg, toeeéd Ihooadla?
across different industries to validate new d
systems without, or with &naglhyg vyl ablimphs caTlka fai

el ement met hod hiags o oamme ofciyin du saeptlp rtoox i mat e sol ut

physical probl ems.

The core concept of finite element analysis (
space into distinct sections, known as el emen
conti nuonusovfeuncat icoonti nuous space t[ol.Off]ThdeBrg a
points, called nodes, are how the region is s
or volume between adjacentlnogesfadépeddidgdt o
the | evel of si mptl hpdriod[diedijoCo naspipdreorp r&iiagt2& eafiogrh t
il lustranetsi 2 &otei @dn sof t hi s-dbhbenemswloeral s i(rpl) i, f it e
di mensi onal -d(i2nbe)n,s iaonnda It h(r3ele) .

Elements

Fi gR&@Ri scretization of a straigh{bbeaom)n 1L
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Background

The number of nodes and el ement smoae bempluead
situations with rapidly changing fields or | a

compute a smooth solution over a narrow regio

T he boeuhra voif a discrete el ement can be modell ed
excitation | oadi) agprmpd itelde itro itrhpa ctd,deetsht beghodeE

el ement 6s sofif@jhess matri x,
"Q L 068 C® ¢

A simple anal og i swda rsepcrtii nogfO sbflyh eat chloérdceinn of h ¢ h
spring due to this forwhe™@e tbscsibéfnbygsHobk

materi al

O OB ® o
| n Equ &todnar2e 5col umn vectors, as symbolized &L
physindienrvesgngat ferent forces and torques can
behaowrs will be experienced. Boundary condi ti

certain |l oads or responses within either vect

For a 3D rect@Qna@willalr cedretmeinti,2écvabunas: compea e
each of t hehaesticgmp asmesdeas rectangul ar volume. Th
degrees of freedom within the element|[18]nce

The stiffnesse, mwtthxdi mesagquans equal to the n
describes how the response of nodes wil/l be a
A global system of equations can be developed

combining eacéqeatin@ hbBhoiss | mrceadt es a | arge syst
di mensionality equal to the total number of d
continuous through nei gihhlabhei agnnedetesed Imeanwaog
be i mpacted by both of their respective stiff
wi || be zero as they enctohdaert et hneo tr epl haytsiiocnaslhliyp c

ot her, and are thus notgldobraelc tsltyi frfenljeakt@g dma tArcicx
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Background

Equat 2@inm2 .60 sol vwe wiotrh tthlee vieeadads typically &
stiffness matrix being material dependent. I n
si:zeit is inefficient to work with a | arge spa
approaches to s®!| Mamy fodr tthlees evenett hiomds are ba
of Wei ght gqdl.OResi dual s

The Gal er kriond uMeetsh cadn pappr oxi mati on of the phys
function of the desir etdweM cersieanll r € 8 d[ElsQ] t he 1D

~

Yo N w] N w] N w] Nn wq h Cd T

wheiW®eis the variabl ene baregwebbgheodhgohudesiconb
how the solution within the elemph©0]Tihis nterp
weighting describes how haanpialcyt st ht eh er essod lutt i oofn
l ocations. The simplest examples to demonstra
functioné&) g8 ewn emedetr can, bbeutaribsi tusawayl | y cho.
same degree as the defining equations to be s

behaviour bet ween the fixed solutions at t he

0.8 0.8

0.6

=
o

=

I
=
I

=]
=

Shape Function Weighting
Shape Function Weighting

=]
3
-
=
=]

0.0

(=]
[=}
=]

0 1 1

Node Number Node Number

Fi g% e Shape functhoesi moa@detsbemddeaelst Left: Lin
Right: Quadrat[ilcO]shape functions
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Background

Wei ghted shape functions ensaftkathavtdatdaf hod:
solution. A weighted combination of the sol ut|
the solution between them. nTB® saathe3donwhpt ea

functions form surfaces and volumes, respect.i

Within the physicalYosiyss tteynp,i ctah d yb eghua vdieodu rb yo fa
O Owhw. The residual is defined bdgi fefvard arattii anlg t
equalti:®m]n

Yo O"Yohoh c® v

where the exact sol uU¥Y®@onhda® 4 hreepihdsalcadf syesit

Gal erkin Method is to minimize the average we
solution is a good approxi maid]Jon over the whol
n oYon T8 ¢d o

To i mplement this approach, t h[el.ondihg st iand ofwsn
the method to t unieeptthse, oumk mo wn & @ ordbfgfsiet coef 21 &
are the values of the principal variable at e
solving the resulting system of | inear equat:.
tdh defining differential &quBhe omnkmowntdheef foi
up thed vaaodot he 9isftoempstmdt byxapplying the

system.

Solving this system of | inear equations can r
complicated problems. These iterations are th
wei ghted resi dul0 |sF oaroex hhnmanpipmiszoeldut i on, the res

mi ni mized when they have converged below a se
closely approxi mates the true solution of zer

subsequenst Therabebdbhici entidewdiomheaonbdabVesohu

With the shape functions chosen and the nodal

function is accepted as an appYefkilmate sol uti
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Background

Commer ci al FEA software has been developed by

packages al |lsopwe cfiofri cprgoebolneemt ri es t o be defined

be analyzed numerically. Masy , ,ewetthr omagoetsi ¢
compl exity and performance. Smal | model |l ing t
anal yses, while more complicated systems |ike

Simul ation, and COMSOL Mulrtyi pchryesaitd so ni nai & chr aetl ee
i nvestigations through unique FEA interfaces.

FEA is a capable method for analyzing the beh
| oadi ng tchardeivteinamspalsswiba&li ons. Thusedppooach
i nvestfiigealtde pBr opagati on within recessed ports
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Experi ment al Met hods

3. Experiment al Met hods

The goal of this project is to dev-ptopesa. cal.
Wit houtanaalwadidedh|, a cainmblkeatugeanfi ey dt wéi Bh i n
a given voltage in the prolbmes. tWet Iprtolbe sevwol
converted into magnetic field values for the
performed by the company. To verify the accur:;

experi ment muandbtheerdoulmesl,compared against
foll owing sectionprdeebeaidal itthreawtsied tu pevd e che Bé g h ¢
Gener alanKu spiecbriyot med aut hor

3. Experimental Setup

ThePmBobe Cali braasode&kgeredmbypt Geener al Fusi on
ideation of this project, for verification of
2D axisymmetric simulati-bhel dsvahuagppabdbxt matl|l
prob3l]This experiment, however, hdgdd.lnot been

The experiment was designed to generate stabl
pol oidal and the toroidal directions, which a
toroi daldgioddkp® obes positioned in recessed well
CAD rendeekpgr ochineatmhbeelr iFsi gsBliroewn i n

The ¢ hambheorl liosw al-uéni naym i(r6de&rl, 66 cm i n heigh

with an outer wall thickness of 1.5 cm. The ¢
di ameter, and a removable |Iid of theriseasneofmat
met al bolts, and holds internal support- struc
fields sit. There are three plastic supports

with 25 windinigss olf atpedpipve@indednevi r e, all owing
generation of ni Ad eilmdi widuthaln gdleoicchalmbRr . Th
relative to the innermost, uppermost <coil: th
column i s mnheg¢ DfCi ndt icoltlhe i nner most, upper mo
| owesThic®i array F¢ ggBlrdenddi 9@ re iTrhese drive coil s

33



Experi mental Methods

with twisted pair terminations which exit the

component s.

Toroidal

Fi gBIre CAD rendering of the calibration chambe

cut view throuibgbkb bDheeombet wdalbve colTHe klraec ki

box highlights theRigditon Cdloswrppoomfet ment naii gaetl .&

a cut view through its surroasadwabl shsat heahd
sys.tem

To generate a toroidal field, current is driv
connected to the metallic base of the cylinde
Fi g8 ewhi ch are separated bl0Aacnc oirndsiunligaltyi,n ga pdlr
current flows through the body of the chamber
the base, this current concentrates towards t
Current fl ows wup tihse dsihsapfetr steos tuhne floirdmnl yw hoeurtew a
down the | engths of the outer walls to collec
excites a sfiinglldk. toroi dal B
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Experi mental Methods

Fi g8 e CAD rendering of a cut view of the <cal
current to gesheeddei a sbowindals Bed | ines, as
bl ack | ines. On | ys htowwon , e I beuctt reoidgeh tp aairres aatrteac h e

The

c hamberprhoatse ss,e vietho B 6t ld Ob 900 éde mBidiBdatchk (

stainless steel) and mounted inposc.¢s$®adgh wefl |

t he

tcrosialfx r@rldbe has 70 turns of AWG40 magnet w

usi on epmpiloory eteo[ 6Thh ess ep rang bDelesd aornet 0 ba bpli aast iwa t

upport whcthraifcétiuxeed t o t hBoopabBlbes bByebmbusat ed

height, at equidistant toroidal position

enerdted dpbrOmbe Bs mounted slightly higher th

F
S
s ame
g
t

oroidally between two ppolmédsesofartehimouartrealy.on

toroidally i n-olfifnseetwiptrho bteh e Tahxi isé lals yr iadsni ggadmoeemnt o

3.3.
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S
BP6
i
F'
BP5
RCs V-5 T3
\\&'\"
\z
BP4 RCs 6-10 BP3
L
— % BP7
N ;
... ]
QL BP1 BP2
Fi gB3X e Pl acement of the inductive probes wit
Wi reframe rendering shownst mwudthurnere rdamovee ¢ ofi
probes are | abelled according to their e:
Compl i mentary -prooliéhse aree etsesredi Bducti ve probes

design which are not r ehceeastshe.d Tohre sceo vperroebde sb ya rae
(RCs), mounted within the chamber byipladstihat
is not attenuated by theladbedmcinnfir wml t BeoWwa
measur e t hyd nfgi eplod catdaMarand toroi dal positions
the RCs can be compared tmatbtGeOM§OL $hmubameo
verify thattds har 8 correctly modell ed within t|
functionality in the absence of conducting wal
i Fi gB83 e

The | eadprofbesotamdB RCs mare tWwWeseétetd mint hei
emi s,siaosn was dondhfecre ttl ekadBC=aie cththbaenselcdsr ¢ @
an-hionse adapd4®rcomnmea@anomR]J transferring the me
This BNC cadd et gqqs@ clmnlmatciton at the digitizer,
measurements between the | eads are recorded w
wi ndoN® .6f V at a sampl3idng trhaitse coal i20r atHizon ex p.

Bprobes nor the RCs are connected to analog i
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Experi ment al Met hods

the i mplempnbbesowi bthi B GehacbhgFdevoboaés, pl &as
an oppovialnidiay et o-heebdesomuBBtBons in the cal

probes.

Within this experiment, current-fiseldrwhheoht hn
a voltage within the probes. Whsgstdemveassgge
Gener al Fusion, which conAkRaoatsetdisgiutwiedet or me

the voltageobef amalch hB si gnal recorwbhdchy a P
measures the driven d¢wmrerktacaf tseragrowdr tampsl! ip

associated piece idfi glgaes panefnltqwd tsa rsth:o wn

Deesired Trigger &
pulse signal

Control Laptop Waveform Generator Amplifier
AE Techron Industrial
LabView VI NIUSB-6221 WFG Amplifier 7796
Driven
D signal
Tiven
poT T . signal L
' ' Dinive Coil Current Sensor
Magnetic Field  #€----------- Pearzon Current
i n=23; AWG14 Monitor 4413
_________ E e
i Induced
' voltage
v Differential
voltage L
E-probe Digitizer Local and Network
1=70; AWG40 In-House Model Storage

Fi gB8B4& e Fl owchart describing the transmission
probe Calibration Experi ment

ThleabView program interf#®#2@d4d MawvetdDlrwm Wenbr ahe
and the digitizers. This program all ows the wu
CSV file of ampliptresstet0alubds, i whgchahical amg &

[ 333]These two inputs directly control the forr
t he WFG. Data coll ection r equhi raerse sced nencetcitnegd ,t
their measured signals are saved | ocally and

[ 3.3]This required active andhecacrheafnunle Icsa bwiet hmatr

appropriate probe windings for accurate stora

37
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The WHGIOws precise current confBd]l tacammrswe rat sw
set of discrete amplbvudéedabhdbdi miwvngroeglaemsi nt
current. The WFG al smhienri tcsana bter iugsgeedr itmg ipults
[ 34]Thi s experismedge opticsaéeédtrigigeging, where
pul se at the same time that thwasrpaenedutroenl
Techron Precision Industrial Amplifier 7796,
the digitizer boards to begin recording. This
was properl y r eicroirndge da,n weixtcheosust orfeqnuul I data pr
feature was verified using a Keysight DSOX120

digitizer boards.

The I'inear power amplifi er [ 8,6 triegpatssi npgu It sheed psoiwge
the signal to ensure a | argd ienaughl hdur rien te sts
WFG has a maxi mum anal[B@g]tartens expput meht5

used to increase this current amplitude to th
This amplified current iIis then measured by a
all owing for anadrmnts.i sThogd Rehaer sdan vpernobceurcconsi st
connected to an analog integrating circuit: b

t haen n PPleamr s o hgerr tbee , e X pierd waoatdk s ganpropo-rtional
deri vathieviBelod generated by t h@d ndreigreatd wmr eemts uf
prolbmedput signal i's prop86jiTihenaRearos ar eprdahev ei
with a known s éhsaopaoprvtiitoyn alsiutcyh[ & dhjashtea natmpilsi fkinec
current, after being measured, i sfitehledn wpiatshsiend

cali bration chamber. TFhig@85xderiving circuit 1is

Data can be accessed remotely from the Gener a

companyb6s established data pipeline. Tére meas
the conversion to voltages, can be accessed b
directional <coil, and the pulse number (if th
specification all ows the selagetdi sertofacamy si rad
measurements). The analysis of this experi men
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Control \

‘. ﬂ»SmC'i‘rﬁ

Laptop N i
l "I: ®
i @ @ o
Generator ".. *
! I o Cil
Amplifier \ /D
o/
VPem'son
Fi g8 ®i mplified excitation and me aExupreermenmetn tc.i
3. Reference Coi l Cali bration
Reference coils are able to be fully calibrat

to their placement away from theficehduati &mgu av
all owiimgutcleel voltage from t hef iRRQsd tvoalbuee .di r ec

This calibration follows t he2.3DpBy ceadreantatsientg bay
defined,fuael 8oatm Bhe | ocation of the probe, a
cal cJl2a88t)]Mdny experiments i mplement af iHelldphol t
often owing to its simplld9dqndt2r3y ctthiod@ryha ncda 3ei]
be taken in itsuniefsorgmihiwwytteins@ugolf umé dof t he |
enforced throug3h9]AEHEI snhahdardeil is compri se
coils, aligned to the same central axis and s
[ 3.8]By wiring the coils in series and-fpas$dging
along their central axis is uniform to within
assemBByThe field strength at the very center
Bi-avarft2:3jaw

T TLEDo o8t
0] Y
whegies the number &f st thescibmm@asc htahdeo ucko,i |a ncdur
The uniformity of this field is krdowm ttdhhebe w

cenupprto 30% of [BB¢ coil sdé radius
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The RC calibration utilized a triaxial Hel mho
coils with a common centr al point at which th
di r ecctoioifnsatthe RCs t o be ciadg bpoastietdi owbaalbd eadrt nionwvt
variability between tests. Both the coils and
designegprantded@Dwithin a quoted accurafkg] of 0.
The arrangemeRt gBtGaeEhehseenli has 21 turns of

each set is wound in series to ensure equal ¢
progressively | arger coil, for wuse in calibra
respect9vel7, mmre95. 28 mm, and 98.67 mm with ¢
mm, and 100. 36 mm respective[l4Q]Téech anddadur b
and toroidal Hel midolitnd ucdialns elsawd ad@@bion©H, 4
respe¢tdiOvVvely

FigBage Tri axi al Hel mhol tz ®eoiRleflweged cien Ctoh é s

As nofFiedd6 @t he RC i s approximately 1 c¢cm in ea
coils are approximately 20 cm in di-Rimeltees . Fo
within a HeldéoldtdRZz]l]lthei copdesvidutoth nepedi ameber
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Experi ment al Met hods

re a uniformity of 1% throughout -ftieed dRC v

ured by the RCs in these calibration meas

his calibration, both twer @drmeeqnurcad.r ehhe
t ranssiotutseed dtiqgian ziem with a resolution o
ow of N 0.5 V at[ &2 ]sFaomp leiancgh roaft et hoef t2e0n MR
ent pulses were driven separately: one pu
uency from 1 kHz to 35 kHz, and the secon
ue
i g
ue

cy of 5.8 kHz. Bot h pudhcese m atdo pmaoxgir mine
al without clipping the digitizer. The
cy response in the RCs, which is unexp
oduction of[ 2c30 n d N2ttdifeoggutemact yé nrieassponse, t he
od of determining the cal ifbrreagduemcyf apculosre .
uency range was chosen due totlhiemiAtEati ons
ron 7796 impliltioar frwiguendgcreadi3bp per f ot
er frequency anpliinfgi edrast dwesrcet Iragvcatiiloagb | teh e
e. The excitation and measFurge8igeenwti tchi rtchue t
opriate Helmholtz coils replacing the dri

cedf dooltthageexsci t at i o nFingdidraeaskli agr8& esrheoswme dtni v e

| |

o

Current [A]
A b

&

0.000 0.002 0.004 0.006 0.008 0.010 0.012 0.000 0.002 0.004 0.006 0.008 0.010 0.012

Fig8fte Typi cal i nput current wavefor ms,

Fr

Time [s] Time [s]

as mea
equency sweep input ranging from 1 kHz to
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02

0.1
0.1

0.0
0.0

Voltage [V]
Voltage [V]

-0.1

0.000 0.002 0.004 0.006 0.008 0.010 0.012 0.000 0.002 0.004 0.006 0.008 0.010 0.012

Time [s] Time [s]
FigB& e Typi cal i nduced voltageflwRCdf olmd t : f Fon
sweep output, ranging from 1 kHz to 35 kH:
To increatse@otilse siagmal ( SNR) and minimize the

measured signals, each Apultshee wsa\sR p emrpfroorvreesd wl G
root of the number [dfi] slaimpl espatvieriagr di mprOV €
of 10. The measurements from each individual

average, so a statistical analysis could be p

confir med.

The analysis of these calibration shots is de

3. BProbe Calibration

With all ten RCs calibrated, they were secure
probe calibration chamber. An array of five R
at radial increments of 1f 75i We Owd®«# icmst avlhli ¢ e
chamber wall, extending down from the | id in
arrangement Fwga3 epoovnesi nare installed into the

securing a plastic support structure to the c
bet ween the probecalklags asndwelhle Lsatrecoyt axoeds
witdhlght ai nljesmsctsiteerel boxes secured to the plast
chamber. The probe | eads are all magdne]t wir e,
pr etviemg el ecircoaltisgowithin the probe or the
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B-probe calibration measugwietmeinn st te qualriebif ateil ar
current source from the RC calibratiiomg walse tr
connections to the Helmholtz coils to connect
this experi mermt B ®n I s shown

=Cont fAmp | bt e
Lapt a p :

¥, N
[ nduced_,',_;?%i

Fi gBX epBr obe Cali bration Experiment in the Gen
with the flow of signals/information i

Each drive coil was ®egcf a&amdidyfa dnsi pneen-fipeonl tol gd, ad a 0B
one tofoetddl-fBRBeltdhatBenuati on within the rece
the sinusoidal input current with a varying f
each Dettiof yi d he maxitnyart edsreinvierdg tdiwer rmemts ur e me |
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probe clipping in the digitvaleueasdljhues tseedt woift hm.
LabView program-eBnédl dsexcifodab3dleh Bs given in

Tab3le Current amppridlua ecsaluistkerdatiinom experi ment ¢
LabView progr am.

Drive 11 12 13 21 22 23 31 32 33 Toroi

Ampl it 4 4 4 6 4 1 8 8 8 8
The amplitude of the input signal primarily d
DC 23 is positioned very closely to multiple

ampl itsadger than 1, whiltehd& hfeud tolwestt frroavm odn \D

all owing their | arge excitation currents.

After ensuring proper connegrtobmes and hRQs twer ¢
connected

to the array of digitizer boards. T
digitizer boards,t oeamelaswirehth@e ¢ inamsrbe elhsbd ieg it al
h

transmit the signals from a probe to the digi
probe: the digitizers r eCafir c adil fefse rceomttiaaln nBe aw
meant that each probe had a null measur ement ,
measurements. To account for the potential of

soldering of thel ptroobreesc,oridt twhaes nmeesasseunrteinse nt s f
from thbhe abdtes. FHFaro btelse asnedvermrenB RCs, this requi

Many of the individual c¢channels, however, had
be matlifounnincng prior to this experiment. This pr
measurements for the same shot: a maxi mum of

requiring each drive coil to be exanueldl yt wi ce
bet ween excitations. o ommex inmeiazseal rtehme nSNR an tw

| eave t pag odbeewsemcoBinected for both excitations

shots. With the RCs in aweawgsrrdeehd f heesameenl y
excitation: RCswolup @3 resporaed 6n 8hel®irst exc
for the remaining RCs. A single digitizer cha
the driven currenth whicchawaosnisncluded i n bot

4 4



Experi ment al Met hods

Another primary | imitation on the measur ement
excitation pulses were only nlQG hms idrondki rgautriadnn
upwards of 1 minute per plbbee whiahelametedet
primarily due to the data storage method: the
160, 008 kB per pulse with 6RCs and 135,507 kB
channel ), was obnotthh es tloarpetdo pl onchailclhy ran t he cont
upl oaded to Gener al Fusiondos cl owa msodtoralglee sty
parallelized within LabView, requiring the me:
procdesisnedi [v3.8JuTahlel yupl oadWwsndg hefi tnti lhe ndgatfaact or i n
process. Consifdeerlidngwotuhladt beeacrhepBeat ed t o al |l ow
it dwacsi ded that each excitation could only be
pul ses took approximately 25 midnbéeeSNRoiIi metabae

measurementt8 xbwhile the addi di lo@a adbfN Rt-phpee bBet i o n
measurementpdcby

A numbdri edfd BBxcitations had to be retaken due
is believed to be caused by overheating, as t
when t he Genlearbadr aFtuosriioes wer e experiencing a s

measurements asfytsdre malelsdawirreggutthfeed in successfu
A list of the experiments performed thus 1incl
- RC calibration excitations: Both frequency
each caoniflat he probe, with 100 pul sed excita
SNR. Performed within a ¢tHRiielxd adn iHfed rnmhiotl yt zc
vol ume of the RC. Three axi al directions ¢
- Bprobe calibration excitations: Friegluency

drive coil s anfdi dlhde matntgd ke, teaoh dmdr f or med
digitized RCs. Each excitation pulsed 20 t
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i's chapter outl IFiE&ds muhetdoexni, granaf tthlee dfewcli Is i
chnical specifications within the model

accuratepyomedeal theaBi on experiment requi |
ysical effects, such as tihel dos owiatghaitn otnh e fc c
ometry inducing a voltage within the probes
rcuit. To couple these effects, whi-l e consi

cing component s awrhieadal tdteremad e sa nma yneichf | uen
vironment, the FEA sof tswalretcotCeQOMBIPLe Meht ap hyp:
ftware version 5.6 was ugsedefndr vtelriss omr @ajvead
e project bedmnvamsdi theCQutereadsor Advanced

delling, did not have version 6.0 availabl e

4. Model Geometry

e model was initially generpartoebde foaalm barna tiinor
amber . etemed,r yt weoud d be i mpl emented exactly
is approach, however, posed multiple diffic

s seen that many of the chamber s cloendp othoe nt
abundance of thin domains within each comp
awed mesh. Additionally, mechanical fastene
nstiubt soagain increased MmMoededeamateciec sao mp
l'ts and their threaded Haledd a&sree nn bty ex pea otb
re sufficiently separated #rioemh d hteo prreotbuer nl ot
uil i brium afsttdmyarnoyd upceerdt.u rThhaitsi onmas veri fied
del in COMSOL: the distance between a 2 mm
ometric deviation, such as within a threade
rough apl atemwvasmvaried, while the magnetic
| mholtz coil was measured at the port entra
robe ports in the calibrdatiebdnd ovlaagntbobiliet stto w

perturbed value for al/l hol es f ur tFiegrurtenhan
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0 1 2 3 4 5 6 7

Port-Hole Separation [cm)]

Fi g4l e Numeric convergence of the magnetic flu

the entrance to a port in an aluminum wall a s
poAt 10 -kiHel 8 exci tation was model | e
To solveltekesneshommg i ssues, the geometry of t

i ndependently within COMSOLGOs Geometry modul e.

not be feasible, for which it is recommended
overl dpmangs, prior to importing the geometry
simplicity of the chamber 6s design, it was de

more efficient.

The geometry constcluctmebdygive s ht ha CMOMENWOLthhee ¢ ham
exception of fastemknggbomeasuaedmihgylseLabm t he
measurements were not taken, but wharl ede manptr ov
bet ween the CAD and COMSOL geometries was ver
model , ensuring the geometrieseowas | apptlle app]
|l ocation. Thet hadglrye cummpd reerntos be recreated wit
i mporting were the thin metralbleisg dhueatthos tvateii a
geomet CADQelohmeet ry was buewhi ovi tihd nn cSto | 9 wWp Edrgt e
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COMSOL | mpofr4,3]Mood uwulhee s heat hs wsetheepff iorevadr t ed t
all ow i mporting. A comparison of theOM3OL fil e

=

iI's shBiwgpd2i &

S~

L5

FigdZe Left: Ful | CAD Assemmisy.r uRit gldt :wi Rihn aal

The only domaihmgreodbei adtleded in the CAD fil
These had to be generated manually, carefully
bobbins as much armse pwsisndg| @OMIDL s wWaeso ndeot r y P a
rectangular coil with rounded corners can be
thickneesneamnfidli luest i Mde s dloanotgeed i pardt Mud & itthue
DomaRagetr dbk di meoej beakéorftbom t haer ebobbi nso
tabul @alde i n

With these di mensions, t hper ocpoeirltsi etso uncehr:e tahpep |pi
Physics Modul e application, described in Sect
the positions of the bobbins withiga3dtde CAD f
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Tabdle Geometric di mensions for each directi or

Coi |l Paran Pol oi ¢ Toroi da Radi al
Length [ m 5.5 4. 5 6.5

Width [ mm 5.5 4 . 5 6.5

Depth [ mm 0.5 0.5 0.5

Thickness 0.5 0.5 0.5
Corner Radi 0.75 0.75 0.75

i 5.5 mm
Poloidal B e

Radial ' —

\ 5.5 mm

Toroidal R0.75 mm

0.5 mr;ls 0.5 mm

Fi g3 e Rendering of the probe geometries withi
t he poboiTdhad d awirdoitdhael s mal | epiid tame It hrege atd.

The final geometric domain within the amodel [
medi um of pr opfaigealtdiso,n ffiolrl itnhge tBhe voi d space w
to extend this domain beyond the ends of the
extent fofeltdlse Bs they extemdnianfiiomi bél y hep mom
skew the resulltdsd]oafhet ke zi mdl @athieomsurroundi ng
conditions ofi nthéisi moldaeti,on he strength of th

the chamber 6s metallic walls. To balance the
appropriate numeri cal truncation withbaot gr ea
very |l arge space, the spherical air domain wa
10 cm of this spherical domain were assigned

appropriate tdomhcaitensphear @agmeacadi ngction a
the behavifowrl def atthd aB gfei ali e aarcee si. n fAisn it thee iBn

domain application is required.
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A significant simplification in the modell ed

mat eri aimagaree icomi el ectrics, meangagoethey, cta
are theoreticafliley ldisyVdi ntshp aarpepnrto xtiomaB el y t he s an
as air, these m@mlppgtoixasnht meali asrcwnthéen and sur

Pl astics are used within tbeivkeafGbet sasasadr i o
around wipirobetshanB RCs are wouhidel df ntéehdeeyyt ld®m
would be critical to the simulationbs accurac
magnetic invisnbiudiwnwgoh pleasmhiotsz coil arran
The coils are expected to-fpedtduace¢ oagvehegi s mece
absence of any obstructing material, which <ca

maetr i al properties. THilgddaea giangre memd 39 ysmmedtowyn

geometry, a 2D axisymmetric model swasf used, w
symmetry. Il n this simulation, the magnetic f|
a surrounding air domain, was compared when t

propertkepMop pari rS/(nd4)5] an acKrylpilc ppprstic (
S/ [m4)6,] naonndi3nlablt ai nl & s P s pgew prt $/ M4)7.]

Reference Plate —

.
I
m
0
=

Measured Line

Fi gd44 e Axi symmetric geometry of a test simulat
Bfields. The model i's symmetric about t

The effects of the plgrédAtmenehi asmodat ¢ eshpwn
mearseud | i ne, there was no difference between t
when assigned air or plastic materi al propert
from the modell ed geometry.cdmpwst &tiimpnhalfliy alher
maj or i t ydommaipd asltement s are thin and very cl os:s

hi gbe&lshi ng resolutions. The removal of all d
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di screte mesherd &3 %.me@adrsd bgt iorvg matertals sigr

fields and mulse fhwel Imordead é leldi. nFgi gdE&oemet ry i s s h

0.8

— Air
—— 88316
—— Acrylic

0.6

——= Plate Boundary

0.4

1
0.0000 0.0025 0.0050 0.0075 0.0100 0.0125 0.0150 0.0175 0.0200
Arc Length [m]

Normalized Magnetic Flux Density [T]

Fi g4 e Magnetic flux density, normalized to t|
under a-fliGklkHzxResattesnfor Air and Acrylic

F

i g46 Wi reframe r eunldermondge lolfi ntghegefometry of
t he

t he
surrounding air domain. The outeRmdetr sph
t i gBI¥feor compari sons with the physica
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4. Materi al Speci fication
Each geometric domain was assigned materi al p
chamber walls, | id, base, and centTrda4;8]sthhaef t w

B-pr obedlsl i metsheat hs amBds$tar oalu[es&]ytshbee rdersi vvee rceo i
andprBobe windings were insulated copper magnet
di amet er s, [ 6rlefsliple catihveerl yst r u-mbagn,atd ideplineadsthrsicose r €

[ 48]removed from the simulation.

The exact valueserioal tpmreogdratmbes Mematnot mea:
taken from |iterature. Each metal s el ectrica
proceseyiemg wi thin materials |iterature, publis
year &l umi nT@mh &D 6pgubl i shed conduz®.iw3 [ME/Emr an ¢
[ 4,9]Copper has publbi8s hbeDd acnadn [(B4OC. 152V B Em | © § s

St eel has multiple publ i[diivdd dAdddgmct avi 2Deaxbd
model was used to investigate thespgr ddd-¢dedeBc
fields and induced voltages: a single coil wa
arrangement, and the materials of both coils
using different publ i shesd, cromddicftfievrien cees .walsn dn
induced voltage offitehled ppircokduupc ecdo ibly otrh et hHee | Bnh o
the average of the published , 26!l 08sM&Emep CGepp

59. 05 3MS®/tm; lekd3d35 MS/ m. Al | mat e@reipaindemave te
el ectrical conductivities, as the ther mal mo t
resi stance wj 5.2]Tnh epsuer ee fnieetcatiss are negl ected in

to match were performed at a consistent tempe
experimentation, particul aclantwittherpladap hbiaddayv
pl adm&@i ng cAmpbgeexnptreelssi ons for the temperatur
el ectrical conductivity][] B3]ea nav axialna lblee i1inmp | tehme n

defining a function in the Definitions node w
Themet eri al-mawepetei aont hey were modell ed with r
per meabilities of 1. F otr h eseaeatlelercdhaeo mand rye tmiad eg ii

propaermtaged to Bhé&iddpecified
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The surrounding air domain was assi[gh®]d, a[ 5e&]l

While the electrical conductivity of [&i5r] vari
it Is near zero. FEA sol vewasl vweendc oiumpt vetrs ,n upreerrtii
parameter i s ever a -denmoei gedoquodriaednng Thoi o |

singularity, and can reguthahgeatar dg vinlplut sbr
Accordingly, the electrical conducttibvatty f or

provided a converged si mutliang,ont hiesuwds détrermr
S/ m. This minimal valwue will wvary depending o
axi symmetricFmgd4dekes heuehmpsof the model all ow
| owp apst S/ m, t heduigmhe ntshiroeneal and highly compl ex

require numeric inputs further from zero. Whi
the real c o,n diutc tiisvinuwmeorfi caalrl y very accurat e,
scales of the conductivities in the metallic

2D axisymmetric configuration as was buesded t o

above: while varying the conductivity of the
was compared to quantify the i mpact of this a
bet ween the induced voltagesdwbénviheeai ofdam

p pmt S/ m, suggesting the approximatidn eilsdsval.i

4. Physics Modul es

Model ling thefpebpgagawtitbnnofhB test chamber w
Magnetic Fiel dddei rCtOMSIOc @Ay isDidcisModul e. Thi s mo
package solves Maxwell 6s Equations to deter mi

node of a (¢i5vd4eln geometry

The two ymgrhdastiacrs nodes included in this inter
| nsul[ &f4ilewhi ch are domain and boundary condi ti
node deter mi nieen te&hred magmaeu dtziadn model s used i
t heareEdf iBel ds i nteract Wb#hTher e viaagti loulsa e mau mes
which describe hewttsheiftiheindsmaanercwmpaceef i ne
fields and each domaimarsd aAadpreyr iedls hraop eotdiee U
applied to Magneboimaainsoaohddeel®el t o be Rel ative F
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Conductiionn BModacetlr i cal Conductivity. These choi
properties are used to model the propagati on
Magnetic I nsulation boundary c¢ aombistti dmuingd aa wt

the model |l ed space: oli it @ ptph é dsboduivdk@mygubhei on
bou
with equal or exactly opposite dirdgdtlii®miss or

ndaryoés nor mal vector. The vect ool Icirnoesasr ,pr

equation thus stipulates that the modektedr sy
potenti al i-rso rnma lmatlo otrheantioehdaryg, pandenbecBI &
magnetic vect-brepbpodtestapés beyd&8nd the model l e:
assumpt i-foinel d heextBends for®viem, mbgni sude ewi t h de

numerically sufficient to truncate the modell
through the inclusion of I nfinite EIlement Dom
I n this modrdl, itdrean newdi tsatgi on to a drive coi
node. This feature defines the parameters of

[ 54]HerMa,t etrpemét Tyng descri bes how the coil pr
changes: the coil i's consideredspoeti tlicf its

configur atSiodnsd, idodr iNosn propeftidéBharceomsgpuwadt avil
coils depends purely on mechanical effects, r
SolMad eri.al Type

Th@oskettings describe the ass€mbdyMoadoed tfto mmgat i
all ows for the specification of a Single Cond
of material where current fl ows freely accord
Homogeni zed Multiturn cowilrewhare apgonodolXiemat o:¢
domain and current f[&6Ww$Therrbruighhe t@Qeisles wi bhd) <,
probes are al/l mul titurn coi2l5s:f owi tDICisn e/ac H oo
Bprobes) and the wire size ( AWGI1bde sf)o rmubDsGs ,b eAW
individCalil géypkaerg i s used to specify the dir

the fl owDG@AreuanmsntEtmedul ar and the toroidal ¢
geometry is specified asprtchlee swiaree dwawercd iarmngur
with square centers, meaning the geometric wi
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Numeri e, awheotsisonal face is specified across \
These coils and their Fwigditreg definitions are
f =
ﬁ M
- [
= : T
i QQ%
%Jj
Fi gd4te Compari son of <coil current flow defini
current specified along the toroidal circumf

current tclos@aghdf cacer o-secittenafkropbane.

The use of the Homogenized Multiturn approxim
results of a simulation with the drive coil e
Single Condutt drhs asmdneome owett ri ¢ regi on occup
model |l ed as a Homoge~Rfiizeeldd Muelatsiutruerdn acto itlh.e T hoec
probes was compared under t hese -prwob arso dedlsow w
0. 5 %.

Each cdovieln ias njppdel | ed excitation, either as a
its | eads. I n this model, the | eads of each <c
the excitation is applied, neegnldecotuitngoft hteh ep hcyh
The DCs are individually excited, meaning tha
the others are open circuits with 0 A excitat:
the experi mentsaln rpeaowblet ane atstue eBedarhe current p

i's then used as t heFmgd4d8skhloemks eaxnc ietxaatmpdnne cour rteh

dricwe |l current as measured by the Pearson pro
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®  Experimental
4 Simulated

Current Amplitude [A]

10 10’ 10’ 10° 10°
Frequency [Hz]

Fi g48 e Measured current passed through a drive
the programmed toreeeocite a drive coil for a
experiment al signal above 35 kHz is measur emi

bet we8ébn kIHz by the | inear power ampl

The RCspraonbde sB ar e mor e ccornrpd dtclayt:e dt hheo dmofdfedr en
measurement recorded by the digitizer is made
effect glvaad atl thdi3r2]Ter smi efit enoutsistv eb er ensoi dsetl al necc
coupling with the Electric Ci€cucuit (ECUriamnt
excitation mode. This pExtmertmsantoldee visnp ltédhmee rEtCa t
interface, which operates as a voltage source
voltage within thelpgprobeéci pogqemnecatdr amst @l dc
the terminals of ntghitshec admpadnmnearmte.r 6Mo d eripleidanc e,
resi storcomputobdmdeme i fy the equivalent of the

4. Meshing

As described in Section 2. 4: Finite El ement A
di vi de csogmattiimdouwsomai ns into smaller, discrete
of adjacent mesh el ements, which can be built
a simulationds requirements. Thecdéesignanl ofoah
anal yti abal i tgl eerhermat friod 4 le.
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The meshing sequence defines the order in whi
di fferent characteristics to be modell ed appr
specification of the meshing paiamewonoér SDusedh
constructed from tetrahedral elements, which
nodes that form the vertices of connected tet
which the defining wqulationer meeéi saoyvedi na$ od
function associated [wi8t]Aihehsofunhi be oi sbrat i h
approxi mated by a |l inear coebbi8ndhiece okettrhabed
constructed accoeldeimegntt oSitzheew Rsapceacmdfeiéesrda e t he s

individual mesh el ements and the relationship

4. Hike Parameters
The Maxi mum El ement Size setting def[idnde]att he

| arge distances from antyh eg eeoxntertermict iveasr ioaft itohne,
domain, | arger el ements are computationally b
solve the magnetic vector potential. The info
the resulmud adfi otnhe meaning a coarser mesh reso

solution in areas of interest. The Mini mum EI
mesh el ement can have, | imitindg 4t4dfWhrlkesoi uti e
beneficial to have many mesh el ements where t
computational requirements increnaeewihatreao
domain should have at | €4FTto 5 aevloeume ntthse paecrc udria
simulation and increase tBezeepalamebarsttwer #
this standard: The diameter of the surroundin
of 15 ¢cm; the smallest modell ed region is the
of tphreobBes anmdditrhge meaitralolui ¢ sheat h, resul ting
Om.

Sequential el ements vary in size according to

which stipul ates what percent alg+4.4 plih ea ng reol wetnhe nr
should be specified in consideration of how r

| arge the region of -riengcelrwetsito maea rsduar.r olum dimmigs a
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i mportant i n#ffoiremhadt iporno piasg atthieonB-puobeuwdndgngée
These regions, however, are highly resolved r
to their proximity to ofhaccohdnndbwmai hargdhy
guickly the mesh becomes coarse outside of th
air domain to be modelled coarsely, while ens

a growth ratetefl. 150% was sel ec

Theuccessful npoldaen d ri ngge oconfie tnroines whi |l e using pl
controlled by the meshdés ability to approxi ma
el ement size along a curvedcguwnrfawdiich snueédi fp
curveods radius to det[e4.dniSmea |tl e eClueameantuale sFiazc
smal |l er |l inear el e nde natpsp,r opxriomwaitd ionng oafn tihnep rcouvrev
often overridden in the meshing of thin regio
specifications sufficient to appropriately mo
mainly uppdoxnmbheoa of | arge curved surfaces
model |l ed fields are |l ess important. According

The Eli@emént Size PheaRmeserution of Narrow Regi
of Ithgaerres generated i n [ A.4NhT hiesgipoanrsa noeft erh ea fnfoed
bet ween hdomndaseparated by a distance ismall er

the effects of (tFhigsiseetti ng are shown in

o

KL

ANDZAN
A

v

—
il

Fi g4 e Mesh comparison for different Resol uti
geometric domai ns. Right: The resulting meshe
half and 2 in the right thaluftl i hlees , 6 blaamdk tlhien &4

the el ement quality as measured by
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Fi g49séehows t he meshing of a 2D geomettlregy Iwehfetr e
half of the geometry and 2 in the right half.
El ement Size, such as the upper half of the g
regions, two el ement | aydearrsi ense roef ,gtbhnee eraitgehdti ashi
|l ayer of mesh el ements was generated on the |

the el ements generFatgeud,e Tahsi sd efmognusrter astheodwsi nt h e

a measure of the equilateral angul arity withi
from O, representing a highly distorted tetra
eqi |l ater al el ement, where a higher skewness i
i mproving the overall mesh quality, can have

el ements. To | imit the increasasisecommputzat i o

4. MezZ hing Sequence

The order in which the modell ed domain is mes
the model. The mesh is generated sequentially
hi gher rtehsalruwutoivomds mmagn dimaabtingsriwladr]ddi s feat ur e

all ows for the generation of different mesh t
domains to i mprove mesh quality. The majority
Tetrahedral generator, which builds a set of

specified size and distribdbdtgeomsetyi nQGsheémn d
which have consistent geometries and are expe
fields, are better meshed with a Swept gener a
el ements at a sexutremrdddc(esweyhti)c halacoreg t he do me
di scretized 4dt44rj€bal aesuhtengamsesh is highly
hi gherage el ement quality than a Free Tetrahec
of the two meRFihgpdle iwshesheowrdeinnt i cali tdy ISiwregdr s

and Free Tetrahedr al generators and the resul"
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1
! 0.9
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0.7
0.6

0.5
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0.2

0.1

0

Fi g4kx@® EIl ement quality within cylindrical don
par amet erSwepuasigregmea ator (left) and a Free T
col ourmap shows the el ement quality as

I n the calibration chamber, the drive coils a
generator due he DGeiwesgmepeyamdt ensque mini
oveweshing: the driven current through these ¢
their domain is much |l ess critical than the r
given manxd mmimni mum el ement sizes of 1 c¢cm and
column was assigBepgetdmetsame &3 mi he ngul k of t |
gi vémnsar iplwtaimemiecrh controls the el emental spac
all owing one side to be MmMdMdéThiensway mecshend &:
t h

e chamber, where all the tphrametshearkeqt trem,ui me
top of the column should have a higher concen
s

assigned a Predefined Distribution Type of 40
foll owing the Geomettirdmr tse qaresnwree stpledcdidansi st e
The RCpaontheBwindings could not be meshed usin
rounsdgewar e ©PYteloeaneIwept mesh generator was not a
along which to sweep the mesh. Accordingly, t|
generator Swgéhamaei gue t of iermedwsyhee dt. h &yo twmrser e s
transitioning between the coils and their sur
parameter was |l eft as 10 Om. The Maximum El em

ensure proper resolution al omrglinheaShS5pmwmbeut
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The very narrow tFaighhr®howbket hias tld ¢geahedveaenetnt gu
both above the | imit of acceptability, and ve
el ements are found in the spapcreobe tweelelns tdire ar
probe windings.

4. 50l ver Configurations

COMS@iffers a number of study types and numeri c
settings specify the type of investigation pe

solution.

Th®t udyr elffygores t o the nature ofanakysigsabeiong b
performed. Stationary studies are used to sol
beam under a constant | oad or the heat transf
Ti Abcependent studiescmomnondeldetri amgd bhwdtl nphftecst &g,n e
time. A Frequency Domain study can be used to
to solve peri ddidd wave equations

Physical -Rreshhd sn gr ey aiBrye sn ga i tnipmd si gnal to swe:
a range of driven frequencies, inducing signa
identify the frequenicnewscead. whhedse pforteeqnutd mdys r
used to characteri sedemandendtuadi gpmalbesan Thhe ssi
computationally through the use of a Frequenc
Fourier anal ysissulatnidn g¢c omasri Joiididd ¢ énec idteantgil yn s t h e
Frequency Domain study was selected for this

To properly configure theCé#rkegGeomgt Dp mAamal wdi
is required. This identifies the coil domains
properly meraspamtdi dhdu¢dd]signal s

To evaluate thei prdpagiathion bheBdi scretized ca

Ohmés Lawseatnhdof Maxwell s Equations describe t
meshed node. This takes the representative fo
Q O oh 181
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whetoies the Stiffness matrix, which déisscrtihbees r
unknown vector whi ch deefsfcercitb etsh atth ea nd iisnpdliavci ednuea
when dQfsoragpgOijled th€iebdsepomBRBgatpiacrses t he

el ectromagmattiec e k pdeuwee getnoc etdhe fl ow of current t
materials and the resuletsicmg belsedthrromagratcitc v
permeability @&t setabb madeepbtcnvectofipbtentia
Model lei m@g stplepnrsoeb eosf wB t hi n the calibration char
vecdwrnrder the initia&lxcdidrdi tdirowve acfoidwr wenthi n
of these vectors are directlyerlel ateesctrtidetdhey
number of degr eégs Tdofe ffri end@d@o2@bZIEDE sh ad

COMSOL features a variety of Direct and I tera

explicitly solving the sparcd Mmattoxkxiggastem, a
decompositi[ohd]dItgearaittitvmes sol vers, however, rep
vecdorwi th an initi ali cohye sasf teetr tsh emus caltutnigont hve

the error between the guess and the correspon
resulting soldut]Domececonsweénvges tend to fail i n

DOFs, suggesting that an i1terative solver is

The acceptable difference between subsequent

defining thesotlodteiroann caen do ft tehel evel of accuracy
required tolerance varies between models, tho
variati on[ 4]Tohwe Ot.0ll%r ance for this model was
sweep in a representative 2D axisymmetric mod
the full 3D model at wvarious poidntdsuewittohitrhet hr
computation of the 2D model, which all owed fo
possible in the full model. The 2D axisymmetr
calibration chamber, buB-prdolkeess nornt tmoaied @ diret |.

mo d e | cannot be #fisetdt preopmghatent hesBde t he
model s agree numerically within the calibrat:i
i Fi g4re This 2D model can thus be used to eval

select an appropriate solver tolerance. The

6 3
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model arda&iglirgenTonfurther ensure the acceptabi
3D model was sol veednwi tThh ea ntuaree ri ach oreelsdufl ats tf hoer
| ocation of RCDO&®§r edthet cowvehigen@e behaviour
excitation frequency during a frequency sweep

showhi géalrde Thi s rapid c onvwvdeerfgiennecde nsoudgegle swist ha rw
resul ts.

0.0006

0.0005

=)
=
e 0.0004
£ = 2DBp 3D Bp
8 = 2DBr e 3DBr
[:F]
5 0.0003
2
=
0.0002
L
0.0001 Bes s, ,

Frequency [Hz]

Fi g4xX2 Numeric comparison of the magnetic f 1

axi symmetrinodendd fumldler3m 4 A excitati ol
Fi gar®hows that a relative change of 0.0009%
was epmntac comparedp wit h Negbkegi bbe change i s
tol erpangme, owhi ch was selected as the simulati
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1.000000 . o o o o o L
\.
E 0.999998
=
=
i
50 0,099996
=
=
k=)
[=]
A 0.999994
=]
s
:
Z.0.999992
L ]
107 107 107 107 107!
Tolerance

Fi g4r3® Numeri cal
| argesitn valaR2,axi symmetric model
dheoBi BGSH1L ab

excitati

Linear Error

Fi gd4X¥2 Convergence
frequdhei B8s CGSt ab wittehp aleecfotea d s 01 v.a rThhge,

t ol

erance

c o nvadr greangcnee tao fc if &l eunx@ lodi eonesdi ttyo

of

t he cal

I teppatcovadsdbl oar hgwi wh

100 [Hz] —— 2371.37[Hz]
133.352[Hz] —— 3162.28[Hz]
177.828 [Hz] —— 4216.97 [Hz]
237.137[Hz] —— 5623.41 [Hz]
316228 [Hz] —— 7498.94 [Hz]
421.697[Hz] —— 10000 [Hz]
562341 [Hz] —— 13335.2[Hz]
749.894[Hz] —— 17782.8 [Hz]
1000 [Hz] — 23713.7[Hz]
1333.52[Hz] —— 31622.8[Hz]
177828 [Hz] —— 42169.7 [Hz]

20 25 30 35
Iteration
behavi our for t he

for
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COMSOL offers many i terat i vneatsrolxv earlsg obra stehdmnso, n
Generalized Minimum Resi@du@WRE SMREISH o dnet hGMRE ¢
t he Bi Conjugate Gradient Stabilized method (B

the most commonly used sol Wares taor € htehga GMRES t
nonsymmet r[i4dd |Battrthi ods t hese solvers capitalize
which applies a Unattroi xeittoheenrsitigihtktrdateibdn Equat i on
shown imnEgquyaneamec i 2-ealnyd. -pB ogtbhdb nlda ftti oni ng r et
same s ol utdeofni nteod[ &:9voebl [l e m

0 06 Q mh P

00 06 B 18

These preconditioning matrices are determined

increase the convergendeé.drjate of given iterat
Whil e ftehendiefs in their algorithms are | argely
di fferences manifest as computational efficie

requirement per iteration, wh#dWeTHGMREKe diaame s nt
for complex models and | arge parametric sweep
compl ex model s, Bi CGStab can fecobobndotconivegges
each i[t4e4d]dathiccn may be avoided by careful me s hi

reducing the mat hematiemal complexity of the s

The computational agr eemenan da Apdi gstpobeneddi toi fo ntehde) |,
GMRES -4dhéf-prgbonditioned), and FGMRB&S3$Irsol ver s
ankKi garee using the 2D axisymmetric model of th

testotmdrdel | ing condi 6ronbBewkereeidemwestcigatior

For its known advantages i n memory allocati on
speed noted i n FhegakBmELIGSt epraafcpdeddtiotfi oned) wa s

as the model 6s sol ver.
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—e— BiCGStab, Left Jp—
—=— BiCGStab, Right P
64x10 —* GMRES Left P
. —— GMRES, Right e
FGMRES e
e
£ 63x107 W
g o
a N
#
= 62x107 V.4
e /
£ Vo
P
6.1 107 _
'.'-U
'.'-‘J";
W
10’ 10° 10*
Frequency [Hz]

Fi gd4r% Numeric agreementi beawB2Pnakxisymmewvei 6o
cal i bration chambertuondepoTfrdlldr, gDt kdHizf feexrca nt

0. 01 %.
—— BiCGStab, Left
10° —— BIiCGStab, Right
—— GMRES, Left
—— GMRES, Right
0 FGMRES
10
5 107
o
10
10°
0 5 10 15 20 25
Tteration

Fi g4 Convergence behavi ouirn od 2ab fdxireymmettreir
the calibration chamben ohd®€Ll1&HLMRES, RO ghHz
FGMRES convergences overl ap.
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There are a-lrvmberspefhatdinghd i naadsepefcat @@acbol ver
configurations, which are hi ClTOIMS Qtleesc hilbmi iclatl an
featur es moodelplaioggnelziecs i ndi cate the opti mal (
of these parameters, aaldl # helseod tveed ss atot inmbg s nt

[ 44]Accordingly, these settings have been | eft

4. €1l uster Computing

Due to the sicomparerdciggomét tihe model, it surpa
capabilities of a standard | apt oppe.r fAccrcnmarndcien g |
computing, provided by the Centre for Advance
used to eperifrourlmttilons. The most advanced model
demand, were all r#8mM6dn vidntag!l R.%&OorGHzCRYi ng 8
through a SLURM scheduler. These simulations
oni spstedol ving the full magnetic vector poter
di fferent excitation frequencies, as ihigher f

however, a |l ogarithmic frequencydescwaedeep tforookm 1
approxi mately 20 houpresr ftoor ntaonntpeu tceo nopnu ttehri.s Wiitgh
s

cor e used, thi2&€& Phdiasy a.pproxi mately

The simulation was not parall el ipzed ofronranwcsee a
platfore.r®& ahivaly | ow solution time, and t h;

it was decindoedde tchlauts tseirngcloemputi ng was adequat e

To retrieve the convergence data flratmfohm, st Ime
COMSOL Log File output settings had to be adj
solvers is only stoiteldi d odatld ymuns tt hbh en sCaOUWMESIO Lm e
solution has been reachethpufer, simusaposes na
simulations submitted to a cluster as batch |
data can only be accessed through the model 6s
i t er atSiod rv,epatrflbemgt er wi t hin the Advanced settin
associated wibDtehp etnhdee nRr esqppueuntciyon st ep must be s
all of the status information producedn,by COM

6 8
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but does not significantly i mpact the comput a

i solated to observe the performance of the so

4 . Ot her Excitations
4. Mot oi-fdiad | B

Il n additi onB-ftioeltd ee wiltoatdiadns described in thi
was designed tdiexddi.t dMud ttiprlei ddalt eBnpt s were
with current flowing through the chamber wall

The initial appgroadadmuaiwmagd ot d haepgluy lachamber, ¢
centr al column, and eseetogedhiahiytsiBer wasoqs:
assign the bottom of the chambgrt wal applaised he
would flow upwards through the chamber wall s
geometry of the chamberasohis wouhdnnG@OMBOLI m
cl osedt teatalpopews curr ent hteansled v shaclkheupmgdmamber we

extended downwards to contact the base of the
the model did not converge when executed. |t
chamber couilgdurmed ibre tcloel ff oCrond btntada tn si swi @ xhp enc tCelx

Subsequently, the ElectricT€E€umbeahdarpteohdce
was applied to the bottom of the c¢hambtelre wal |
base was Ga®sbrogunneddaray condi ti on. ThHEIsecctrreiact ed a

Curriemtteswhach was passed to theEMagnenwni cCHIr ekt
Dendiotmmin applied to the styuRtbhumai cfymimee rc¢lta
this awpiprlmaacml y t he wahsa nsbeeern nbood eclolnevde,r ge and p
Bf i el d djbaitcl bdt hgnt he DCs ¢ au3f® di mphli esmeanptpartoiac
the same approach.alldo ifsaiuln&kd otwn ovchryv erhg s app
under t heCoaddbdmaiinosn. o f

A final approach exphadacnndct entb dteld eadmplhief iwa rr et
targeting the excitation method as a possible
Magnetic and EIl ectr i cTeri red ndégl oidomaderr d aarcye o con dibtti

for ext erensal whounhd ameir e appli ed to the wires c
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respectivel y. By modelling wires whicdhulekt end
flow along the boundary of the air domain to

produce a converged model

4. Mi2ne Domain Excitations

To further i nvestifgaetled st hwei tphrionp atghaet icohna nobfe rB g e
studies were iIimplemented. This wutilized the s
exchanging DdhmaiFmegtueacy yt ype for a Ti me Depenic

i mpl ementing a time domain current measur emen

selecting a sampling rate at which to simul at
Initially, the &0t mwasur mphemmeaedram the exc
resolution at the high frequency end of the s
was simulated on the CAC high performance com

afteromBoyc of the timesteps had been perfor med

deemed too computationally expensive for this

A
pr

i mplified approach was used taepaindeaatpr el

per tpireosbeofs hBred dsiinmgg | eusf requency excitation:
excitation was substituted for 1 kHz and 10 k
separate simulations. Both of these models fe
an 5 Os timesteps. These exci-saheoasciveati gn

r e

s
0
c
p

0.2 m=sl asstieepech®Eveeélyati ve sampl i ng sfirmeyq beOn cys W
d
presentative of the experimensge medkebsmadew
e

useful as representative tools and thus their
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5. Anal ysi s

This chapter details the data processing and

simul ated rempruddes daloimbrtéhtei Bn chamber.

5. Reefrence Coi | Cal i brati on
As described in Section 3. 2, the Reference Co
before their-r i nsertion into the calibration ¢

induced voltage wb®6tbBHated dec.c mpind saond ¢ &dre s how
functioning of the COMSOL simulation in the a

the confidenceprn onbée¢ hreesulmud ated B

5. Schling Factors

The calibration factor asassi Ated wntmanpdway
variety ofl@pprpoba&hels[ad#]these methods achiev
numeric factor that can be -Uiselddt vfailco atve s¢ & @h
axial <coil of each probe. RC calibration was
i nput current with,tah eP enaargsnoent iCcu rfrleunxt dveomsiittoyr a
of the coils can be @[ad,Xx]Jul ated through Equat.
—Ti"f? L8t

v Y

whegies the number of tur nsYiisn tehaecihr ocfo niheen Heal dn
the current passed through them in series. Si
t he Hel mholtz coil arrangemdnby -ftihelsddd diamgeg -«
FaradayosShiiswcompari son determines the unique

Representative measured waveforms of the inpu
Fi gblr e These show the full 10 ms excitation wi
the calibration of the poloidal winding of RC
The voltange swdawef ograw signal, while the curren
voltage into a current valwue through the Pear
[ 3.7]
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02

01

= z
g2 & 00
5 3
L] -
—
—0.1
_6
-8 0.2
0.00 0.0l 0.02 0.03 0.04 0.05 0.00 0.0l 0.02 0.03 0.04 0.05
Time [s] Time [s]
FigbregPi cal RC calibration waveforms. Left:
Pearson probe. Right: | nducedcowd!| tRCde, as |
Fi gb2sehows both the full waveforms of the driv
vol tage and the window of si gtniathe wo ft ht hsemoaomphl i
passedorbatt tbeefexci tation ends. This windowing
desired waveform to i mprove the analysis perf
4 02
0.1
0
= 3
g2 %o.o
£ 2
&) -
—4
0.1
_6
P -0.2
0.000 0.002 0.004 0.006 0.008 0.010 0012 0.000 0.002 0.004 0.006 0.008 0.010 0.012
Time [s] Time [s]
FigbZxe Cl oseupsiofi gdtlee wi ghat he settled window
hi ghl i ghtedntptunt bcluurednednutc.e dRivgohltt:age in the pol
The DC offset seen irltyhadueurnrmenthewas\pefcorams zie

t hmeasures idhestoi gheal
signal i

t he

S

indabei segpal s.

ma@miptl udé caft i tome cuostent

connecwéaidhltdh® @a dinfifgere mtitgsradicsoietdi v i t

This offset can | ikely be

72



Anal ysi s

which is tuned to maxi mize the measurement wi
directly impactful : -deop ecrhdaernatc treersi pzoerf & e gaufé ntehgeu
domain analysis must be performed. This appro
signal, through use of the Discrete Fourier T

domain representation.

The Fourier Tramgsfadr mt @&y aoirat eass a ntieme domai |
di stribution of i[t&a0]ddires tFiTt wdnta fXOed i ennditss i &
by Equa[tGa:®m]n 5.

Y
Ol "Q0Q Qo LD
¥
The f udlolr nt rcams be applied to continuous mat hen

as those measured here, require2[téild DFT. The

A ®'Q " h L&

whedbes t he odledguwsecrrcest e val ues dn st hédet isSlegueknmai
di screte complex values in the frequency doma
frequency components which are more prominent
waef orm with only one constituent frequency, t
frequency value. For a chirped waveform, wher

the DFT is expected to be filattwirt kisnat we deav

Since the signals being processed are tpaurely
exploit the symmetri @aspwhbichcatilye tbe pesilits
frequencies are comgler|l goopagaeesnpnemdant o be
Equatd odfhdbs increased efficiency is purely co
domain representation of the signal is wunchan
Pyt hon i3n@®ntip y.sdofdty. Gl |f t
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The two Kiiggptad e s @en t osibreu snoeeiadsl,y anud et hei r DF
Figbhx eThe frequency separation between points

sampling rate, and the number of total sampl e

10 ®  Pearson, Current [A]

& RCIP. Voltage [V]

Log Signal Amplitude
-
-

Frequency [Hz]

Fi g3 e DFTs of the input current, as measured
i nduced voltagaeofli RQlh & hppdbneiBldoatlh s pi kes are &
Since the DFT is a complex valued function, i
in physical wunits,[P8Atseval 6s Rel ation is wuse
WE S UB W Qs 8 )
Parseval 6s Rel dathieomagtattadet ®f a signal 1 s re
the number of samples considered. By dividing
samples, a value in physical units can be ret
algohms. Verification of this r eHiaghb4oenwlihe mpe i s
the real DFT of a wave with ¢ osnssthiotwne ntT hfer evaw

hold 500, 00t0Oi me i da®Ea&ii M dir eegru etnicdyu ed otnoa itnh e r e al
algorithm) with a sampling rate of 160 kHz.
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Sum
| kHz

2 5 kHz
L]
=
=
=0
=
<
-2
4
0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00
Time [ms]
10 10°
2
2 10 E
£ E
210 210
< 3
B 1o 3
A g 10"
o

. S N

10 10° 10’ 10 10° 10°
Frequency [Hz] Frequency [Hz]

Fi gb4d e Demonstration odp:Pairspwtal Wasv dfherom,e mc o mp

a 1 kHz and 5 kHz wave. Bottom |l eft: the raw
scaled by fthequamdsawmndgarasi.n Dashed | ines in t1I
amplitude ofnpgthte waownmesd.i tTulteentcarrected DFT has

frequenci es, matching the input wa

The current waveform -tiaael dheal be tbnoegheHdqua
a scaling factor. Equagineni 8. 1] ukodewsi t ycomp
induced within the probe is due to the change

the flux density by the effective surface are

the pobbtwiahverage side | engths of approxi mat
mm t bbf kst he probe surface area is given by:
o) @3t pmi z@edt pn il zxmedcg pm i vé

Two commonly wused f afciteol rds® nuahpeeriO sd edsicrreicbtilngg pB o p
to the geintehriast ecda nf ibeel dO,e ewmh @ rne Etqlueea t magqin &t.i ¢ f |

center of a Hel mholtz céiltuireaspik)opearcdotectad |d Wt
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driven t h®o0adigsh tthhemef(fective area of an induct

induced voltage within the co6 andstipe opwmibemond
turins (

A rfal pr oecpe siss nrgegui red prior to the calcul ati
di fferenceordernbegwaeehobhhe two signals. This
within the Pearson CurrentprMpmirttadro:nrathh & oioiftihtei
change of magnetic flux through the probe, wh
from the devicedirsogmoenttiti TheleROu gt heWweage,

induced dweanyagdemite mel ux. Thi sFighGsdédown schg

d —_ A d - A}
Bal / 7 TN
L \ L \
T K T ¥ Ay ;
.

— dB
: Vprobe a E

Vpearson @1 R o
Figbdhe Simplifiedvicsuoalbi zi aghemat measur ement
calibration of the RCs, and -ohderesulthegPea
Current Monitor signal and the voltage

This difference i n i neteengiiabt @rs homrwd enrg @a ® Of wWretg
shift betweeint Hihse itswoe gguigwmallesnt t o the differe

wave, represeant iang odi. f f
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0.75

0.50

0.25

) Pearson Current

) = RCIP Voltage
—0.25
—0.50
—0.75

0.0040 0.0042 00044 0.0046 00048 0.0050
Time [s]

Centered, Normalized Signal

Figbhage Cl oseup of the centErgilesbomahigzad 9Wa X
phasief tshhet ween the two signal s.

Wit hout further processing, the Pearson signa
are proportiranael otfo cthraem gtei md t hat current. Th
dependence on fhegHE&dmecEgmakibzed i[nb/klrse FT (I F-

p ¥ 8
Q0 — O Q Q1h VPP
¢ v
tdn | FOeofi vate can be expressed as:
0 2QC po 7 O Q Q ’ Q ToQ Q18
050 o ; 1 ) 1 LPY,

Accordingly, differentiation I nQthettbemérdqme
domdgier2]Comparing a function and a derivative
frequency dependence swhyincalth sit s i motr oiduicede bty t d
With the goal of theysthki hgefjmaehoy bebBpgnte

is undesirable. To avoid this impact, the cur:
numerically, ensuring botrhatse gonfalcsh aanrgee parnodp otrh
artifiaoicygl respgopumese. The scaling factor 1 s sim

devel oped by Hh23]Thgs namerTwer derdf f erenti ati on

usi ngumpy. gmoaddu leen,t whi ch computes the finite d
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nei ghborfi®aghpesidobes enforce that the scaling

ti«whefferentiated units, and need to be integr
magnetiThbef furquency dnonoafi nt hreesper ewsaevnetfaotrimos , wi t
di fferentiated numerically andFicommwerted into

o H #  Pearson, B-Field [d{Wb)/dt)]

10 2 * RCIP, Voltage [V]

10

"qgjlo"‘ =

E

Z 0t

Frequency [Hz]

Figbtre DFTs of the exciting magnetic flux, as
i nduced voltagaeofli RRQlh e FpuorltohiBdaglpd ecessed f

The |inear relationship between the induced v
showhi gm& ebotrh excitation types investigated.

®*  Frequency Sweep Input
® 5.8 kHz Sine Input

Log Scaling Factor Magnitude [V / Wb']

10 10’ 10 10 10°
Frequency [Hz]

Figbh8& e Scaling Factor megaitBGes &srcaheupatl ei
kHz and frequency sweep excitations. Below t|
|l ine), they both agree and show no frequert
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Tabile Mean scaling f acctooefls RICAr, e@adh tdien ectsit@m
100 repeated pul ses wedeféapakbprzedt efdWmaypgnmi

Winding Poloi/vap Tor oivdwb§ Ra d ivaWbg [
Meamra$SkFancg «+ 2. 51D3 DD 1.9445 + 11. 76G.000 "
(Standard)C (0.001 + (0.0009 4+ (0.0006 +

This scaling factor allows fmeasbheedomagnsei oo

however it does not fully encompass the physi

5. Ro2 ati ons

The RCs are not perfectly cormxttmuidktped icrnceal i ¢
i nduced voi hcead @ D rdadt me@adhhs d ot iso nEaalc hc ocicz dr chas a
component in each direction, which can be 1iso
excitations. This r oRiadfldn whs rexmladiyssdrbeeyu ismueacr

to determine the angul ar separation between t

P
PF
}:\)'f :T
T.’
R
Fi gblr@® Vi sual represeatagnmendofofhae pmhper tatt
an ideal set of axes (bl ack).
An ar bifteddy wB I | induce a voltage in each coli
the i mperfect coils will pick up:signal from
@ YO'Y 0'Y 0'Y
) Y6Y 6Y 6°Y h LAY
W YO'Y 0'Y 0'Y
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wheles the scali-dgréatt ona’V oinsi htbheen ¥ ocatnadt i on al
of tdhier eYc tnidoinnagl twoivda rrdesc ttitoen.Z Separating these
mat r,wkeese t hr eef ideidjdesc n(doboal v8l tageée)s in three .

proportional to Wniagderstali ¥Wgalgicvioensp.® nent s (

LR

<343
< <<
Os: O: Os
(o)

Y Y
Y Y
Y Y

e €
==
5 <3

The combined system for each RC can thus be s

w YYo8 LR
The scaling factors areheakeonrasvwogodiabdgoygal nm
coil was considered separately in their calcu

the RCs with the dri viitnhge anxuinssfrafrc tivhHae ukke larglomlatl
matri x coenpalnlenu rsi-dayi, s acr iaeryt atfifon i s consi der
appropriate scdiaggnédabctompombatefbf the rota
calcul ated since the calibration mrecditraedctoinen :

Bfield at a ti me. By cooemapcahr icnogi It hdeu riinndgu cae ds ivnog

component of each coil in the direction of th
field:
W Y o omY Y Y 6§
) m Y m'yY Y Y m h LS
w m 1 Y Y Y Y T
which simplifies to
W YO'Y
W YO'Y 8 Lvd8
W YO'Y

Here, the Noletl @dgas eame aBiug®de Vhé uesal asgi hact
cal cul aTeebdlle A ciom di ngil ¥4, cBgubei oeabraegéorto
the RM coympYohaentdt.s Simil arly, t hfei é¢lod oéxailt atnido
be used to solve ffoohosd&ded RMecobimposentesspecti v
components provides a ftaliprdéefoned aBMpr méani

81



Anal ysi s

As an example, the RMMe fRMs RfCAdr isacthoR@ ar e s hc
Additional Dat a.

p mTQ PR p ™M@ Q2 p Tt P T ™M p T
Y X&T ™M pm p mQ Upm Mr&Q pm 8
o my iQ prt PR T T @ p T p TQ

By measuring a set of voltages from each of t

each axi al direction can be calcul at ed:
0 Y Y w8 LD

I n the calculation of the srcedti ngniftagc.t olrrs,t h e
Equati an 5he scaling factors multiply the mag
have units of V/Wb6 so that the dimensions of
di mensionless, hold#@dipgchhwi ndi agbseawenbhtbkig

can be determined from this information, but

5. MNe3i ficati on

The accuracy of these calibration factors can
cal i bration excitati on -ftioelcda.l cTuhliast ewatsh apte rnfeocarsn
pol oi dal extwittalh itome odc &RICidng factors and rotat

Equati &ncbul d be evaluat ed .8@hte eeaxcchi tdaitsitoinn cnia gfr

calcul ated from the measurOgedi snpompauedend t h
gnetic flux as determi Fredbfleomitshewasald dmeaetf
the 5.8 kHz e®86i kadlzi 6negqunenchesweep excitatio
t he

Bfedl d cal cul aanioosy segmiahi bgt ween 3 and 4 or dc¢

ma
full range of frequencies investigateosd. T
t heaxins field, which agrees with the measured
magnitude of the excitatfiioen dc esnltibgehtthleyea mpbi t m

mat ching perfectly across the ttwoade wd istuatl il oyns
amplified by Il ogarithmic scaling.

8 2



Anal ysi s

Log Magnetic Flux [Wb']

*a
®  Measured By ' ste
e  Calculated By

Calculated By
s Calculated B,

2 3 4 5 2 3 4 5
10 10 10 10 10 10 10 10 10 10
Frequency [Hz] Frequency [Hz]

Figblle Compari son of t he -fmeeal sdusr efdr oanm dt hcea | pcoul | oai
excitationscbhboeff R@£.tpolsoi8d&HXZ5 iknkzu tf.r eRg ugehntc:y
i nput .

Foll owing the comp bt athéhteni » f niéngtdeagt ri aotinebdd .i n t i n
return a magndtti dafsl b ewmalsthheown t hat numeri c i
performed in tHe.2fl]Asqgdenay | # 2mamer Emraadigmat bon
i's equival eii nt a hdei firseiqaure iibcgy tdhoemaui nni,t awhye riema g
andi s fré®dréncy

5. ZEZrror Analysis
To dettelremienrer eri edd st eestB mated by the RC calib

error on each&5t®rm in Equation 5.
o) YOY w LAB

The error on the voltage values comes from th

determined bgtcempgahiof§ the frequency domain

of | nRiegrbdr@&th.ows t he comparison between the DFT
measenémwhen there is a driven current, and a
driven current has stopped. Here, the magnitu
signal at the driven frequency of 5.8 kHz.
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4L

Log Voltage [V]
=

4

=

Frequency [Hz]

Figbr2 DFT of the meadgduwrrdd gv alntda gad,ttiemrc RGfER reex ¢
the SNR on the measurement at the frequency

This can be done for aésultthseeThe riecduoad, v el |
for the pol oi dacloiolftsoR @1 dhmd v, e arnadl ataidiemlerr or s ¢
0.005%, respectively. This value is specific -
t hough it FKkiagbli®eh aste etnhd nrel ati ve strength of t
frequencies of interest is multiple orders of
is a particular advantage of freqtufee cmajdomiat yn
el ectrical nfon seuemscy nr e dpiemdéni ghhi s noi se i s ut
from the signal in a time domai n +waenads-ulroewme nt |,

frequency components overl ap.

The errorn ngn ftalce ogcanatri xahat g, cahopbpagateeer
Equatgwmi ccsh defines ™M he scaling factor,
w @
k2] L&

whed es t hdei ftfiemeent i attehianmagreestdac Floll dagwe ng t he
standard erooedprepagal6,o]nt hien rgeu aadtri avteureer r or o0

can be determineedlt hrough Equation 5.
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1Y

gl
@
#

Threel ative error on the voltage can be det er mi

magnetic flux must be Ppr apagpatdea ch gt KHroo LEQhu alE g wan

0 oh L

g T P ~ - —-— 8 US(Eﬁ)

The permeabiltityhaoad dm eemmipmmaeagan dv aal uree loaft i v e

¢c pm, based on the most recent def[iébi]Thos of
value, relative to T he amnt lbeer ctoemrsmd eirre dE eu a toird

no rel adn ke eonosltiamat imud tfigpct or .

The error in the current iIis determined simil a
SNR of the processed measurement. Since the s
ti«wheri vative of t hrer eimmatg nneutsitc bfel udxi,f fté&hiigso rcieuat e c

513 hotwlse majority of the noise in this driven

wel | talbeovreange of driven frequencies. This ence
remain |l ow, with a relative error of 0.004% a
The number ot Kmrmmdpéeéhecoiuimber of €t gpns i n t
are errorless values. These were i mplemented

with the exact numbers of turn[s6]i hhesaehi cdasle

numbers of turns are possible with diligent ¢
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Log d/dt Current [d1/dt]
=

Frequency [Hz]

Fi gbhr® DFT of the measured input ecgraedtafoer:t
exci ftaot iiodnenti fy the SNR at the excitation f

The radius of the Hel mhalot 2 st eidpodivd® ii9icba $2 8f o\r Ot.
mm, whil e the ctooialo$d .dad [ n@. 0% dmrmal armnas Pelc t7i6v el |
The area of the probes is calculated through
5.0 mm, 6.0 mm, and 7.0 mm N 0.05 mm for the
respectivedyagadhiromgihnpquadrature, the relati\
1. 18 %.

Substituting these rellalVvewsr tbhesriehtadi E@u at
flux to be determined:

16 TBITITTT mard | 81 Y p& BB
s O& § | PREP
l¢tan be seen that the relative error in the mi

probe area error.

't is noteworthy that the error in the magnet

an equation de[r3a&hedd ghiyv eBrr dnna THyghsatiisorm |l 5.0 t he |

for the error on a magnet i[c3:9f]li el d generated b
10 1 i 1i 10 1€

g5 T T ™ o ¢ " o
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wh eir &nidar e dihie ofa t hies ctohd ssemawrdati on bet ween |
anal gyt ft@r ence from the flux density from Equ
the relative error in the magnetic ifdux for t

agreement increases the confidence that the e

Returning 6.0l,Equeet ircen a%.i ve error on the calcu

determi ned:

1Y .

% TIMTMTP T@P P Yppg H
where the error Iis cecmpltatalty domitmhat ecdl be I
Fi gb9séhows that the scaling factor calculati on

on the 100 repetitions of approximately O0.03%

to wnth. 2% per the propagation of wuncertainty

The scaling factors are-fnet dud e d siaw amdtadsguer e o
they are used as an b rbverTthed pmatpraigra tii ro nE gpu a teir
i nvemsiis det aidtefd®])6.yand fresvtr ebe applied to the
i mpl ememtn. The authors provide a formula for

which here reduceovtac itame eyanifandhe GScalfing fa

is diagonal, meaning the covtalrd ainrccei vnadudlx Vv a&r
remain. The formula for the &o,vairs agiicvwe mah yr i Kg
59[ 6:6]
AT® m 0 0 A 0 0 8 V8o

This requires a full summation over the matr.i
pair of elements. To det ermixeeltidhmmenitoy atrh@nce
sum of all el ements in the error matrix must

i s diagonal, meaning only three values must b
the standarrmdvernrtreod sr oanl thealiing factor matri x
matrix is shown for RC1, showing the magnitud
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™ YPe T L1 Ttmu T T A
Y T TWPT T m m@ine m 7 AKS8

L1 L1 ™ @ W T T T8 TT X
Lefebwvi®#l6] so state that for a systeém@f si mul
whedies a vector of dmesaaumadrival obEscaefifi cients
uncertainties, the undcernt aientcyalicrultalt e ds dlrwtm o
For qutamariet iiensiependent of eambhtotbes, awbodeadg
accomplished Wsing Equation 5.1

~

A 0 A A w 8 v T

This procedure can be used to determine the u
di agonality of tEquatabnng.bachbor bmatrewx | tten
@ Y'Yéh LB

wheitéi s the matri x unattirp Ixi @medc tdrepf wit heout ¢!
the equation despite alterbsitgthee PDoldeowsft oe

required EquiamPbemé&etler mi neYdrhat reirx,orf rioamtwlei

error in the rotation matrix cdn eda dalrculhaetse
specific calibration shots. Due to theaglow re
factors, the YOmaenrt xi wtayy if mutnidle t o be dominate
magnetic flux, with the rotation matrix compo

The only measupembets 8&r emt tle rrBeilnadtuicveed evrorlotra gc
signals can be extracted from the DFT of thei
fromcwmadhhi s foll ows the same procedure as de:
measurements in the RCBprdhe artalbRe swnackiennor s

from a frequency sweep excitation of Drive Co

There are clear similarities between the prob
and BP7 are positioned at the same height, se
of the chamber. These f our hnaavgen irteul daet ifvoer eerarcoh
BP5 and BP6 are positioned on the |l id, closes
relative errors for each winding. BP2 is posi
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ur, and is seenesotbawvieemi miFl act pabpens wi t |

tributed to variation in assembly or positi

Tabi2e Rel ative errors in-prlodeisnnduaae adfqav @OiInd goe s

Ta
e X
ac
fi

r e

A
ar
cCo
t e
vV a
ev
s e
mo
ch
ma
p
of

Probe Pol oErdradr Tor oi dal Radi al E
BP1 0. 3% 17% 3%

BP2 0. 08% 11% 2 %

BP3 0. 2% 17 % 0. 5%
BP4 0. 08% 13 % 2 %

BP5 0. 03% 1% 0. 2%
BP6 0. 03% 1% 0. 2%
BP7 0. 08% 6 % 2 %

b52al so shows that obkeed®&NRnider larBely on the
citiaheosignals measured were from a poloida
ross albésseVlke mpaodi al winding is expected t ¢
eld into the wells, and the toroidal windin

flected by the order of their uncertainties

5. B i mul ation Sensitivity Anal ysi

kégment of numerical simulation is gaining

e compuwetdhemanoy!l g1 gni ficant figures and no

mputati onal precision. The acctoamyngfi aesh
sting while varying individual model |l ed par
|l ues. For the i mplementation of the geometr

aluations were perfomm€hapnerddsciMihbesd sgrci m

nsitivity analysis perf orpimreodb eosn. tThhee spel apcreonbee

dell ed to be in the exact | ocation they wer
amber; howevehavéhemabhredévkatyonse from t he:
chining tolerances, physical constructi on,

astic supwhoircth shtardu cvtiusriebsl y yel |l owed prior to
t mel ation to the exact | ocation of the pro
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Anal ysi s

mul ation with displaced probes: this was pe
splacement f or -porodbhe st,h ea nRdC sa nagnudl a rh erooBteastdi 0 n s
es. Given the tight machining and printing
rge. The probes were displaced by N 0.5 mm
e displacement coul d bheatquoafnta nfatehde ri.n dTehpee nnue
re displ agreabevs t had htehdBy are structurally coc
re varied by 1iddempeandehdldty. eddhle axmpact of
rposi ti voet aatnido nnse,g aatsi viehery are symmetric tr a
the directifdreldff arheitrhdeucialngpdhbeees toeat e

ea which is perpendicular to a given direct

i's senlsysiilviwygs ameaer f or Aie de | du reixncg taa tp olng i dva It
rough DC11. The i mpact of these variations
thin thpr &esaaflt 8r their di spl aicceende ntn arh er
eally placed probes under the same excitati
acement of the probes were varied to ensure
mparison. The i mpact of tfhreesqeu eamrdicsstuirverds t mv
termine any frequency dependence within the
mul ated results over theéabsiBsummangeesftbaci
XIi mum variation in the induced voltages sim

bS4e ummar i zes the same information for axi al

bSl3a nTda b5l4de how t hat there is axlargneadepemean c
obes on their placement. This 49 edxdpsautgge,st
e coimoies gsnucdingly excited than the others
is coils and the excitation field wil!/ resu
pecially prominent in téxadtolr y ibthah gpevil tod idmagd ,
eld. Given the proximity of RC1 to the cent
ositioned t of imetadstulries viewdeaxcpe@antBed t o experi €
gnetic flux and woumpatthed by lIlecseassedngl i
el d.
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Tabi3e Maxi mum rel ative variation in the iIinduc
toroi dal (Trxoudsle rr ald isgllma(tme nt $ diemr | [Jggati on
azi mudbal axi al (z) direction. Frequency sweep

pol oifdiaell dB

Coi + 0.9 i0.5yyn+ 0.5 7T0.5 ar + 0.5 7T0.5 r
RC1 3.66¢ i3.55 1i2.70 1i3.63 3.549 i4.64
RC1 615.4 11,52 598.2 584.1 10,18 563.1
RC11l 17. 78 2.17¢ 7.31¢ 4.56 i2.03 1710. 8
BP1 13.80 114.2. 1i3.44 13.77 8.279 174. 43
BP1 622.0 228.9 289.6 526.9 410.0 85. 61
BP1 1.05¢ ¥22.1+« 990.8 2.17¢ 29.74 1,175

Tabdblde Maxi mum rel ative variation in the induc
toroi dal ( Txoiudnslce rr ald isgpll acR)Yment s from their i
the probeds P, T, and R axes. Fergquamnhicyg savep ol
Bf i el d.

Coi l + AP + AT + AR

RC1P 13. 72% 1T3.54% 13.54%

RC1T 600. 6% 16, 489 % 620. 4%

RC1R T2. 05% T2. 07% T1. 27%

BP1P 1T3. 78% T3. 84 % 13.77%

BP1T 12, 016Y% 309. 8% 494. 5%

BP1R 0. 24% 136. 7% 0. 66 %

Across the range of excitation frequencies si
in the inducedcwofltBB® ohdéeheveandiabal displac
di ffereneaa sfprlcamerdomr rotatedipmolmes owas ad dn dtr

for {fake somcooljdiachal very sporadi cc diolrBR1hGes orratdhioag

coilhowever, had consistent behaviour for vert
increased steai VTy4%fbemwded 9% kbBz2and 35 kHz
di spl acement upwards, and similar behaviour f
to be due t o -ftiheel ds hwaipteh ionf tthhee pBor t, propagatin

the eesremithe poftel dhwi FkesbhetpagaBl el to th
radial winding. Within the middle of the port
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frequencies, the flux throsbghpbatdee chhatmdremo wta |
l' ines align Ichlhsepotto, thlkereswalllines tightly cul
al most no flux coming from within the chamber
the menaltaeasgedcor dlfel o iesitaer the port through
that the radial flux is higher at higher freq
experience a frequency dependent variation as

ef f evcits uiaslFii zgéitf 4ei n

Fi g2 OMSOL si @Qubasisactional view of the ma:

within the port of BP1. Wi reframe renderings

di recti,onaanld ctohiel smet all i ¢c sheath surrounding
i n whinteet,i cmag ux density is shown in the col c

|l ower flux density. Left: 100 Hz excit at

It is expected that these are the maximal di f
propei ti on between the ideal positions and thc
di spl acements would result in an induced volt

and the value at the i deal peaainmiodtnde tdeodweg mi

without investigation.

These simulations allow for an estimate of th
positioning and alignment of the probes may n
the expeldiememtes eWhideal positions can be wused
simulation, this sensitivity analysis provide
representation of the physical experenmenof wi't
the experi ment al results with the simulated v
any |ikely deviations from the 1 deal pl acemen
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With the error on the experimental quasul fsedn
comparisons can be performed to determine the

measur ements.

93



Resul t s

6 . Resul t s

This chapter describes, shows, and summari zes
simul ated voitaffjeuangdr mbghes are shown to com

and to determine the validity of usprmgbedD. si m

6 .Elxperi ment al Resul ts
A detailed description of the rmenaesnutraelmernets uclotls
described in Section 5. 1: Reference Coi l Cal i

the induced voltages withiPr olbetsh (Befserenwmd t Qg
measur endeingtis natrequd iort @ etdl pyl. e Fiomd ,sdtm ve probes wi
to an integrating citrhoauistt, bteh eoree famanemo t ®o ramea
data. The signals from the RCs can be convert
cal i brati on nfeadc tionr sSecas oonutbl. 1. This cannot be
factor i sityheat uink ntolwen goal of this investigatd.
experimentation and cor r es ppornodbiensg pskiansuelda tiino nrse

wel | s.

Fi goil'sehows t he representative waweafodbremd ufrrionmg @
iwessel excitation of Drive Coil (DC) 11. The
toroi dald,i adndcoils in each probe. The excitati
Current Moni Fiog&2 eAl shbwneenof theseipéonts sh

excitation, though their measurement channel s
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0.4
0004

02 0002

0.0 0.000

Voltage [V]

—0.004

0L000 0002 0,004 0006 0L008 0oto o1z 0.000 0.002 0004 0L.006 0008 0010 0012
Time [s] Time [s]

Fi g6t e Representative waveforms of tihned uicntdiuvcee d
probes during a frequency sweep excitation

) H

40
30
=
=
g 20
=
=
10
0 J
0.000 0.002 0.004 0.006 0.008 0.010 0oz
Time [s]
FigéZelnput current, as measured by the Pear

sweep excitation of DC11.

The DFTs of the i ndhiceodTahiegvalld aggyree pglodwn eisn f
and BPs exhibit the same genampl ebeh@atteonoot ab
di fferences are in their magnitudes, as probe
weaker fi el dt hdlithde noontl yr epcroorbde dat a was TRC10 (1| c
this may be dueitoukbsekewhon s$shertassembly, or
within that probebés digitizindsaaccesasful Wyt hert
dat at hi s was not detrimental to the project.
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Log Voltage [V]

Fi g63 e DFTs

N o

cal

further

i br at.

Log Magnetic Flux [Wb]

Resul t s

on

Frequency [Hz] Frequency [Hz]

of the WwWagéaf easmedshowbei henf tpthysi c

RC1. Right: BP1.

procesdgiond hreendta stuos emenden from t he

factors, the calcul at eRi gsigenet i c

e Bp
Br
Br

0’ 1w’ 10’ 1w’ 10°
Frequency [Hz]

FigbeaMdagnetic flux atatbel hoedt megmatreB@ht s i

Thi
for

mu |

6 .
S secti
bot h

RCs

Fi g6l e

ation Resul t s

presents a representative

and BPs.
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6. Manetic Field Propagation
The visual i-fziaglidsn wift hihre tBhe cal i bration c¢hamlt
performance of the simulation. By understandi
behaviour of the field, the agreement between
be assessed qualitatively.
Fi gétsdhows a cross sectional view of the calib

of

f

mohdeed o met r y.

gures, whi dh

Thasreberantbtaded bhestter under s

eVids paloipagathenB wi thin the cham

B-Probes
and Housing DCs 11, 12, 13
RCs 6-10
Chamber Walls DCs 31, 32, 33
Central Column I
I 1
Air Domain ‘ '
Extents I‘ [
|
=
|
§:’/’/
Fi g e Csexsgs i onal view of edmetfnineg tchomdieme ndr e
the | abell ed wireframe renderings

Fi gtigGséh ows -oan fvaiceew of -4 eéhcet iBam@s € wosh t he magnet

d
[

n

e
n
0
h
0
h
S
0

nsihtown as th
terpol at ed,
densE defined
e solution b
arsemn hmesh s
e results ar

wa s measur e

e overlayedficoel dudimatr i Ghtei conit

recalling that FEA software com
el emental shape fsteedot appr 6gumdt
et ween adjacent nodes. Accordin
acceptable since these coarse g
e mugsihmunloatei o mpoDb&€hhtwad ne x diii tse «
d during theFcog4a8 espbondi egcphas

urce camebstgoeamg bmagineti ¢ flux density surr
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being driven through it. A range of frequenci
Fi geitGsehowi ng the 10 kHz excitation.

[F i.\m

\V// N/
\\_Q/ "

\\/

Fi g6 e Magnetic flux density colourmap in the
the 10 kHz excitation of DCild.t Magaoeltowr ma p X
pl ane magnetic field |Iines are shown i n g

't can Mbiegtoeanati m he magnaeatsi cstfrlonxg edsen svietry cl o

Drive Coil, with all other regions appearing
strength adjacent to DC11 and near thel induct
wi th a | i neamosctoloofurtnhaegpse gr adi ents are mini mi

strengths are eFaisgtlbygaa i se¢ i nmpui eshwad,|] eaccordi ngl
|l esgcal ing to this visuaFig@an ewher @8ht Bei si gmpf E
of tfhieelBd i s clearly visible throughout the ca
field within the chamber -arsderotafb | nya gmriotnuwdien caet
occurringhambersswdlhles.c This agrees with theor)
effect within conductors | imits the penetrat.i
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Figeartki g6 e pl ottsedlieag T)dogTheefcel durmap i s

Here, the magnetic field |Iines are notably mo
of tfhieelBd uthrtolughohamber. These greyscale I|ine
strongest, to black, at the f Heleddds iwse asktersotn g |
attenuated by the chamber walls. The strength
explained in Section 2.1.4: Hingdouitesi g@8 eand ca
where the same coil I's excited at 100 Hz.

Here, the attenuation of the field by the cha
at | ower frequenciesabimeaniongemere adfe the ffiue
There is a similar difference in the field st
primarily due to spatial separation. The diff
bet weiegbiraenli g6l&ies due to the difference in cur
faqueirdnici esbi gl et he excitation current i s strc

components. This is due to tdrenGeeaeir@n dfust lhe
empl oyees devel oped this waveformhioelidheddice a
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ctive probes. Recalling the OoOperatcaoagspan

age requires agtilhbhwatr magmet ifcr édqeeémncise s .enl
erences between a 100 Hz and 10 kHz excit

absolute change.

Fi g68& e Repl iFciagt@it,oenwiotfth a 100 Hz excitation i ns

Regardl ess of excitation-ffiré qlu dailaoesse dftoaramygms b e

of the | ow magnitude | oopFsi gér@enkhiogb8sebh opvnev ant
overconcentrati-bnel d areasgobh, hbgh &ach of th

paths of equal magnetic field strength.
Bfield Iines can be seen to p&®ds omlmadowdghlmntehe o
with their centrhBiga®xéersa.t Itthec d&ln blya-BRaOseerd siumr e

predomhoantpoplt@ildwilt h i avaerittgiraddeclam{(ponent . The t o
Bf i el d, however, i's mini mal
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Fi g6 e Cl oseudp iNgeRICesTHe cross sectional pl ane
with thdselRICd.ineBs can be seen to pass throu

The i mpact of t {pe opflead che imme nrte coefs sterde wBel | s i n th
showhi gisde® This shows t-hieelpdospagaanmnadnBBI ®Bnder
kHz excitation of DC11.

IR

/1]

Figwdé® CloseufpighbirBP1l in

This simulation was performed at each excitat
ranging from 100 Hz to 35 kHz spaced | ogarith
prdei a good representation of the experimenta
identify frequency dependent behaviour, while

101



Resul t s

Similar results can bei Biegolld are nmome t @xad ii thagt it ch

pol oifdiaell dBs whi ch can be generated in this mod

Fi g6l Regtliibing@®ife with DC22 excited instes

The induced eddy currents within thieg@logmduct i
highlighting the i mpontthanceal ofrialteigmlred n Bi der

shows that the excitation of DC11 induces edd
structures. Thinsg ifsacat ooma jionr tehoenetdrdi sbtuetais-upbadoby
probes, and thus must be properly considered

within the air doemmad ncorsduatei ¥iot ¥ hreequwinr ed t o

compatawsxpl ained in Section 4.2: Mat-eeral Spec
conductivity was determined to be negligible
currents is visual l-yyc @lxiamgg,e rvahdeadhodwssasntudetgalries cdu

the eddy currents spirtolbiers tamel wadlel drneam tchue r B
t peenetr atoifon hedeptdlly c-6rrentgsaggar aR€d due to
separ at i on -sfercam otnhadh icarltoasrisdh ei currents are showr
chamber | id is meshed coarsely as it is far f
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is meshed more finely, and thus the magnitude
more agycmodeékled. TRi gt awhbefeiseeleda iBm t he | i d
15 i s smooth and concentrafFedblbhEooaogeadhesi nmer
confidence in the simulation to accurately 1in

I |

g
1
)
)
:

e
N
|
\
b
N
g
N
]
N
A
\J

Figarz Cudeentty in the midplane of the cali
excitati dme ocfolBtslwnapcurusnhgsaab®ipdd mh

6. 2. nzluced Voltafeesel dad Spati al

The indusedvivdlihagemy coil can be extracted th
tool within COMSOL Multiphysics. These values
probe. The Frequency Domain study type operat
trammdg oneed to be performed to obtain the fre:t

The magnitude of the voltage values are plott
frequency domain representation amnllwadedrhee possi
model |l ed to be wound in the opposite directio

The magnetic flux at the spatial | ocations of
points at the exact center of eaehf @ctoibee & ¢:
can be used to derive the magnetic flux in ea
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magnetic flux density is calculated in Cartes
simul ation are aligamsedtd obetyttermdguictalt lte og>xd int
Accordingly, the magnetic flux density nor mal
bet ween coordinate systems. This ifsl:Bljccompl i s

(HUé %o | "och @31

% 1 o® ME %och oP

aHu G o8

whewies defined to point from the middle of the
BP7 arearimpbhpt & towards BP1 from the same po
t heaxyasdgwoi nts upwards fr om itiulsertdidetalo ndiorfe o thieon
pointing outwards from%d ketimeddlze mot haheétoeoi
rotating aroundadaivhet ke naxiadl sdiafdégt iaommd, commor

origin of both coordimnaft et lsgstcrranmbers lbasé¢ heat

central shaft.
Accordingly, to obtain the t oiran ddcagl mpnmoangennettsi co f
the flux at that point must be used, along wi

For RC1, angled i4%5idegtbes isomctcloenpXxi shed by
6 6 OEduvJ 6 AT ©Oul [0}
and | i kewise for fluxes of other coils. The i

and the associ attied fdli ureedFii gradd mdagwaen gens pr o v i
each of the sHingpelr&toende vfarloune st hien sensi ti vity an

Section 5.3, examining the effects of minor s
vol tage profiles. Here, it can decesdckewnoltthage.t
is reasonable, as it is positioned perfectly

the scale of the toroidal range 1| Figoebial |y e
t hough the range in the toroidal direction 1is

appears here.
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d uacgeéds efotdl )t t he associ ated di(ricgthtonal

| n
RC1 under the frequen€&€yr e memmpas xfcrianm tti hoen soen

Thes
me a s

vol t

By u
stor
ma g n
func
prof
t he
1.5
For

analysis performed.

e results are how 3D simal abpram@EaeaBaat ohe
ured voltages can be -fdiieledctVal mess.ockadle ds ¢

ages can then befcehnvdesteednignthe . appropri a

6. Ra3di al Profil e

sing tate3 (COMSYObpztrovari nabhl &) obal Eval uat i c
ed variable can be retrieved at any set o

etic field strength aproolges, rqauamat i fpyiorng |t
t i oenc eosfsitohne arnd s hi el di kigg 6lT4 iwsh ewaes tihnep |rean
ile of the normalized magnetic field stre
chamber wall occurs at the radial positio
cm inside the tchheambedrl t(a hle. 5 ucdnh irnasdiidd e x
visual clarity, only hal Figblrehe simul at e

105



Resul t s

Extent of Probe
‘Well Entrance

Normalized Poloidal B-Field [-]
=

0.130 0.135 0.140 0.145 0.150 0.155 0.160

100 [Hz]
177 [Hz]
316 [Hz]
562 [Hz]
1000 [Hz]
1778 [Hz]
3162 [Hz]
5623 [Hz]
10000 [Hz]
17782 [Hz]
31622 [Hz]

Normalized Toroidal B-Field [-]
EEXEEXERR

0.130 0.135 0.140 0.145 0.150 0.155 0.160

Normalized Radial B-Field [-]

0.130 0.135 0.140 0.145 0.150 0.155 0.160
Radial Distance [m]

Fi g6rZe Nor malized directional magnetfircdmhb ux d:
cmtibme chamibemsmmi vel it heunder thdo@xciPodtoi adml c
Mi ddl e: Toroidal. Bottom: Radi al

Thengsiostency of this behavkFiog@lr4&ing @drece sveha it hwh
shows these radial profiles for BP6 (on the ¢
nor mali zed pol oi dal and radial fields are see

relationship quantifhes tbedumpaoyg ohamberswa

This exhibits similar behaviour to the induce
and probesfialthost poeBent in the toroidal di
seefig@lrdes | argely sporadic, though a reducti
into the well. To propemnqluy r @& l-fiaibetladr @e xddaiét aBoir @r

generatilngrafiaei avi th a more refined trend an
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Extent of Probe
‘Well Entrance

Normalized Poloidal B-Field [-]
>

g_-

0.630 0.635 0.640 0.645 0.650 0.655 0.660
100 [Hz]
177 [Hz]
316 [Hz]
562 [Hz]
1000 [Hz]
1778 [Hz]
3162 [Hz]
5623 [He]
10000 [Hz]
17782 [Hz]
31622 [Hz]

Normalized Toroidal B-Field [-]
SEXEERXER:

0.630 0.635 0.640 0.645 0.650 0.655 0.660

Normalized Radial B-Field [-]
=

0.630 0.635 0.640 0.645 0.650 0.655 0.660
Radial Distance [m]

Fi garsS™Nor mali zed directional magnet 6,6 r Aimbx den
cmtiobme chamibeswmimdeaevettHe under th2log@x c iPtod toii @l c
Mi ddl e: Toroi dal . Bott om: Radi al

Withi /i gardenki gélrze t he pfoileoliddanlasB smooth behavi
range of positions-fieVvdst hgweedr, TeepeadeakeB
at the exit ofghtehset werlel g uuenndceyr etxhcei thaiti ons. Thi
el ongation of t heiufpioenl cenasriitnge xihtes stulra oweldli n
fields are |l ess confined by the conducting wa
flil the void space surrowngwh@ wliher r-feihdami elBi.n eTsh
narrow and extend further r adicaldl ya.t Thhigsh eirs fa;

due to the increased I mpact of the conducting
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scal Fngti4enki goarsshere an order of magnitude se

flux density at the highest and | owest freque
These radial profiles cdn élha@mudece tlmcsaddloen tolf
the well, to within the calibration chamber.
cali bration factor to compensate for the effe

boundary of whtersi ta. pT haes npaeflinmoeigdda | c aal nidb rrdatdiiocanl fE

are shHdwmlégrs an etxlhmemptler oi dal fi el d i s enot i n
| argely sporadic. These factors were found to
fields. Other probes have similar profiles bu
its own radial profile calibration.

100 [Hz]
177 [Hz]
316 [Hz]
562 [Hz]
1000 [Hz]
1778 [Hz]
3162 [Hz]
5623 [Hz]
10000 [Hz]
17782 [Hz]
—e— 31622 [Hz]

Poloidal Calibration Factor [-]

SEEXEER:

Radial Calibration Factor [-]

0.130 0.135 0.140 0.145 0.150 0.155 0.160
Axial Distance [m]

Fi gr6Posi tciadnalrati oni hatther satfobrBPi on chamb
Bfield at a position withifni etlhde 1webl Ic nb yo utthsiisd
within the caTop:rr aRolomi cadla.mbBRot t om: Rac

An exampl e of how t hiismplaagment ecdrirse cgii voenn wioru | E
frequency -fdiegledh deetnta Bradi al @ o i, t icoam vbiet hdiert etrr
given the voltage profdride metasa rkrmdoydi raa dsihdlel g
and the conlBDéaokarioplbr.atTihne radial profile prov
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scaling factdi et d memsectédAvdstBii n Abeopadirnhgl y

t hef iBel d within the chamber can be calcul at ed:

"\')Fi ’\I)Fi y ~M I3 N 8
0 w 5 3 (')

6. Z.i4dne Del ays

El ectromagnetic fields evolve as their excita
space, this evolution occurs at the speed of

can be approxi matedaiasda dmietasparcel, adiueetper |
and | ow conductivity. Given the | ength scale
to propagate from their source to any observa
ef f ecitnisvteanyt aneous. Wi thin the recessed well s,

experiencedal dy nad et heynedi ffuse through the me

Model ling this phaererpreeamdanrte ¢uimud ead armthe m&A f ul |
replication of the frequency sweep excitation
prohibitively high Ttolmpsutmadelnahad elgeug r ermem t csr
perf orcmanpaud er with access to 1iTB RAMyf dl %a off
excitation computed. This is expected to be d
properly simulate both high and | ow frequenci
preliminar gweirpcg e o gladkiHiEhGahrkk Hz exciatsatdiescri beq
Section 4.7.2

Fi gaargdhows the nor niaileilzde do bpsoelroviedda lahnBheamg t he Bh&
kHz exciThéemeomn ut i ofni eolfd tahte eBach r adi al posi ti
that the fields within the c¢handbeelrayo vaetr |tahpe idru
l ocation. Wi thin ftihel dvel dre hoevendetl ga y¢ XdpieeBit eon c ¢

interactions with, and propagation through, c

109



Resul t s

1.00
07
= 0.75 — 0.13 [m]
4 —— 0.1325 [m]
2050 5
(SIS —— 0.135 [m]
o
e 0.1375 [m]
025 0.14 [m]
g 0.1425 [m]
g 0.00 0.145 [m]
E(_ 0.1475 [m]
.'95 —0.25 0.15 [m]
E —— 0.1525 [m]
B -0.50 —— 0.155 [m]
o —— 0.1575 [m]
g — 0.16 [m]
:2 -0.75

-1.00 =S

He
t h
s u
me
s h
ge
pr
pr
ob
me
t h
pr
t h

Wi
pr

0.000 0.025 0.050 0.075 0.100 0.125 0.150 0.175 0.200
Time [ms]

Fi g or mal i zed ipedldoiodbaslerBfed al onOk Htzhe axi s

excitation of DC11. The entrance to the
re, aili edfdst lwe tBi niOt.hled 5c hnaymbaelri g(n0 .vle3r y wel |
e -deilneey within the chamber i s necelri,gielmlcdr, as
ccessive radial degpelhaex pElre emaxismal | phayee -
asuremeAntatwatsh8&85deepesk Hr adk & loutplde bshd men . p iTahs
ifts at the same depths. This confirms that
ometric and materi al propertiidds, sanmdhticsh eisnd
oposed -ftihelod ydioff f Bsit @m swi twhhiem ec améu charact e

oportional to the materi al[Gsr]pbrmeabi Antiymp

servation for the-diomali emaemtadtymems aifee Bny ti m
asurements, as the temporal evolution obser
at within the confinement chamber. This inv

obe must be precicoalry cdalpihbarset eschidd tchaant bteh

is delay and correlating measurements with
6. Bompari sons

th the results from both the physical exper
ocessed, anompamasens oc deter mi ne whether the
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the experiment. For RCs, comparisons can be m

measurements and the calculated magnetic f Il ux

compariosnolny cbaen made wusing the induced voltages

simulated magnetic flux values at those | ocat
6. ReXTerence Coil s

The experimental and si muleateexd ivaltti aogne so fwibDtChlil

Fi geir8 The simul ated voltages at the ideal pr c
points, with theltageges oi t &Apmuaacaetheen.t5 amne, st ol

range of error for Tegdaels cfentshe idinegctain@an glsi so

U S S S S = B SR

"L re
1w LR e

Log Voltage [V]

Exp Vi *  SimVp
_a a  ExpVt ¥ SimV;
m  ExpV, 4+ SimV,

10t

Frequency [Hz]

Fig6lr& Experimentaltagde ermbl heedf¥RELdJdudder t
an excitation of DC11. Errors on tTherewoper i mi
spaonn the simuleAredh tdgubkesscomvity anal y.

Here, the simeskeanedovbhvagéoswaremagni tudes th
t hough the frequency responses (shapes of the
normalizing the signals from each directional
nor maon zaltliows for the comparison of the profi
dependent phenomena are being simulated corre
each directional signal . Hihgr® ompari son i s s
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*  Exp.
4 Sim.

aa
“‘.n Shiaang,a
ak

Normalized Voltage [-]
=
=
£

-
P il SO
o ”
10 T

“..‘nxl

10 10° 10’ 10! 10° 10 10° 10° Ty 10° 10 10° 10 10* 10°
Frequency [Hz] Frequency [Hz] Frequency [Hz]

Fi g6r® Nor mal i zeHi gIfn aslegp afrradned i nto each di
signals are normalized to theRIighdgestPtop ol diad a
Toroidal . .Right: Radi al

Fi gaar®uggests that the simulation i s appropri .
the poloidal coil of RC1, as the normalized p
within the range of si mulhias edoisleniss talvs e ymod el
though its physical placement is not the exac

is also seen to be orders of imagnhitsdeosmal i 2.

meani ngffulonsibgnal si mul ated and experimental t
radi al profiles have the correct frequency re
magni tude than their experimental couantft etripart

physriacdailal coifli,elidmpsrionpudratB ons, or difference
geometry and the CAD. l denti fying the cause o
i nto the-fsiemuwllsataed tBhi s wioncdaitni gosn,o famtdb & ehseh irealdd

Similar behaviour is noted in all other RCs.

have the approfiig@r® hdsagea,n adki metem i n Append
DatTeh.i s agreement of the frequency responses ¢
maxi mum experimental andhei mel atedevobgageéesde
These ratios, specific to each direction and

of t htehraRC0 r d eli gé2t0ma 1 n
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Figea@® Ratios of the | argest

their ratios below 5% acr oss

arneo t

of

f

Exp = Sim Ratio

t he

40

Resul

1 2 3 4 5
Probe Number

RCs, during an

t he anomal ous ratio

vol tage

behavi

Addiotn al

possi bl e

profiles of the

our of the excita

y, these ratios

t hat they coul

used; this would allow
for it would introduce
probes, or even differe
The fact

t s

® RC_P(mean:
B RC_R (mean:

excitat
signals were not

for

matched to the physical

3.9, std: 0.2)
2.4, std: 0.4)

experiment al v ol

il on of DeCl1. RC
representative of a

RC8R i s
al | RCs. Thi s su

negl ected,

probes, they do

RCs. To properly mode!
tion fields must be <co
are taken from the vo
d be i mproved if value

f or et he

vari abi

nt

dire

fThi i dvals mati o

ity
ction

as differe

a l coils w

that the disuggtisamsalt haatithher &r ¢ snat c

experi ment which wastho

process,

accounted

6 .

S

adequaeelyyamoeélkeimedt

or a calibration factor specific to
fodi gAniizagsueni matyhd urt her | mpact t
ncorrect current values from those measured.

3.

3.
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As is expected given the results of the volta
di fehere bet ween the experi ment al (as calcul at e

RCs) and the simulated magneti ¢cifghale val ues.

107
- & & Ew
= LA T T
1w’
=
=
g 107
[
2
3
N [
=
|=1]
=]
- -
1w
Exp By *  SimBp
s Exp By Sim By
{11

m  ExpB, +  SimB,

10° 10’ 10 10° 10

Frequency [Hz]

Fige2Z¥xperi ment almaagnnde tqirco éf R&gke d i D@lelx ci t at i on

Despite this difference in magnitude, the sim
seen to have matching frequency responses. |t
values is at |l east partly acmdhukestaenghhest

signals can similarly be normalized to see th

simul ated ré&sgh22, shown in

Normalized Magnetic Flux
=
-
W m
ERE]
s 5 3
=

Y

10’ 0’ 10 10 10° 10’ 10 10’ 10 10° 10’ 0’ 10 10 10°
Frequency [Hz] Frequency [Hz] Frequency [Hz]

FigeaaNor mal i zed Fsigahwmlrocfersemd i nFi g@r®Bame wa
Ri ght : Pol oi dal . Mi ddl e: Toroidal . R

This nor malriesastiimosn asrhows t he voltage profile n

frequency responsesl ofiehdspaboedaiwvi ahdt her ex
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in shape and in relative magnitude.FiQoumbei ned
619 this mpriodenes tclwmat despite a prevailing di
being appropriately modelled by the simulatio

sensitivity range of the simulatbdnal Thiostsage

measur ement ss piesc idfuec tpor ocpoeirlt i es.

These normalized flux profiles indicate that
Bfields within the calibration chamber, corre
prempties of,whiheh cihmaphdietrlsd tsheee,eMBhby et mai RCai ni ng

correct relative magnitudes between direction
The ratio between the experimental and si mul a

i Fi g&2 3

[ ] ® RC_P(mean: 8, std: 3)
RC_R (mean: 10, std: 4)

Exp = Sim Ratio

10 - . =
u [ ] [ |
il
. n
4
1 2 3 4 5 ] 7 b 9
Probe Number
Fi g623® Ratios of the | argest experimental ma g
flux |atcathen of each RC during an excitatior
toroi dal ratios are omitted, as these signal
These ratios are seen to be |l ess conmnsibéenadi
direction. I n the pol oidal directionr, aandcl ear

RC®. These two groupings are - hpodiwtoi sre@darian e;
line along the |id bobf angédebb®mkbre dtn am axii md
the chambdr Walkl pass6®l e explanation for this

installed on an angl e, with onit heexdo Udtuertrmoesrt iE
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field stresel ynesl | ow the contour of the c¢ham
wal | wi |l |l nneoanssuwvsdr dai tomeolf e(eplodl.o iFduarlt)her wi t hi n t

a greater romaeanongofthehti éidrdatdianhgdhriecti @a

reduces in the poloidal direction. The consi s
measure similar fluxes, but the axial array m
explain why, in thetihdeplifpedldl gBed eaisms| avt it &
successive probe due to the increasing spati a

pol oifdiaell dB i ncreasing with each successive pro

6. B-P2 obes

The experimental and shdaelatbkhd epttagesowi bhi
Fig&24e Similarly to the RC case, the simulatioc
experiment al resel sismullfTaei abitotgyofoect|l y mod.
these shielded probes can be determined by co
directionRilgt@d | , as in

Log Voltage [V]

10t 10° 10°
Frequency [Hz]

Fi g2 Experi ment al and simul ated Yoktdgdupro
an excitation of DC11. Errors on tTherew»per i mi
spsonn the simulated results come from the
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Fige26F he-aamns

Si
ch

4 9%.
whi
t he

mor e
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consi

Mi ddibeoi dalRadiRalght :

radi al coil s

t he

seeacaabhhheée the poloidal and

onal l nvestigated in si mul at

t hat

assoti@ateidmuwli athe sthh & | «

ranges

i cant confidence t hec sanmul ati ons a

omagnetic effects
responsepfobesecegasedesndumul aei Bg
the magnetic meé anxi tt haet
eddy

toroi

ncy
| olteaat $ iomu |
the di

S

e of rag

|y currents
The dal
enoughultloy breulne arna Inagtfi ve t
t hi

account for and
signal s

t he

experiment al ar e

0 pol oi dal

s donodot agree wi n error, they result

be

vol tage

compari son across probes can per f
prof
t h
dal

and

ences metnweaden atnlde seé xmué rait e d

consi W i a

t he

coil [ stent,

t he

S very
RC case,

compared i t hi
st andeaddi

| esxsi afdeop emde ty.

milarly to toroi Wi

d be

coi l

S manner we
dpefvii @lt d oins ot

t h

coul n

a l s have a

stent , and much
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e

BP_P (mean: 2.8, std: 0.1) v
P ¥ BP_R (mean: 4, std: 2)

=

L

Exp = 5im Ratio

'S

v v

v
. v
3 L
- L *

* . * *
v
1 3 4 5 i
Probe Number

FigéeaagRati os of the | argest experi mewotralkacdl ta
of BBh,e during an .exTcoirtoatdiaon coofi IDsClalre omi tted
true relationship.

Anot her <critical factor is the magnitiacnthte of t
ofafxi s coils weehihothavBPmagnetsades much <cl os
frequency electricalthmdesepcWwi hbi-s»ies agdlaqir ddl
winding. It iIis reasonable that with a stronge
vol pagpéeé i l e would be induced and all ow for mor
i nvesti gadti p&aBbyn®aththat, for pul sed plasma ap|]
probes at | ow magnitudes in standard Hel mhol't

hi gher uncertainties tfhiaenl dcsaloifb raa trieolnesv apnetr fnoarg

appli tatonsomT (r dntumelro etdisan . It Iis reasonable to
ot her calibration apparatuses, such as the ca
smal l er fields whikcb aoepsesdend Btylhmda heareffifdenc e
measurement. Wi th experiment al measurements a

toroidal copdaebevs t hiitn itdhel Bkel grthaamddmddciralm:

specificae&cri &€ gnoirpce d efloirabl e cali bration.

6. Ag3 eement and Discrepanci es

The agreement between the normalifZeéecl| disgmwal i
t he cal i br atmoodne pctheagnebrelry ,warse pr esenting physica
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wet® daemr |l at voltagefiperlaodfsi Iwast,hinmme anrhien go

mber are correctly modell ed across the fre
e a frequency dependence, with imheriémadeded
S can be attributed to the increasing I mpa
itation frequency increases, the skin dept

centrates these eddy curyr @ mtdsu.c eTshwilsst cilonncgreera

e seen to contri bdtieltdo atthda haet tl @rcwdti ioonn odf
| ower induced voltageagr edodaelt hed heolexpge i m
|l y thates hase i mporctcaci physical phenomena
simulation, suggesting that the results f
i bration of inductive probes within simila
accuracy ofmut h¢ei eddy acerfemt hered by the

erienced f r di fferent i mad @adadewd!| fa eillds .i s

o

onger than the poloidal field, as is expec
field which induc+4det  lemmuwitt Ipromptalgatwel In
gth of the weplrli.maHhertdi,e trlnedifaileldd s eaxrtea on, p
|l . Accordingly, the engyfpcrailrrdiennittsii ewirlald igael n

edhieneffect is | ess prominenti dienalt hae ipghnynse
the coil, expo$siegdi att ot sog atshpea |l shilendwall aotBeadt
aviobowhgdekedti cal expectations and the no
se edfdexctise awel | model | ed.

di fference between the simulated and expe
sical experiment whiarmdhwesir encontodegriopetr hg d
simulation. Since each directional coil w
nitude of their simulated and experiment al
coil s aof ttylpaet (@R&Lr toirc BIP) , this is likely d
hin an electrical or digitization componen
I, or even different between diriectoiraresstidwy
ell ed excitation current could be the caus
mber. While this may be a factor, due to a

119



Resul t s

current digitizatiomandéy tc@anaodcobrt tther stohe di

probe types.

Taking measurements from the calibration cham
component manually, may further explain the d
of t her cwaulnbe ensure the model geometry i s as
possible. Measurements of the material proper

vari amitomsluced during manufacturi ngelweBoebeacco
sheat hsar dZvemikng has been shown to intfoduce m:
ferromagneti c [3PT6hisst abienhlaevsiso usrt eweolul d be | mpact
propagation withinne¢ébde welbe wmedl ebusdwionl|l dhe

Robmetasuremenhe phywowlad &hsaombalrl ow for i mpr o
bet ween the experiments and si mul atCawminls: COMS
domain within the emoidreduyc tnemmea nogf tehaacth ipfh ytshi c e
t he accuracy of each coil mo d etlh ec oi unlddu cht ea necvea | o
measuremeaud cdedtwsl t age mrdfhiilned he Drive Coil s

adi fferent magnetic field strength being gener

Tedi scriepann t hef ivelld ameasawmiddBbrt better i dent
thorough investigation of the expemni mdrteal se
Gener al Fusion for data collection, these di sc

returned to Queends University. Travelling to
experi ment was unfeasible due t®rthe hee@magnmrateim
bet ween the normalized profiles suggest that

of 3D simulations to model tipeobalsi bration of
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7. Aoncl usi on

7 .Slummar y

The goal of t hitsi gpartogj etchte waisa btiol iitnyv eosf usi ng 3
propagafiehdsf aB d-ptrhoeb er ersewalstuirregnefh ¢ lsewanthi n a

geometry. Given the difficulty of creating a
faci ncgesdeswuich as tokamaks or plasma injectors,
accuratelproakesbpaterBto i mplementation withi

time and effort required to ensourr & hacsceu rpatoeb eas

This work was performed i n col-praadboe acta loinb rwa ttihc
chamber waapsp rusxilmateeanvi ronment of a-pfrodviesnused:
were designed by General t Bupghibel diodd oiwid wal u\ihr
surrounding metallic sheath and recession int
chamber was designed-ftice | pglrso caindef ongdadd togmendi ediad a IB
shi etlrdieBpr abBs) (Bnds htieetl rdneade f @aFr ence probes (RC:
spati al | ocations within theficehladnbteoar .b €l hmesa sadr
number of probes to ensure consistent behavio
were designed by Gener al Fusion employees, wit

during July 2022. The design and i mpl ementat:i

The desigeshotl dbkd poonpbes meant fohéypywiogl d be
standardi zed procedures prior to i mplementat:.
Hel mholtz coil, the voltages induced in the a
the magnetic f | uhes aen ahbojcstshesd sveehrdgesielxsp.l ai ned t
Chapters 3 and 5. This all owed f osrhitehled esdd apnrdoak

to be compared to the performance of the si mu

The calibration chamber and t hhei nasG@OMSQL ed el
Mul ti physics to simiiaeledstlas sseame geroietratiednd
experimentation. The AC/ DC Modul e and the Mag
the propagation of el ectr onhaagmmbeetri cg e o ned tdrsy ,a nidn
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voltages within each of the modelled coils. A

provided within Chapter 4.

An error analysis performed on the experiment
current profiles were highly accurate due to

e
investigated. By exdiiteildg ,onlhy Ipewaeiared ge the igdh
e

noi s within each measurement could be separa
domain. A sensitivity analysis was performed
mi nor deviations in prelhsupleameamaent Thn st wasr @
for the I mperfect manufacturing and installat

physical diff erxeradametnditadlezIni 2dé& model | ed conc

When comparing theatrdevbmengal maadusiemeht s,

magni tudit hes sniomwldat ed coil s consistently have
experi ment al resul ts. However, the frequency
within uncemparninhny thlye normali zed voltages. TI

within both RCs and BPs were seen to agree st

profiles measured and simulated from the cald.i
magnitudes implies that the model, as present e
experiment, the agreement between the nor mal.

physical phenomena are approphawae efifyegqueaemrdy ed
responses which match the experimental resul't
interaction of the fields with the chamber ge
i mpact of eddy cur r enptpsr oapnrdi astpealtyi acl o ndseivdi eartei do,n

c
FEA simul ations can be used tfoi elcccsurvaitted iyn mfouls
Vv

relevant configurations and t kehired-pdtebdbeBag v ol
The exact sopaneyobetWweediexperi ment al and si
undeter mi ned. It i s expected to be due to an
whi ch was not properly identified or included
magni tudeomnsi §taemt yfor coils of common axial ¢
suggesting that the issue is not GCGadeflyl the i
measurement of experi rde mealsipmep orft ieaxs,h <wmp o
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magmni c pr opeprrtoibees sohfe atthhes Badrt etrh @ hien du crtaacrhden i a
measurement coils, would allow for additional

experi mental cases to further identify discre

7.2uggestions for Future Work

Thsi pr obeelcitteoiedde an i nformative proof of concer
both specific to the i mplementation of this p
principles of calibration through 3D FEA.

Within this project, it would be beneficial t
experi mental and simul ated voltage measur emen
experiment, withokEaclkfal ectomisc alle t@admpaemrcd st taire
appropriate signal, would provide valuabl e in
included Meatshie emmadels. of each component in th

di mensions and materi almppwvedpeaddwrsgcwoafl dt rad |

Impl ement ati on-fofeltdhextot @aitdaln Bithin FEA woul
and insight into the behaviour of the toroida
ability to propedal yconl sbwathki hot heseiigteometr
is reasonable that under a direct excitation

An interesting investigation could pursue hig
ampfier with broader frequency capabilities,
frequenci esr sleeevnantn glussmaas could be investig:

t he MHzo uthehtgerwrhiender t he simul aeiehSepropelr | vy
inductance and r es hrcairechgh ewintuhmibre rt hoef perxach ésa.t i o
t he -depreendent woiuthu! dtei amo t thneord el | mpirnogy Btnfledd 2f u | |
frequency excitati on iwotuol didhperedtyfiieted sg rod a tpe ro bien
within complex, eddy <curr enptr ocbaer rsyiignnga I gse oanmeet rn
analyzed in the frequency domai n; it is 1 mpor

any such effects.

Beyond the simple calibration chamber wused in

pl adma@aing device is a |l ogical extension. This
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approach and existing, impleme&inftfear emtl | blr ad ma
experi ments. |l nncebdvagt ot aetopsawmbahin the si
fluxes and temperature dependent material con

which the simulation modelfsat hesploynysieaalr ggndie
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Addi ti onal Dat a

Appendi kd di:ali olhat a
A. RC Cali bration Factors
A.1. 1RC Scaling Factors

TabAle Cal cul ated scaling factors for each o

Winding PoloiMvap Tor oivdub{ Ra d ivaWbg [

RC1 2. 51 D3 0DD 1.9445 + i1.7b6®.000°7"
Mean SEFd() (0.001 + (0.0009 4+ (0.0006 +

RC2 i2. 6L@501! il. 96M.202 il. 77@.201:
Mean SF ( (0.0009 + (0.0008 4 (0.0007 +

RC3 i2. 580 + il1.8B®501 i0.7814 +
Mean SF ( (0.001 + (0.0007 4 (0.0003 +

RC 4 i2.6279 + 1.9b00.801( 1. 71L®%.9015
Mean SF ( (0.0009 + (0.0008 4+ (0.000DO0%

RC5 i2.570 + 1.8P®Y00¢ 1. 7BA5017
Mean SF ( (0.001 + (0.0009 4 (0.0007 +

RC®6 2.5r06024 1. 8B@#600(C 1.68B@.2008
Mean SF ( (0.0009 +(0.0007 4 (0.0007 +

RC7 i2.5565 + 1.9223 + 1.7P2®.1010
Mean SF ( (0.0009 + (0.0008 4 (0.0007 +

RC8 i2.5395 + 1.9164 + il1.6986 +
Mean SF ( (0.0009 + (0.0007 4 (0.0006 +

RCO 0.35 + 0 1.98B@6019 i1.7870 +
Mean SF ( (0.01 + (0.0008 4 (0.0007 +

RC10 did not save any dat a.
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TabA2e Cal cul ated rotation matrices for t he

Pro Rx p RxT Rx r
Re x 1 + O0i (M. 21 + pOt. 4 (1. 44 + pOt |
RC1 Rrx (7.94 +p10. 1 + O0i (8.16003pm
Rrx (8.183 30pm (1. 1L®. 06p ™ 1 + O0i
Rp x 1 + O0i (18. 1LB. 84pin (1.180070mM
RC2 Rrx (3.iP315pm 1 + O0i (2.7i87 06pm
Rrx (4.1@550pm (2. a@. 03pim 1 + O0i
Re x 1 + O0i (i6. BF. 20pm (6.13223pm
RC3 Rrx (12. 4@B. 17pim 1 + O0i (2.72022im
Rrx (1.10212pim) (2. BG. 2 1pim 1 + O0i
Re x 1 + O0i (3.196 3701 (2.19019imn
RC4 Rrx (10. 81 + plt. . 1 + O0i (5.37 +p10.
Rrx (9.07 +p1m. (1.82 + pOt C 1 + O0i
Re x 1 + O0i (4.78332m (9.73594pm
RC5 Rrx (i7. 64 + pOt . 1 + O0i (6.99 +p10.
Rrx (9.81 +p1m. (2. 07 + pOt C 1 + O0i
Re x 1 + O0i (5. 1@. 27pi1) (1.60 +pr10.
RC6 Rrx (2.49 +p10. 1 + O0i (2. 87 + p2t |
Rrx (1.02 +p1m. (1.11 + pOt C 1 + O0i
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Dat a

Re x 1 + 0i (i6.1®.300m (2.iD721pin
RC7 Rrx (1.52 +p10. 1 + 0i (3. D1 16pim
Rrx (1.i0400005mn (2.11 +p10. 1 + 0i
Re x 1 + 0i (i2.8BQ@. 40pim (1.70418pimn
RC8 Rrx (2.68 +p10. 1 + 0i (6.14 +p10.
Rrx (1.10403pim (L. RG. 04pim 1 + O0i
Rp x 1 O+ (0. 04 + p2t. 7 (i2. 21 + pot :
RC9 Rrx (3.91 +p10. 1 + O0i (5. 75 +p10
Rrx (1.10004pim (3.i80 4 2pim) 1 + O0i
A.1.2RC Scaling Factor Pl
10 : 10" 10
10 B 107
gm'”‘ . o
'SD v 10~
107 s B-field [d(Wh)/dt] o s B-field [d(Wb)/di] o ¢ Befield [d(Wh)di]
1w’ e Coil[V] *  Coil [V] . *  Coil [V]
v N Frec:l?ency [HZI]U . v : Freqll‘laency [HZI]GV N v v Freqlfancy [HZI]GV ’
o n 1 ]

Scaling Factor Magnitudes [V/Wb']

Fi gAle RC1

Scaling Factor Magnitudes [V/Wb']
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Fi gA2e RC2 scal

~ 10
0! 3
~ 0
10°
L] —3
- n . o0 10
£ 10 . e
=N —4
10
E w0
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= 0
5107
73] . ]0-6
10 o B-field [d(Wh)/dt] B
o7 ¢ Ceilv] 10
10° 10 10° 10° 10°
Frequency [Hz]
10
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@
=
z
] 5

. i

2570 2575 2580 2585 2590 2595
Scaling Factor Magnitudes [V/Wb']

Fi gA3BGscaling

.o

10"

Addi ti onal

-
-
o B-field [d(Wh)/d]
*  Coil[V]
10" 10* 10° 10°
Frequency [Hz]
|

1.940 1.945 1.950 1.955 1.960

Scaling Factor Magnitudes [V/Wb']

Dat a

e

»  B-field [d(Wb)/d]
s Coil[V]
10° 10° 10* 10° 1
Frequency [Hz]

1.765 1770 L775
Scaling Factor Magnitudes [V/Wb']

0

1780

Il ng Eeafct orPaeladicddlat i dindd!| e

.

2

107

.
-
= B-field [d(Wb)/dt]
o Coil[V] s w0
10° 10! 10° 10°
Frequency [Hz]

1.880 L.885 1.890 1.895
Scaling Factor Magnitudes [V/Wb']
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A. Probe Measurements

Il n the body of this thesis, measurements from

The experimental and simulation results for o
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