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Abstract

In quantum mechanics, superposition states are expected to exist independently of mass; how-
ever, quantum phenomena in truly macroscopic systems have not yet been experimentally observed.
This is generally attributed to decoherence induced by interactions with the external environment,
making the measurement of decoherence times as a function of mass a key issue. Laser interfer-
ometry has been proposed as a method to realize macroscopic quantum superposition states, which
requires ultra-precise position measurements reaching the standard quantum limit. For mirrors at
the milligram scale, however, thermal noise originating from suspension fibers becomes a dominant
limitation.

In this study, we aim to develop a high-Q mechanical oscillator as an alternative to conventional
pendulum-type suspensions by utilizing diamagnetic levitation of quartz and graphite. First, various
magnetic configurations were simulated using FEMM, and new levitation systems—including a
quartz levitation setup as well as two-dimensional diagonal and diagonal ring configurations— were
designed and fabricated. Although stable levitation of quartz was not achieved, successful levitation
of graphite was demonstrated. However, graphite levitation suffers from noise caused by eddy
currents generated within the levitated body.

To address this issue, alternative diamagnetic materials to quartz and conventional graphite were
investigated. Graphite oxide was initially examined but did not satisfy the required conditions. Con-
sequently, a composite approach was adopted, in which graphite powder was consolidated using
resin wax. This composite levitated body exhibited higher electrical resistance than pure graphite,
leading to a reduction in eddy-current-induced noise. To further suppress eddy current noise, fabri-
cation of levitated bodies consisting of graphite particles coated with insulating silica was pursued.
In this system, smaller graphite particle sizes increase the electrical resistance, while simultaneously
reducing the graphite fraction and thus decreasing the magnetic susceptibility. While levitation had
previously been achieved using graphite particles with an average diameter of 11 [t m, we newly
succeeded in fabricating a levitated body with an average particle diameter of 7 1 m. However,
reducing the amount of binding wax resulted in increased fragility, making handling more difficult.

Finally, Q-factor measurements were conducted using the fabricated levitated bodies. An inter-
ferometer incorporating a levitated body with an attached mirror was constructed, and both vertical
and horizontal Q-factors were measured. Since the measurements were performed in air, the results
were significantly affected by residual gas damping, preventing accurate evaluation. As a future
prospect, it is essential to relocate the interferometer into a vacuum chamber and perform measure-
ments under reduced residual gas noise in order to quantitatively confirm the suppression of eddy
current noise.
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NTBH, THZPNOWEANDOHS T —X > MIFEFMPZHEEERICE D 2 TRIL AR E
BWTW3, SRS WERIZ TN T MO OBRE — X > F O & AR 7 —
O UHEERICED H oW 3G —RRICAVWT WA DK LTIIBRE— X > MIFT
BHEND, I ZTHEHESE 2T TN 87— UHEERER. SRS FC A
ZEVTOVAHXIRKEL LD, K32 DX ICETOMXINEISGD HIERWz e Z
ATHHEIZEIR 3 2, 2 ORF, X OEE () oREND LI WITEOSHE. S5 %=

—> -

L

= =

§51d5 fziliae]

3.2: BEIX
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WD BRNTHBEN L 2HEED T RITIIR S 8785, ZRUTE o TN 33 D & S5 ICHFERAL
ERD, KABMLE 72 %, ARG 0 D & F ORORE R 2 REBORER (B,) LW, #
REEZE OIS 2 DITRELIEESEDORE X Z2RF (H) v, ThHAHADH
EUGEST. (HEHEE LT) REWEBRNLKAMBOGEE R %,

:

Hc

e C

- -
\
-

L

|

X 3.3: KR4 D B-H HifR

- SR

PrE DM IRRBII S EAEIC K o Tl EE 2 S 20, SRilE & 27 D ZHH B 1
MDFCATICR 2 £ 912 < & 5 gt 2 Rt e vwo o Bk~ >y, BIL#kz &R
ALY RBITH %, st [T CiREz B2 eMHEERZIRDUID ., Z oMtk
bhz,

- 7 = ) gkt

FOBRIEMETRATE 2 DIERE — X &~ MEE T 2 0K E— X ¥ P ORI TR TR, Hb
R U TR BT 202 7 = VEEEE WS, AR EIZRBEEE & AT H 200, REKRTT
MBS LD DEMTH S, 7274 M, v 72 XA FREDPRKHITH 3,

- P HTE

HHIE L R U AMBESE A 20 & ST L2 #5723, BB Z IS % & 2 O RO T NS
FHRIL T M. DBITHENT 2087 —E7 KM, 7 XU KBS 20, 2L 0%
JBICEATEHAT B
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3.3 S—E7REE

AHFETI D P> TV B AEIT T —E7 KBRS 5, ZHUIETFIEFZORED 234
ot EH (S—E7EH) $232ICKoTHELIREETHSZ, ZOZeiET7rda
V7 X o TR Nz, (1905) —fRICHERGTOBTLY A Z7utn v EHT LI
WP oTWd, AR TFICHEZ ) 5 E R FRAORE D OB T HEENT 5205, 2 DRDJFH
TREBE DD £ 5 KEETEI D . KEEHE D O BRI wi 1357 —E 7 IR w, = eB/2m
ZHOWTwy —w_ =2w 18785, z JACKSZ 0T ROEFOEEZ v, THERT 5%
TOHREZ v T 5L ETFOMKE—A Y MZ

m:mzxv'—gzx(wsz) (3.8)

THd, TOLZHIHIMAFET 2R TOPESRE— X~ F 2T, CO)Z%M#IE@@Q

HE—RAY FNOHE5EER 2, BTOBREES J. BTHEZ L L. BT OBMEES
BRxffre 358
1/dVJ X (wg, X 2) = EB (3.9)
2 Ho

ThHd, COLEF=—MIEaNTHY F<0DL XRMIEERT. [20]
UL LEBRIZE—ENE HORREZITEH T /20 Z0HMIE A E2TH 72, BT T
EZDHI ko THEAERENE LI, FIHOFGINXL ), kgL 5,

34 SUAIREN

AHRYFEICLBLEEE L THEHLTWE 9774 NI AU RBHICET %, 2t
SRETCRTIRY UTHESIN: T3 L2 — Y (5 2 R OMERN 2L 2 2 v ik - TH
N2EMHETH 2, —HOLEEFIIRGICEERENTOENSREFLENS 2 v CEM

HEN Y 722 2 B0 hoT0b, ZORDIAXNF—%R—THT B =ch/2m W5 H
mOEH E p, ZHWT

2
E=22 L gHOn+1) (3.10)
2m

rRIND, (nIFBR) ZOHE2HENT VX VML JIZhb, 2O EBEREETORDIR
BT OBN¥ETF Sy VU IZT 2V I DB ED

U= kT In[l + elr=F/ksT] (3.11)

EREIND, 7YX VBICINEDREEREZE X, 7 2L IMEAOHEB)E pr Z VTR T L

5 2172
PV mppV “H
U=— + 3.12
15mm2h3 6m2h3 (3-12)
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%, 211 X o THEL 2 EMEDBIERIIRD X 51272 5,

1 dU__mpFﬁ2

XTTVHAH T 302i?

DL RHBELENEDERE D, KB R o TWAZ 03, £/-7 v &Y Kkt
37— 7 KM B DIRE KT %,

(3.13)

3.5 FLEEFEE

T. Earnshaw (2 & o T % % HHZERICFET 2 EN TI2N LEFES DA% W TEER
RTFU v VEED Z N TER] EWS Earnshaw OEFA R N, [22] HHZERICE
WTEBRIRRT Sy A5 75 ZHBRACHKS 2 2T, HHZER TIRBA SN S %
ENBRWTDTH %, ZDODIEOWILREROWEIZHHEM TR LEL TR LTS L
MTER, —T TADBMLRZFO KIEHERIE, BGOMNEBRZIES Z e TE, ZiE
LCHELETES, ZOZ 2 RTIEFHAT 3,

FTHHZEMICBWTHEKSG BT 77 AR 2 RS, XZ MUEFT O
iy

V?B=V(V-B) - VX (VXB) (3.14)

DD ID, ZDYE, BEE p. BREEL j & Lt HZ L 20O Maxwell FHEUE
V-B=0 (3.15)
V X B = uj (3.16)
ThHs, HHEBICBOWTERIZOETA2IENTELDT (3.14) 12 (3.153.16) RA L7
V2B =0 (3.17)

WHES, 2F DT T I RS Zehbh b, FINRINEES B % HW TR E— X
Vb p b ORI LXESGEEE R b,
CITHWKE—XAY M pllilgh B2 2ORT VI vy LTI LF — U &,

U=-u-B (3.18)
B, WERTIIRT VS Y ADBNTH 2 HENDH 2 DT
VU >0 (3.19)
TH2IEDPRETH D, 3.17). 3.18) &b
VU = -V?(—u- B)
——u-V’B (3.20)
=0
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LRGSR EIRV, Ko TRT Y Yy ARMNISZH W b, HH%EM
WCBWTE RSS2 W TR F2F EX8 5 22 d TRy, 202 ¥ XD Earnshaw
DEBDBM D IO Z D5,

RIHEFE V. LR v OFERMERS KBEERZZE L XE 2585 %F X %, BIEREKOR
TV LI F IR 37 EHWT - VdM - B %7352 T

=2 BdB (3.21)

L%, TOTLE (319 &D x <0 THBRMMERR S IZERESOA%EH W ZER L
25T ehbhrd,

B p ORBHEARZ LT LS 2D OREFIEMEEL S, COLEHNI - 2
FHENZE L &35, BEEICE I FidG2) VT

F=-VU—-mge, = Vg pVge. (3.22)
240
Thb, FRREF LOBESDEMZ
OF;
5 <0 (3.23)
F—0 (3.24)

DD SOTF L EER DS TH 5,
z TSR LHINFR 2R ICBEWT 2l LT EX R 2568 2E X2 5 &, WEFE LORBE+
SAFIZFIFE R 2 VT

9°B,
5 >0 (3.25)
9’B,
5 >0 (3.26)
B,
z@ _ HoPg _ (3.27)
0z X

EET S, K (3.25) WWKFHRDREFRNTH 5, TNZHMTITITE z il b SKFEITRNC
T LBV REL RS X BRRBPBEL 25, K (3.26) BEESADOLESRM. K (3.27)
DN EBENBODESDDRMETH S, &Ko TEFELEDDITIIES & SN OO
IMEZRE ST 2REDND 5,

C DR DEE EIER 7 — U  ZRIE D LD, [23]  JRRICERE L 2L M. (A6
V OWAIZ X DAE r IR ZTRE LS E25E52E 2 5, (B r BT 2051

V(i iM 3(M-
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LFEIFB, ZITEERDR T — NV EEROBRBEET 2, DF D, LED ' = kr. (KD
VI =BV e EENS, RELEEM BTETHS, oL EMBEY BT 5E5E

Vi/M 3(M-r")r’
B'(r') = -E (r'3 _ 3! = ) > (3.29)
LD, FECTHZ Zehbhd, ko THSHHET BVB
Bvp - BB (3.30)

eRD, L EINE, Fo TAT—ADNIWVIFEIREENDKRES LD, FRICERITH S
bbb,

3.6 HL=R

REM 72 KGR DRULR v 17 LIS BERRBRRN T B, 2 2 UTNIORT, BERMSGH D4
WHREBITHELESEL DN TE S, LB AETHL KBRS PESBIOENE Z
# L2255 13F LEOANERICHN 2 MERIC X 2PHMENRERoTLE S, FHEK

3K 3.1: T2 RS [24]

Wb —(x1075) | 2B plg/cm?] | BB T -T2 /m

B2 5774~ (HOPG) L J5MW 450 2.3 62
BT Z 774+ (HOPG) | /1M 85 2.3 333
EHMZF7 774+ (CIP#) 160 2.3 170
S8 3 160 9.8 730

FaE 14 2.2 2000

XA ¥EY R 22 3.5 2000
Zr1% 9 3.2 4400

R 24 10.5 5400

& 35 19.3 6900

$h 15 11 8900

vyay 3.3 2.3 8900

il 9.7 9.0 11000

5777 7 A4 MWL DERETH 2 CIP M B TH % HOPG O 2 EEITFET 5,

MRiczhzhotE 2R,

18




7% 3.2: HOPG & CIP # DH'H [24] [25] [26]

HOPG L /[ | HOPG | /5[] CIP #4

Bit®E -y (X107 9) 450 85 160
BGRF X[~ T2 /m] 62 333 170
Rt 1 ffi i BR L
BRILER [(Q m) 1 5% 102 | 2.1 +0.1 %X 10| 1.0x 10°
BaR®E (K1 20X 1076 -1 X1076 | 5.0x 1076
BURZEE (W/(m- K)] g8+ 1 1700 £ 100 120
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F45 [HERDMES

41 BERICELDIIRILF—BOE

R X > TR LELWEIRENIT 2 £ 7 7 57— DEMFEDERNIE V., 7 LR
CEHOME O NFNCHSHGZEL 24T BT & 5 RIMERS AL, ¥ 2 — LB I h ¥ —
DRSNS, TAUTK - THAET 2 DVMERAMET TH 5, Z DHURIX viscous T T IC
S, WAMES X T LN TH 5 & ZFEEER (r, 2, ) 10 LIBETRIX ¢ 77 ISR
%o ZZTHE (r,2) B DB R 20— FIHRINZEE V(r,2) ZEZX 5, V—
TTCHENZHZEHIKRZ @ (r,2) £ T5L

0P(r, z)
ot
E72%, PLE (r,2) 1B BWREED 2 {77 % B,(r,z). B5D ¢ Wd% Ey(r,z). BIME

D ¢ RIT% jo(r,z). BEXEIIRZ pLT2L

Vir,z) = —

D(r,z) = 277/ B.(r', 2)r'dr’ (4.2)
0
V(r,z) = 2mrEy(r, 2) (4.3)
Ey(r,z) = pjy(r,z) (4.4)
DD O, ZhozHWTHERDOBERHEX
. _ " 8BZ(T/7 Z) / /
jd)(r, Z) = E o TT dr (45)

rHREBZ, chEHWAEY 2 — LB P

P =27p // rdrdzj;(r,z) (4.6)
B, TVa—VEAPRHURy ICEHRT 5, BRBEW T TIALHT LI LICEDED
A VIOV A VER
x(t) o< exp( —~t) sin(wopt) (4.7)
T R U O I
v(t) o< —yexp(—~t)sin(wot) + wo exp( —yt) cos(wot) (4.8)
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DEIHET %, sin(wot) =0 &85 K5 REZZEZTo(t) = vexp(—ymt) L BZ, &
DIFNF—D S BHELINF - DB 2EZ 2 &

jt ( ka? (t )) o exp(—~t) sin(wpt)v(t) =0 4.9)
L7570, TALF—DOHIRIZT N TEH AL - ORURICEREN S,
R _ 2
P = p <2mv (t)) = mryv*(t) (4.10)

DD IO, Ko T, X (4.5)(4.6)(4.10) Z FHWIUIRESG D ZEL 2 SHORDETHE T 5,

42 FEHERBOARERBME

BT TSN OYENERDIREREZE Z 120, ZOHITIEENTEEZ %, B2iFEX
B B ERE TR B(r, 2) = Bo+ 298 Ll TE 3, 20y EBKEGE p. BE p, O
F FRORIGICEE R EH TOMMERIC X 280813 4.5). 4.6). 4.10) kD

9B 2
(62) 7o (411)

7T 8o

CETRETE 2, ZOL E rg ZWBEROFETH Y., F EEANZRNBER EZOREXICL -
TREXNS,

A SR
T L0

i > | BER

X 4.1: TSN
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43 FEEANBOAERAME

AREOHRELETH 5HEROBELFI (1] ITBWTHEDFE E21T o B0 LIRIHER
DIMEIREHE S % RED o TV, ZORGEIX 2.3 X107 Hz < v < 3.7 X 10 — 8Hz ¥ 3k®
LTz, MEMBMEE P EER PR L BT 5 L KT H 400Hz L ETRES Z & 2R E
Nlo 775774 MIZOWTIE, Bk D o TENTW B 7F AT D 77 23R 3 D 21k

BHKREL, BEROEENKEVWEEZ D,
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51 AZEOFHME

AL E CRENME B2 D %5 BRICHIDICE D 0 0 72 OB AHT D 5, RIFFLITBNT
YIE %S 2 ETEEL 23D, BB TW- RE LN EEARTHER  BERF L
NERTEEDPORD SNBHIGHRT. Z L THE4FETH- EBERMES 2E T 2 ELXE
PIRTH %,

#3. 1 XD AEOBMEFEIE —14 X 1076 FED 2.2g/cm? TH D Ehph 2 [EHA T —200072 /m
ThHb, ~MICTFICADIWAE L THROWII DB Y AEADN-55 THo722 LTHZ
DFRABIREEIX 1.45T TH D, JEX 3em OFIHFEIRLARE T OMEREEIZN 0.7T 1ZE L
274 <. 0.1mm BN T B RERBE A 0.63T 138 L 222 3B E DR LRV [27], ZD0HiE
HOKABATOF HIZRETH D, 5 F S HKES ZHOBEND 5,

—HESESRIZ 101°0m L IFFICE . RFRETORATRL L DS TFE LS AT LT
DF EEETO 981315007 /m TH 3 [1]. ZDAARFTHHAT 2HEDREZDRT —
NED g =02mm &2 ERMBERMEZIZ @1 RED 285 AOEGRIE v ~ 5 x 10722Hz
THHEHETZZEMNTE 2,

52 AEEFLEFRATLA

WARES 27 L DRI OWTIHBENZ, X 5.1 D X5 BREFFNHIL L 2R A A D L
WAz 52D KSR T L ADA (W51 mm) 12 S LAy Z & THOICIES & &
HEETW5, GLrTATHATIER L BERAIZEDO RN DTH - B RFEL D 5 Hh
ZHHAEDE AEROHMGEDE L. EREREIED 0Tz DA ZFRT THLALE
2DBRICEBR—NVTHEELRYSMEETELZ IIICLTWVWS,) X HIZHOIIER 2.3 mm
DEFEE AND, FRITBEHBEDIE IG5 2T 28R H 570 UL D E HITHLD
WHERXEZZ N TES, 2L THAD FICHINIER 2.3 mm D7RDH W= HFE DR
(BX3mm) ZELET %, ZOFMHRIIERD LD 3 HHNTED, ZORLZET I & THR
YA e ORI T X 2, SRICER IR S B ANCHID o SISO B0
Hizh TIRDBIML R DD, FREDITH 2 & SEIXEIICE ] Z 1 SN2 72D AN A
CEMEEZ D, ZORDIREOHE EHTD OEBZEMICK S RGN T B, 22 2E5 v
WTES, ZOXIWXLTHAILTELDDHLHS53TH 5,
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X 5.1: BiE#A X 5.2: BEAHCE X

X 53: ARF LS RT L
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N AW N =

ZOWKIF LS AT £ 2 TS 2 7o OITERETHENTY 7 b FEMM % W TR & ik O
DX Yy 7% 12mmE L, ¥Ial—yaryzTW, ZOFLENOEIERD], HFHLE
T rT MIFATHIE 4] THRINZ 77 74 b s e —HEEZ T2, Z2huC
Ko THEEHLAWHKE WEIHEX 5.4 1R, $E0 EEOFLEFRS Y U MFERE
BEEHWz, ZEOBDEFRIL AFILHANIOTDS I 2L —>a >y Thh, Z0ORY
R LT 1.25T LA 0hS 2 OREKECH TR TH 2 8oz hiics{ 22 T 3T
EORELBERDIMREBELFEH L T3, 7 — 20 bHREEOE(LRE LB VR,
FLEF 14mm I Z TR o 7, MR E UTHRITIH (1] LaWBEIZR - 72,

2.093e+000 ; »2.203e+000
1.983e+000 ; 2.093e+000
1.873e+000 : 1.983e+000
1.762e+000 : 1.873e+000
1.652e+000 ; 1.762e+000
1.542e+000 : 1.652e+000
1.432e+000 ; 1.542e+000
1.322e+000 : 1.432e+000
|| 1.212e+000 ; 1.322e+000
| | 1.101e+000 : 1.212e+000
[ |9.913e-001 : 1.101e+000
| |8.812e-001 : 9.913e-001
|| 7.710e-001 : 8.812e-001
| | 6.609e-001 : 7.710e-001
5.507e-001 : 6.609e-001
4.406e-001 : 5.507e-001
3.304e-001 : 4.406e-001
2.203e-001 : 3.304e-001
1.101e-001 : 2.203e-001
<0.000e+000 : 1.101e-001

Density Plot: |B|, Tesla

X 5.4: AHEFEES AT AOBGHHDOS I a2l —Ya v

Listing 5.1: fH#F LS AT DY Ialb—Ya v

%parameters to be changed

%$about magnets

mlaout = 51.5/2;

mlain = 2.5/2;

mla = mlaout-mlain; %length of magnet A (odd array) in x direction
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10
11

12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40

mm
mha = 26; %length of magnet A in y direction mm

mda = 0.1; %length of magnet A in 0Ointo the paper. direction mmNa

ila = 1;

%about graphite

gl = 1/1000; %length of graphite in x direction mm to m

gd = 1/1000; %length of graphite in linto the paper. direction mm
to m

gh = 15/1000; %length of graphite in y direction mm to m

$about mirror

M = 0.0/1000000; $%$mirrors mass mg to kg

$about data

dh = 20; %length of data area in y direction mm

Nx = 50; %number of divisions in x direction
Ny = 50; %number of divisions in y direction

$fixed numbers

g = 9.8; %Gravity acceleration

mu0 = 1.26e-6; %$Magnetic permeability in air

chiv =-45e-5; %Vertical magnetic susceptibility of graphite
chih =-85e-6; %Horizontal magnetic susceptibility of graphite

rho = 2.2e3; %Density of graphite

S = glxgh; %cross—-section of graphite in xyplanem”2

V = Sxgd; %volume of graphite

m = rhox*V; %mass of graphite

glz = gl; %1

gh2 = gh; %h

dl = mlaout; %length of data area in x direction mm %%%%%
wholelength = mlaout;

dx = dl/ (Nx-1);

dy = dh/ (Ny-1);

ddx = dx/1000; %$mm to m
ddy = dy/1000; %$mm to m
X = 0:dx:d1l;
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41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69

70
71
72
73
74
75
76
77

Y = 0:dy:dh;

$Number of data points contained in one side/2 of graphite
Im = ceil(gl2/ddx);

hm = ceil (gh2/ddy) ;
%open software femm withouot window

addpath (' C:\femm42\mfiles’)
openfemm;

$newdocument (0) ;

%$convert numbers to charactars
formatSpec = "3.1f";

Mla = num2str (mla, formatSpec);

Gl num2str (glx1000, formatSpec) ;
Gd = num2str (gd+x1000, formatSpec) ;

Hyphen = "~/
Underbar = "_7’;
MM = "mm’;
ExtensionFem = ' .fem’;
$if 7’ filename exists just open it, else make a new file
filename = [Mla, Hyphen, Underbar, Gl, Gd, MM, ExtensionFem];
$filename = ~ mla_mlb_gl.’ fem;
fileID = exist (filename, "file");
if filelID == 2
opendocument (filename) ;
else
newdocument (0); %create new file O=magnetics, l=electronics,
2=heat, 3=current
mi_saveas (filename) ;
end
$problem definition

%$mi probdef (freq,units, type,precision,depth,minangle, (acsolver))
mi_probdef (0, 'millimeters’, ’'axi’, 1E-8, mda, 30, 0);
smartmesh (1) ;
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78
79
80
81
82
83
84
85
86
87
88
&9
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115

%add material properties
mi_getmaterial ("Air’");
mi_getmaterial ("N40");
mi_getmaterial (' Pure Iron’);

%add boundary condition

mi_addboundprop(’ ¢, 0, 0, 0, 0, 0, 0, 0, O,
%draw 2d fig & add properties

%$Iron pole

mi_drawpolygon([0,0; 0,-mha; ila,-mha; ila,0])
mi_addblocklabel (ila/2, -mha/2);

mi_selectlabel (ila/2,-mha/2);
mi_setblockprop (' Pure Iron’, 0, 0, 'none’, O,

mi_clearselected;

%$Iron plate
mi_drawpolygon ([mlain,1.2;
mi_addblocklabel ( (mlaout+mlain)/2,3.0);
mi_selectlabel ( (mlaout+mlain)/2,3.0);
0, O,

mlain, 4.2;

mi_setblockprop (' Pure Iron’, "none’,

0,

mi_clearselected;

$magl

mi_drawpolygon ([mlain, 0; mlain, -mha;
mi_addblocklabel ( (mlaout+mlain) /2, -mha/2);
mi_selectlabel ( (mlaout+mlain) /2, -mha/2);

mlaout,1.2;

mlaout, -mha;

4

mlaout,4.2]);

0, 0);

mlaout,0]);

mi_setblockprop(’N40", 0, O, ’'none’, 180, 0, 0);
mi_clearselected;

%air

mi_addblocklabel (0, 10);

mi_selectlabel (0, 10);

mi_setblockprop (' Air’, 0, 0, ’'none’”, 0, 0, 0);

mi_clearselected;

%$boundary condition

gmi_drawpolygon ([-double (wholelength) x2, mhax*5;
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116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152

) %2, mhax5;

%$double (wholelength) 2, -mhax*5; —~double (wholelength) x2, -mhax5]) ;
mi_drawpolygon ([0, mha*5; double (wholelength) 2, mhax*5;

double (wholelength) 2, -mhax*5; 0, -mhax*5]);
mi_selectsegment (0, mhax5);
mi_selectsegment (-double (wholelength) x2, -mha/2);
mi_selectsegment (0, -mhax5) ;
mi_selectsegment (double (wholelength) x2, -mha/2) ;
mi_setsegmentprop (’'bc’, 0, 0, 0, 0);

mi_clearselected;

o\°
o\°

$save document

mi_saveas (filename) ;

o\°
o\

%create mesh
mi_createmesh;

%$run this simulation
mi_analyze (0);
mi_loadsolution;
$levitating simulation
Bx = zeros (Nx,Ny);

By

zeros (Nx, Ny) ;

for i=1:Nx

for j=1:Ny
Bxy = mo_getb ((i-1)*dx, (j-1)=xdy);
Bx (i, J) = Bxy(l);
By (i, Jj) = Bxy(2);

end
end
% Assuming Bx and By have already been calculated as in your code
% Create a meshgrid for the X and Y coordinates
[X, Y] = meshgrid(0:dx:dl, 0:dy:dh);

% Transpose Bx and By to match the meshgrid orientation
Bx = Bx’;
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153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169

170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189

By = By';

% Plot the vector field

figure;

quiver (X, Y, Bx, By, ’"AutoScale’, "on’);
title (' Vector Field’);

xlabel ("X (mm)");

ylabel (Y (mm)”’);

axis equal;

% Create a meshgrid for the X and Y coordinates
[X, Y] = meshgrid(0:dx:dl, 0:dy:dh);

% Transpose Bx and By to match the meshgrid orientation
Bx = Bx’;

By = By'’;

o)

% Define the number of points for theta (rotation around the Z-
axis)

numTheta = 50;

theta = linspace (0, 2xpi, numTheta);

% Initialize arrays for the 3D coordinates and vector components

[X3, Y3, Z3] = deal(zeros(Nx, Ny, numTheta));

[Bx3, By3, Bz3] = deal(zeros(Nx, Ny, numTheta));

% Convert the 2D vector field to a 3D cylindrical vector field

for k = l:numTheta

t = theta(k);

X3(:, :, k) = X % cos(t);
Y3(:, :, k) = X x sin(t);
Z3(:y, :, k) =Y;

Bx3(:, :, k) = Bx % cos(t);
By3(:, :, k) = Bx x sin(t);
Bz3(:, :, k) = By;

end

)

% Reshape the arrays for plotting
X3 = X3(:);
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190
191
192
193
194
195
196
197
198
199
200
201
202
203
204
205
206
207
208
209
210
211
212

213
214
215
216
217
218
219
220
221
222
223
224
225
226

Y3 = Y3(:);
723 = 723(:);
Bx3 = Bx3(:);
By3 = By3(:);
Bz3 = Bz3(:);

% Plot the 3D vector field

figure;

quiver3 (X3, Y3, Z3, Bx3, By3, Bz3, ’"AutoScale’, "on’);
title (' 3D Vector Field’);

xlabel ("X (mm)’);

ylabel ('Y (mm)”’);

zlabel ("7 (mm)’);

axis equal;

% Create a meshgrid for the X and Y coordinates

[X, Y] = meshgrid(0:dx:dl, 0:dy:dh);

% Transpose Bx and By to match the meshgrid orientation
Bx = Bx’;

o)

% Define the number of points for theta (rotation around the Z-

axis)
numTheta = 100;
theta = linspace (0, 2xpi, numTheta);

o)

% Initialize arrays for the 3D coordinates and vector components
[X3, Y3, Z3] = deal(zeros(Nx, Ny, numTheta));

[Bx3, By3, Bz3] = deal(zeros(Nx, Ny, numTheta));

% Convert the 2D vector field to a 3D cylindrical vector field
for k = l:numTheta

t = theta(k);

X3(:, :, k) = X % cos(t);
Y3(:, :, k) = X x sin(t);
z3(:, :, k) =Y;

Bx3(:, :, k) = Bx % cos(t);
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227 By3(:, :, k) = Bx * sin(t);
228 Bz3(:, :, k) = By;

229 |end

230
231 |% Compute the scalar field (dot product of B vector with itself)
232 |ScalarField = Bx3.72 + By3.72 + Bz3.72;

233 |$ Create a meshgrid for the X and Y coordinates

234 | [X, Y] = meshgrid(0:dx:dl, 0O:dy:dh);

235
236 |$ Transpose Bx and By to match the meshgrid orientation
237 |Bx = Bx’;

238 |By = By’;

239
240 |% Define the number of points for theta (rotation around the Z-
axis)

241 |numTheta = 50;

242 |theta = linspace (0, 2+pi, numTheta);

243

244 |% Initialize arrays for the 3D coordinates and vector components
245 | [X3, Y3, 73] = deal (zeros(Nx, Ny, numTheta));

246 | [Bx3, By3, Bz3] = deal(zeros (Nx, Ny, numTheta));

247

248 |% Convert the 2D vector field to a 3D cylindrical vector field
249 |for k = l:numTheta

250 t = thetal(k);

251 X3(:, :, k) = X * cos(t);
252 Y3(:, :, k) = X x sin(t);
253 Z3(:, :, k) =Y;

254 Bx3(:, :, k) = Bx * cos(t);
255 By3(:, :, k) = Bx * sin(t);
256 Bz3(:, :, k) = By;

257 |end

258

259 |$ Compute the scalar field (dot product of B vector with itself)
260 |ScalarFieldl = Bx3."2 + By3.72 + Bz3.72;

261
262 | % Reshape the arrays for plotting
263 |X3 = X3 (:);
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264
265
266
267
268

269
270
271
272
273
274
275
276

277
278
279
280
281

282
283
284
285
286
287
288
289
290
291
292
293

294
295
296
297

Y3 Y3(:);
723 = 723(:);
ScalarField = ScalarFieldl(:);

o)

% Create the 3D scatter plot with color mapping based on the
scalar field

figure;

scatter3 (X3, Y3, Z3, 20, ScalarField, "filled’);

title (' 3D Color Map of Scalar Field’);

xlabel ("X (mm)’);

ylabel (Y (mm)’);

zlabel ("7 (mm)’)

colormap (jet); % Use the jet colormap

~

r

colorbar; % Add a colorbar to show the scale of the scalar field
values
axis equal;

grid on;

% Calculate the gradient of the scalar field

[GradX, Grad¥, GradZ] = gradient (ScalarFieldl, dx, dy, (2xpi/
numTheta));

% Reshape the arrays for plotting

X3 = X3(:);

Y3 = Y3(:);
23 = 723(:);
GradX = —-GradX (:);
GradY = —-Grad¥ (:);
GradZz = —-GradZ (:);

4

o)

% Plot the gradient vector field

figure;

quiver3 (X3, Y3, 423, GradX, GradY, GradZ, ’'AutoScale’, ’on’,’
AutoScaleFactor’, 1000);

title (' Gradient Vector Field of Scalar Function’);

xlabel ("X (mm)’);

ylabel ('Y (mm)”’);

zlabel ("7 (mm)’);
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