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1.1. B R

AR, FHOE, REEIHNSE, BN SICBWT, EERE T CRIERERE) %
RIFERS SNDHEENEZ TETNWD. DT, BMENLSETIE, 7/ Lo
AR 29 5 AR SR D STV D, BIRGIE LTI, FAT ¢ 7 ik S
BOEMAT =7 VN b5, HFAT ¢ 7R ELEEE X, JECHE F#1(EB: Electron Beam)?
IR E—L%ZHWNT, CD R DVD IZREIND AT 1 7 DI Z mkE N L4 % 45 T
b5, HFAT 4 T EBERGEEEICB O CEBE RN T2 EB T H7-0120%, TR
E—ARR[AESFICE o TS i K 5, IMTRIAK 2 mEZRBICHERF 30 Z L 0346
b,

— BRI EZE RS E, 107 Pa 22D 107 Pa RO & @ EZE, 107 Pa L FOJES) &8 HE

B

LS, BEENNNSWDREBIZEEZERHWERIIND. HFEAT 1« 7

i

EEEICBWTIE, MIHEEOW-Z 5 0n ExX25 BT, IMLREOHEEZ LV &
DL ENBIRKOOLNTWD. MLREOHEZEE ZED 5 ETHELE 2D D0, iz
B HEHAEAE ChH D . BRI IR 2 O O NCEIRS L L &I

FEFEA B IE U CRWW RG22 HERF T A 72 0 OIBAIN L L 70D, LavL, EEANE

5N D OPWHLT 7 M HADKHIZ LY, BEEEAZ K TFIELRKEEBRD. —H,

IR A RS B - OSSR B S M E L 22D, FEERELE L TR R VD8
BlE, WEPSDOT T MHANEEEAZRTSELRRNERD. TDI), HEERE T
WA 2 T D BRI21E, 70 MR ZRAE UIZ S WIFVE A TR B A 88 E T 5 223
b5, BZEREEEEL, FTHESRSOITESR R IV TTI TICERN S TS,
FAT 4 T RBREEE OGS IIEN Sh DRSS &<, TU M AREEBERI MR

DB DT, FEROEMIN A e ERE 2 I d 5 Z L I3HiIfF TE 0.



L1.1. 6% A7 4 7 ARSI E O BRI RRE

L1LLL Y52 T 4 7 OB & A2
HHRORAFRILICHED, Zhaid 2RO RARIENERSNATWS. CD,DVD, 7
N—=VLAREDHFAT 4 T b REEADPHOENTE . BEE 120mm AE—/@D7T 1+ A7
\CHUE LR RIE, 121 700 MB, 4.7GB, 25GB & 20l ICH 2 TE T\ 5. 4%I1E, &5
(2R B DI % Rk AT BE 2T B DFLER DBRFE IR & 72 > T D . IRIER D%
AT 4TI, B 120mm FE—BOT « A7 #HE T, 100 GB 7*5 500 GB DA R R
HATWVWD[], [2]. HFEAT 4 TI2E, BARYEHOL O LIFREZBIGLHRTE 56D
WDHH, ZOELLIZHMMAREROMENH L. ZOWROEEIL, 74 A7 LR
RS U< idifd BICELE S i, B TIc ko TERIS LS. RSB Eom g, 2o
EOWE N7y 7y FLMRIN L EET D EEDOMREL /NS TO2MERH Y, R4
—VOMIAEE B EREIND. WHROKFEAT 0 7Tl HEIEA 100nm LT, b7 w7
B F 05 160 nm LU R OREFEINLARKD 50T 5.

1.1.1.2. X¥RAT 4 7 ORE

BPFERNTF AT ¢ 71, SHURIE L MEn 2 5k ciliE SN D . MO L, s
PR = PINLES NIRRT U, Tl L7282 LA CeliRmo Ny — %
BHRICHIE T3 53], NFAT 4 T ORERITIE, ZOFRBEO/NNZ — 2 OMHIML & &k E
bz E 72 % . K 1-1 I OGS T O 2R3, BT — 71 BT, LI X Ml
ZWAT L2 1-1(0) 2 AR S, 2 — A2 B L TR T 2475, X 1-1(2)
(R BN TR 2 Bl & MRS, [FRREE R O R A BG T 2 L, Mok ¥
—UWBND (K 1-1(3)). TDONF—DOEEEB TS, a—TF 4 v 7 & L% I B
ERFIND A v AL, A vXEoEENLHEET S 2 L THREEED(X 1-1(4). =
CTCHEATANE R, K1-1QDO TEPIFAT 4 7 ORSEEZRET D LICRD [T

0%, [ ORI 21 1-2 (2R, A, B3 T 2 0E & L T—irIc



AW SN50, sEEZN LT 572017 b— LA LR 405 nm OFEOHERL —3
ZRVy, EE 120 mm TZJEXD 150 GB OF 4 A7 BEfES VTV A[4], [5]. LaL7en
b, FEAEL—FEHNLHETIE, AU EOREERMITELN L SATWDI6], [7].
E— AL T, E— A EESEWVIE SRR LA a7z, AR bR O
W 300 nm LA T OFREEASMR(DUV: Deep Ultraviolet)<Ci# £ 120 nm 7> 535+ nm O MsEE 4+
HR(BUV: Extreme ultraviolet) DFHABRET STV D, T TIHE, 26 LD S HIZEWEE
Ex2b OB (EB) 2T 2 HIENHFEIN TV S[8-17]. EB O EE, IEHELIZ
EVRRDR, BLZ10mm 255 nm THSH. ZD7H, EBIE DUV R EUV XV &
BIMTAEITHI ZENTEDLLEEINTEY, EB #0728 nm A4 —F OO I THI2 3T
(R EN TV AH[18-24]. EB 2 HWTHGIZR I L2417 2 729121, Tz EfEICIRE LT
72 B0 EBINLTIE, M 1-3 12737 X 9 12U A (Convergence semi-angle : @) (IX] 1-3)
ZINELALD, TS &S5 EB O AR » hFE(Electron beam spot diameter : D)% /)s
ELTHIFEWMAIMTAAHREL 225, EB D ARy MEE/NESLT5HITIE, EB ST
DEMORIEE Z @O CEFOEBE SBERH S, £z, EB & AW TSR 21T 9
BEIIE, BEREICREEE 2R ET 20BN S 5. Kojima H[25]1X[A1HE EB #fi@2E &
REHNCHBWTEZELENTHT D EB D ARy MEARDHTIE Y, 10 Pa 5 THIERE 80 nm (2
D EMELTND. ok, EBBOARy ML, MEEENELSRDIEENSLRY, &
WEAMERWE E/NE T2 D & D R & 5 [26].

[ 1-4 |2 [A]4R EB fif 44 E ORI 27/, Bk X 512, ZOEEITITEETF v 3 f
(ZRRTE S L7z BlEEEE S H 0| FIZRE TN TR 2 B S 727085 EB 2 BT 5%
Lo TWn5. BZET v o L, EB M LICHRIKRLE L b 104 Pa DL T OEZEE )
ICHEFF SN TV D, ZOREEEEIZIX, 70 MU A TENTH Y, 232 EBINLOM

HIVEZ 3 (BT 72D O E W R E N ER S 5.



Photo resist
1 [ ——
(1) Substrate 4)

Coating

Electrocasting

Beam
Mold pattern

N BN BN BN B e

2
Rotational machining (Exposure) (5) N N B .
Patterns
3) I BN -/- N

Developing

Fig. 1-1 Process of fabrication of mold pattern
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Fig. 1-2 Schematic image of rotational machining
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Fig. 1-3 Schematic image of electron beam irradiation
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Vacuum pumps

Fig. 1-4 Schematic image of rotational electron beam machining device

1.1.2. £ AT 4 7 B RNEIEE A O BlEsEgE
1.1.2.1. BEZEAOFAEEE#H

[EHi3 EB #1235V TUE, RIS IS m W RS E S ER SN D, & G B 4 283
SRR & LT, B 2 Wb 0N b 5. IEEES I, WIROEIC
& o TRl 4 JERefil SR 2 728D, BRI ITCBEEBIRE /NS <, BREMIZLEAEBZ
BN E WS TR A ©0[27-33]. T DT, EWINLKEE O ELR S D TAEBR O 7 &
RO FHENTEY, HFAT 4 7 HBEIEEE DR b HF S TV D,
Takeda & [34]1[FIHATZRER SN 2408 2 R 2 RTINS O AR 2 VW 2 2 L2 kD, 18R
150 nm, +J v 7 v F 300 nm ORHIN TA2FEH L=, = OFEMENT, #ES RS2,
RAARDEIES EB fiffBAEE(ZZR SN D A<y 7 (1#lE 100 nm LLF, 7 » 27 B> F 160 nm
LAY 2l 7o 3 RIS L A F T D Al 2 n T b D L 42 5. 72720, [HiE EB #fimidEE
ORIz 2 WD Z S IIIfE S & 5. KRS O35 6 I TONELURIZ & > TEIER
AR SN DD, KUKITHNZ T2 £ BAMBICHHH S 2720, W OIS TIEEAEER

BECHEMT L 2 LTS R, RS 252 THEAT 5720123, HEEATH Y 72



DOKEBOKHE SHE L T 50, HDOWVITREEZEENREE T OLER S L. KiKE
MWD 5E1%, BEREREA~OT U NI ADDIRWVRIEEZ RS E LB, HET ¥ R0
TR EHGSERVIRIEORENLETH .

1.1.2.2. ZBEHER Y — A RS

B2EF ¢ NSRRI 2B AT 272012, s iR U7 KR & BN £ FE Rl
— VR 2RI 5 B33 5. Pollock H[3511%, A A v B & O EZERET 2 VB L4
LINTEEERE LT, FEoEZ — B iEL b OEEM oK< 2L L. 20
ML, H2ETF v o AN BINEREZ MG 5 2 & TR 2 IEEM SR LTk, |
Z2F ¢ SIS RIR DT 2 B < T2 O D ZZB PR S — A DI AR LT DL X 1-512,
ZEPER O — AT E SRR O 2R, EEPER S — U, HERUE &AM — L
HrORERINTEY, KR FRIEZEL CO—VHEHOEER 7 TS, =
DRI L - T, [EPIZ T EELB L TEET ¥ oA PR T 52 & 20 <
Z LT, BERE CO B OIEMI T FRRICL TWD. 20%, RERO#=IZIT,
Fx 7B BMTHOITZ. Yokomatsu H[36]1%, ZILEIRE W B BRI & 2B HER >
— VDB 72 B KRS A R EE LT\ 5. Schenk B [37IIEIEOfZ Xy RIZEBWTAHY 7 ¢
AHD L ZHERY WS EORIED Y — 7 O A1T > T 5. Ryding H[38]iF,
VR R BGET D201, MES— O T E £ LIEORGHEH ZIRE L T 5.
ZEPER Y — VA REZEU EOBRZEETHEMAT 2720120, HELRTESEEHLIhLE
AIREIC T D @E R DAME L 0D, EEPER Y —VIE, HANTEEREZ BV TRE
Sz, Bisschops ©[39], [4011%, WSz [EIEEH A AT 2720, WA {LT LT
NEFRRT D HEEREL TS, 2L, ZBER Y — A EEEhZ L, "TBh#pE % A
FHZETEAMBIHELEZLOD, BEICV— VT E2EH LMz 2 E8HHE LT
W7 b3, PERR e EOBMME L LE LD, S OITHEEOM AL TRENZHR S

NHEDE > T=. Devitt [41ITHEZ O FLEZ X D728, BRI B PER S —v



BHOMEAREL VD, ATEEANS EBPER S — v BRI D &, IERREHE H oD
BRI S D MENEL D Z LD, Heidler H[42)1%, 2 HDOREICE HITHE
BhHER S — VB RRIT D 2 & T, B 2 RIS AT BRI B9 D T IE AR R LTV 5. Khim

5[43]1F, 3 BEOPERIED O 72 D B OEBPER U — AT R B L, BT o

¥

MOHZEET) % 10* Pa BICHERF CE D5 2 L 2R L TV D, 2O X HIT, EEVRLUAE®
DAEBPR L — VD EEEREEZ MRS 5 2 LR END L, [AlEEHRE~O A b itA 5
DX 927572, Booth[44]1%, [FIHEAI D ZEPER S — L OREE L HANL THIEZRE L
TWa. 72120, EEERIOZEBPER S —/Ci, EEHRL &[RRI @ B e Rk it & AL T
WRESR S iz, ZBHER Y — /v & b ORURENS % (A1 EB R BIZEE (25 L 72356 o6
BlZ X 1-6 ITRT . % —F Vs I G SRR, i3 2 £ 6822 TF v o/ I
O U7k, 3 oHERIED B B8R 72 k- THER STV 5. Yoshimoto ©[45]1%
FIASIR O FRERBE AN T 26 F O [RIEHEHE & L C, ZEBER Y — v & b DR EE K A
Z DY FHED BB 21T 572, ZOWE T, RIEEPEEENCRIETHELS
& L7k aHES 2R LT D, Khim B[46]1F, ZBHER S — AR E R AR o[B8,
BZEE N RIE TR OW TERIGRE 21T o 72, 2 OREHEMEIE, [FIE55 300 rpm (235
WT, 10*Pa ADmEZERE AR L, [HEsH O EBILZWREL 972 2 L MR STV
LML S, AT PE D B2ZE DL b [FIRFICHERS S 7z, Khim 5[46] D@ T,

5.
B2 OBEALIZEHEE A S WIEERE L 2DHAICH Y, MEHLFFZ 7.59X10* Pa TH -

~

= FLZEIE 0, [ 100 rpm (235U TC 7.62 X 107 Pa, [H1#53% 300 rpm (28T 7.68 X 10 Pa
Lo TWh., EREFDTNHTHDIN, BIEORFEAT 4 THEBOM T CHOWHND &
9 72 1000 rpm % 8 2 % [FHEEIZ ISV T, EB filjIC LB e WEZE 2R CX 720 b o

LTENn5.
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Figure 1-5 Schematic diagram of a vacuum-compatible aerostatic bearing
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THH l_/ | | Work piece
T \[ /,f Rotational spindle
‘ ]
] |
W> Viscose seals

Exhaust grooves—7 14 f

\4 Aerostatic journal
% / Bearing
N N ‘//— Aerostatic thrust
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Fig. 1-6 Schematic image of vacuum-compatible aerostatic rotational mechanisms

in an EB machining device [45]



1.1.2.3. EZEA#ERAEENS 2 AV 72 [BES EB fEZEE

[6]#5 EB PR 1T, TGN 2 O 7o S X 0 b2 N T4 ATRE & 4
5 ENEIFESh, BEEROREEBICB O TN TIEEICET 2HMENMTOR TS, %5
PR v — & O TR, B IS SR e /IR EZE T v NPT S 2 &
R E L HIZ, MEEHIZBWT S 10* Pa B O R EZEAMERF 25 Z L3 T& 5. Ogata H[47]
P3BRZE L 72 [A1HE EB # ML T, [FIEHRE I EBPER  — U R 2 d A L, AT
74 TR EZFRIEL TWA . Z ORERERE O [RIERIR O 0 K UL, 300 rpm (238 Tk
25 nm BAF &7, FRER 60 mm QM LEPFHIZHWT, #iE 100nm, 7 v 7y F
1000 nm Toho>7z. ZORED EB 71 7 LADOHIEELIT 20 kV, EIRfEIL 0.4 nA, E—ALAR
v FEIE 100 nm T > 7=. Wada 5[48], [49]& Kitahara H[50]1%, ZEER > — L HHER
K=z % FV N - [Al8E EB HEEEE 2B L, 10* Pa LA FOBEZEREICH VD CTHENE 12.5 nm,
N w7 EyF35mm O TLEAEE Lz, ZORONEEEIL 100 kv, EHEIZ 30 nA
THY, TOE—ALARy MEIZ4nm Th-o7z. Kojima H[2511F, REMERIA S — AR T
SURTREZ 2 F VT2 01 EB #EE & 2 AR U7z, BRVEFiAR S — g, iR & O % FERE i S
—LThY, ZEPER—VEITRR D, HECRBWTT U b ADIEEDD 72BN
Ka@EZ LIk, 1.3x10*Pa DEZERE T, #IE 60nm, 7 v 27 > F 200 nm DN
LHEAT>TW5. ZORRONHEELEIL 50kV, BRI 140 nA 775 150nA, E— L ARy
FEIZ 70 nm 25 80 nm Th o7z, BMEWIAS — L2 WD 2 & THRAEEOBENHIFF S
NIz, BZEENIZEBHIER S — L2z b o LR, 10* Pa RICEE->TWD. Th

IRVEREN DT 7 R HAZLDbDEEBEZLND.

VL EDOBIDH1E, BZEEINIT X TOERE T 10* Pa & RERET RV, LI
WERIHEELED B & & B ITHMIZ 2o TWD 2 ERbnd. NEEELZ BT 5729121
EB 71 7 A& KEULT HMERHHD, ZIUTEEN KA T DRK & 72 5. EB 7 L0

RAUE DML, ABPER S — /VITEZER 7RO 72 ST & - TR KRB 2 B
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b, ZOWEZ AW Als EB #iEPEEEIIHEF IR L b O Lo TS,

Furuki 5[51], & Takeda 5[52)1%, [Aldi EB ffiidEE 2/ N3 5 72912, EB 7 7 A%
JERIRE A Ko THERT — 7V ISR SCRF T DB 2 1R R L7c. X 1-7 ([2 Z O o
XK 2T, Z O, FFEMSFRF SN EB 7 7 A E LR OT & £ 4 @R s
—ICK - THEHZEICT HMETHY, BZEF v NN REE D, £, ZOBEIE, FH
HRbts 2 RRICE S 2 & 2 afRE & L, [ERHAE 23 KB LA Bl EB f2EE o/ NMkIC
LTS, Z OEL AW CRIE S 22518 1E, [RIEEH 3600 rpm DL R IZ 30 THiEE 80
nm, F7 > 7 EyF 180nm ODIMLAARETHD. 20L& = OIEBLEIL 15KV, EREIX
20 nA, E—AARy MRIBEE S0 nm L 72> T D, T OMEL, [Fls EB HiE2E®E %
ML TE DL Z L ZRTHDOTH DA, HHEAEME IR L TR Y — &2 Vo248 &
D HEZEEITES, BEENTI0PPaBLR>TWND.

UbD Xz, ZBHFRS — /IR CE 2 ZEENITRAN D Y, LEEO KO R
KEien, £72, ZEPERS—/VITEERRE EMALTHEINALETH Y, ENEHES
25 EBNZ . £ I TAIETIE, EBER Y — A2 NI, BEREA~DOT U b

HAD D72\ NEAR & FERZ R A s (- VN 2 FIEICE R Lz

<>
EB column
,
é % /Differential pumping head
Vacuum pumps { =>
W7 7 -
Pressurized air = < Work piece
A T 7 E / Rotational table
=3 - - /\/ - - < )
(
| EB~ |

|
|
\
Vacuum area -/ i ~~—Fluid film bearing
\
[

Fig. 1-7 Schematic image of differential pumping head [51], [52]
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1.1.24. A & V&K

L7 ER B |\ D IEBERR B AR 2 B 8 9 2 HIEICIE, B o2 X BRI 52 TT U b
AL T DHHEOMIZ, T N HADIAEND WK ZBIgERAR E L THERT S
HiERd 5. BZEHAOBBRIKICIE, BJEORN =T 1A m R ) TF Lz —TF Ll
(PFPE)R° 7 v H#il7e EFIH STV B [53-57]. 26 OFIBRIRIE, RILKFERE 7 v F#

WICRELFITOND. RIGKFROLDIET U b H ALK HEZET ¥ o / SPNE0 Txt

FOWFHEYN, 7 v FROSOIIBBOBRZ L ZTfEBMENH Y, (86 EB FliEE < i
SNTBNTR. £ T TARFETIE, TEROEZEHOMIBHAE L ITRR DA A kiK%,
BVRRIAE LTHEAT 22 EICER L. A FVRIKE, T4 hFAonbhdE
RAMETHY, 7= DT F L OMBEDLEEEZXDZETHIEYD bOEENE
FRARE Td D & SN D[S8]. A A ARIKIE, (BRI EMER & < REERME, HEAME, SR
Bk, BRREMEL Vo T RHEE R D[59], bOBMSER ZEE X v H R E~DFH
DIARE STV B [60-63].
1.1.2.5. EZERBEICEIT 54 4 RIS

a=— 7 BRAAGIE LTS, EENE BB A A R H64]. EETE
BSBI(SEM) & W TAEM OB 2 BIET 2568121, Vo 7 VITEZERET CE B — A
W %252 520, WL BEREMEN DT, £z, Fv—V7 v 72Mil+ 5720
TN TEEE—T ¢ BT LER D ST, A T IR EZEREE TRBEET,
HEMELALTNDRD, Y7 MICBT 52 LR Y KRKTCoEzkH 2 &7<
SEM Bl & WREL L7=DTH % . 9 TIZ SEM BIEFHH DA A RIS BIFE ST 4 [65].
ZOMOFIABNIIE, A A RO G & B2ERE COr T 2Bl R FliEb WS Sh
TWA[66]. LLED X HIT, A A RIKITEZERE CHATE RIS LT, ZOHANE
HIhTWns.

oA Ra =8I BW T, A4 miRlE, 2&Z5EOK S0 5 BEZE 8 H OIEIR
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e LTHIRENTWD. 61T, A F1IKIE, thon FHWED SRS L5 TR
REITHEARY, HRETH D Z L CBMEEMEICEN D B S, H 2Bk s LTo
FHBHIFRF STV DH[67-75]. £z, A A RIKIE, toBEEARLTRNA L ik LT, b
THREGEZRE - LT W, A=A L ERET HOOREL LTHEHNS
& o ELTWD. Street H[76]X° Morales H[77]1%, A A RIKOHIFHEIZ SOV CTFHH
TEA & el U, A A AR FH A O PEPE & bl U CTHEAMEZ 22 & 2B 600
ZLTWD. A A RIROERFMEZFIA L, g A D =X LA OET RIEK
ELTEAT2RAA L2 INTWAH[78]. Bl L 5 ezl & 2, 1 A RIKIZEZH
FERE AR OFRIRA & L TR TE 2 b0 Ll Lo, BARANIZIE, A A RIS
TIRWAKIEEZ 72, A 4 AR E FW D i R 12 3 T o — U 3 R 2
L7025, Kojima 5 [25]1X [R5 EB f B 2EE (CRMEIR S — V2B L CWA R, 20 k57
Gt A A IR BEE AR O K & U CE 34U, BRI — A bR ET LT T

M ZAZWOHTZ L bHIFFTE 5.

1-8 12 A A AR Z AR O 2§ s ORI 2R3, X 1-5 OFEZE A
Z WY D &, EBPER Y — R A LB L LW oA NI Cli# R b DI T X,
REFOMAN T HEHFEITE DL EBZ 2 DD, T OMEZ RS EB B2 EICEA L7256
2%, K19 1R T L9 ICEE /ML RE & 72 ), INTL2EM 2 @ WA THERF T & 5
Fokksrbolifians.

H22 SRS 2 W 72 [B18E EB #B2E[E ClE, F¥ —Y7 v TPz A Y v 7Y
VIR DHERABRRTITHY, BHAOBESCREEEE~ORELREIND. s L
TA F R E NG E8IE, AV IRIKICERBEE N D720, Ty —U7 v 7%t
RNARENC 2D, FTo, BERES — A AR ZEAT 25 A8 0 TH, ERD
BB — L 20 b WEEE CORANTREL 72D & L big, BRUREMEAR & OEAL

PEDOFEHAPFFESND. LD K I, A 3 IREEZIEEMBIESERE I EH T2 2 &2k
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WTIE, ZLORERETOND. LInLRBS, A3 IRIKOBEZEREEIZI T 2 Mgk
PERLT U b AT AT I E TEA - IRAEHEERTITbA TR Y, ik

TRENSZ SCREMEFTAR S — /L 0D K5 2R BB IR BRI S 38 1T 2 A BT 72 0.

Vacuum chamber

/

In vacuum

Hydrostatic bearing

A
N NTANNANIN

Ionic liquid supply

Figure 1-8 Schematic diagram of a vacuum-compatible hydrostatic bearing using an ionic liquid

— EB column

Vacuum chamber

/ —— EB
Vacuum gauge r | I Work piece
o [ Sondle |
| % ?/\?]V—/— Ionic liquid thrust bearing
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Ionic liquid journal bearing
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Figure 1-9 Schematic diagram of a rotational EB machining system using an ionic liquid spindle
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2.1. ¥

TR 1T, BVEBEE 2RO 2 L DI, ke RN A T ¢ 7 R R
EAEE A OEEERE L LTI STV D, RIFE T, A A /IR % V72 EREfilE s
PR & LA A RIS A IR IR I O D RIS 2 R R 5. RETIE, A4 ViR
R Z BV R AR FH O 2 BRI VR Sz O A F PR % B D [RIRR /S LS BB IC - 2 2 5228 & [aliis
WBEZRAET D Z & TR 5.
2.2. A AR Z ERIR A O T B 22 A B R R El i O B 3

BIEEhZ 1L, R AZ R T 2 R TEOBHEE OIS, &b AR RO
W= 2K ATRE Ch D, Lo T, Z OMEILMERIEESZ N EE~5 2 508 %
PET DML L THELTVDEEZOND. KETIE, A4 RIEZ2EBERIEICHANS
B ER AR ZEL, ZOREEICES BEE~DOREL, BAETLT UV NITA, B
FOEHEEEZRAE T 2.
2.2.1. BREFLHEE

B 2-1 (IR U 72 B =R [BlRps o0 Hh el (X & MO BB 20”97, Z OB ER [RlsH
ML, R, S B KO E—ZICK VRS TRY, EERECIXEELZ A ST H1E
LA STV D, Bl FSEIIXAEO T — 7 AR EASHTE Y, [E#Es EB fi#kC
X, ZoOLRIINTHSaEE L, B EB#iEZ{T) 2 &Ik d. 207 —7/LORNEICIE
XAV b RT7A4T7XKDTZF L& DC E—# (Winbel Co., Nagano, Japan) DR A1 % 5% 17 T\
L. 77V VADCE—HIZIE, HIJ10W D 45812 Ay "0 b7 s, mEZEREICKS
TEL2b058EL. ZOE—XOEERE, E—4% K74 /3(HC6250B-PT; Hokuto Co.,
Nagano Japan){Z £ ¥ 410 rpm 7> 5 3000 rpm F TORERIZIBNT 1 pm T L (ZFHHIETE 5.
Z OEYER EEERE O [ERHIEH S e o VAR E Le, B L AR Z R L
BHE, W UANS DT T NI RIS T Z L 2L, Blist o AR L

MolelehTh D, WhiIZIE, A F A HRIROPEER &, 5 FE DA A IR O five 2 3 /)
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LT AR T TV D. 2L, i BICIRESEOM TIIAThke oz, K 2-1 1280
THRS BT ) T RA T RE M- TEZMTH Y, LBERA A RAEDOERNZK 100
UL Thoio. A A VIRIRIL, SEFAT DRIV ) V&2 VT ANEA L, BE

L7eA A RIROFERNL 2221280 TR 5. M 2-1 2260705 K91z, #IELzBhER
(IR AR 2 20 e D L 22 O KU AZ (S L B & STz B8 o — Lo U AHE T 5 HERUSE
ERARETHD. ZOORIE L B ER S <L, DRCERICHRT 5 2 &
RE & Zp o7z, BUE L 7B EREIEAFE X EAE 60 mm, R S 26.6 mm Tho7z. DT —T )b
TIER 22 IR L 918, B X OEENTFTERNOERE 26 mm O bDHEHT L Z &N
TE L0, Zhb b ZOEEREHSER D N TH HRT 13005,

BZEREE TICBWTES - IRGTEEBRECA A U EE L BT 5 &, A 4 ikikD
IIEIST U R AL LTRAET D 2 ENHE STV S[79]. 38U L 7= B E R RIS 1
BWTYH, T—FFILRICER - BEEIMIREBIC 5720, ZORICT U M ANREAET

ZEMBERINT. L LR, XFFTAMENNINI L, L ) BRH
PERMTHLZ b, ZOEHSNLDT U M TR LD EERE~DREITDT )T
bHLEZD.

B4 2-3 \ZIFEhREIC Ty F oML LT U TR = B2 T AEDIRT A —F %
AL, 21T HEERT. AU TR =AY TIOUEITREEIC ko TA A iR %
JEAE L, R Cll e Yy — AV F ISR T 2 2 LA REICT S, Elise 9 & F1E, Vohr

5801 D MEFREGEF R 2 VS, A AK[EHEEL 410 rpm FFIZ & 8132 2 L HF4 5 720+ 7R B E
MIEETLHEO 8 um LA TFICTHZ L A2RE L. 722, FTELZRET HITEL TUX
INTRMASETO LT S EZZELTHY, 4 & FI133 pm, iR SEAEL, e
AL05mm & 30°, IRIIT 10um & U, #EEIE, EA4mm O T TE 52RO L
DL LTz, L, BATSE—ZICAbELZLOTHY, RS, [[lEE EB i E -~

DAIAFZ BB L TRE L TND. il AN % Z Ok & TRRERIR Y E < flfr L7=.
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AFRECIX, IBIRIA L UCHERT 24 4 U RIRCKEEE 120 mPas (20°C): FEANITRENICRT)
ZHRWIZ5A ORIPEIE, 400 ipm TS5 N/jum TH 5. Zhidfiit 7 —7 a2 /be-HEES

XFT DI RAETH Y, WEEEE LTEMET 200 THS.
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¢ 60 mm

26.6 mm

<l>/Rotational direction

\ Rotational table

)

—J
S Tonic liquid
t Herringbone-grooved shaft
Exhaust hole
I

NMVARARNN v

/
Yoke Magnet Stator Steel ball

Built-in motor

(a) Cross-section of the spindle

(b) Photo of the proposed spindle

Fig. 2-1 Vacuum-compatible hydrodynamic spindle using ionic liquid

Shaft Magnet

Diameter - 26 mm ter : 60 mm
R T 011171141101

Fig. 2-2 Photos of the rotational table of the spindle
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l{)

Ig2 i/p| Igl
L

I

Igl |Ip| Ig2
L

(a) Cross-section of the herringbone-spiral grooves (b) Side-view of the shaft

Fig. 2-3 Detailed geometrical configurations of herringbone-spiral grooves

Table 2-1 Design parameters of the herringbone-spiral groove

Shaft diameter, D [mm] 4.0
Bearing length,  [mm] 5.0
Shaft length, / [mm] 19.5
Bearing span, /; [mm] 6.9
Groove region length Ig/ [mm] 2.05
Groove region length /g2 [mm] 1.95
Plain region length, /,, [mm] 1.0
Bearing clearance, ¢ [um] 3.0
Number of grooves, 7 o 8

Groove angle, # [deg ] 30.0
Groove depth, § [um] 10.0
Groove width ratio, o, (=wg /(wg +wr)) 0.5
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222, £ FUBREDORE

AME L7 B =R B 1, X 2-4 (TR T T B =0 WA A R IR(Cat. No. 11468-35;
Kanto Chemical Co., Inc.: Tokyo, Japan) Z B4 E L CTREM L7z, X 2-4 ITIXEE LA 4
VIBRIROREE R R L, K22 IIFFORMEARLTND. ZOA A RIKDEEICHTZ>T
X, WD 4 RE2BE L. 1AL, MEEFRETHD. 7T UoB=0 DBA F WKL, 0T
A AR WEROEE R D, 2O FRIER O REIC T 5T 5 720 [84], [85MtLd A
F AR AR RIS EN D &L OWE DD H[81-83]. ZNEBE L THEAT LA 4K
KaeTrEmv LB L. 2 RBITHETHD. TUE=U LBIA FRIKOH D, i
RIEVE S OMEIRIR LS L CEEIZZEA R OboaBRE L. 3 ABIIEEMETHS. &
DA F MR, T2 ) 7rda X2 ARV EGE D, ~alr U RA
EHLTWD. ~"aF VR, SRICH L TERZETZ ARSI, Lo LR
5, BIE LA A HRIE, BER RS OIS B TH 5, SUS42052 (24 L THMEL L
MR TEDL LI RBRE RS e oTolz, HAFRE L Hllr L7z, 4 B ITESHIFETH
5. WAAE LBy R s E A Sl EB i E A~ O M 2 AR L LTS, EB filiicdk
WTCIE, MIEHROF ¥ —2 7 v 7 Z < TZDICBEEAT — V2 L TBLERH S.
FRERATIISZ IR\ TIE, BRI RERZ R T D BEN & 2 051 F RIS EMED &
L7128, ZHEEBEEIZHWZREERE O E TR RITSNE R, 72720, A4 i)
ROPIITEREZTT T 2 b OBME ST 2D H L. ZZTRELE 4 %
TR WER—A LT EA A R OEROEE A HBREEELER TV

[86-90]. LA EZDS, AWML THHAT HA A ik ESRE LIZBEHATHD.
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HCH,C_CH,
7 ~
H,CH,C CH,CH,0CH,

Fig. 2-4 Structural formula of the ionic liquid

Table 2-2 Physical properties of the ionic liquid as a lubricant

N,N-Diethyl-N-methyl-N-
Product name (2-methoxyethyl) Ammonium
bis(trifluoromethanesulufonyl)imide
Molecular weight 426.4
Density 1.42 g/mL (24°C)
Viscosity 120 mPas (24°C)
Vapor pressure Less than 10"’ Pa
Characteristic Hydrophobic, Colorless
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2.3. KRB LOHRBER
2.3.1. BEZExbGERER
A A RNR e TR IR S OIBRIRIC W25 E, O EBER L 9 S BT, 1A
RED IR T T P I AL LTEERE~RHSND Z R THRENE. 22T, &)
JERI AR 2GR IE L T B2 T v VU NOBEEE N OWR LT T N TR ZHIE L.
2.3.1.1. REBRIEE
X 2-5120%, RBEEOHXX 2777, K 2-6 1R T XL 92, BhEARIHREE 42 B 28T ¢
YNPICRRIE LT, ARSE AL T DB, B[R HRAE O hsZ 1213 A A kR 100
UL FEA L7z, BEREESEEOE— 21X, BEETF vy o RO X—IF AR — & L TEZ
Fx N OF—F BT A NCHE Lo, SR EESEE S EEET 5871, T v T
RITONIZE 2a—R— MO L. 2T 2 L ZA(SUS304)EZ2F v o RO NE AR I
#10.062 m* T, HEXE 510 Lis DX —AR5y1- K7 (TMUS21P; Pfeiffer Vacuum: Germany)
(TMP) &, HEHOPEXE 50 L/min v —# Y —7R > 7 (USW-50; Sato Vac. Inc.: Tokyo,
Japan) |2 X > T AZHER LTz, BZEF ¥ o NOBEZEE LY FIF D720, AT w T
BERRRENA XN Ay a2, ZORZEF v o NOBEREZEET, B)ER AR

2R E LRUVVIREET, 3.0x10°Pa ThHholz. EZEF ¥ L NOEZEE S ORIEL, Wk

i

FEHEEZE5t (PKR251; Pfeiffer Vacuum: Germany) & B°7 =—XEZEHZH W7o 7. £z,
# 2-3 | R T EMVE 853 HTE (e-vision2; MKS Instruments: USA, Andover) (Q-mass) % H\»

T, F¥ U SNDOH AR5 Z21T-7=.
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Vacuum chamber View port Quadropole mass spectrometer

mad Data logger
Data logger ]
==
2— Proposed spindle Motor driver
)
Cold cathode 2 (
vacuum gauge E@,—q—

Turbo molecular Rotary vacuum pump
vacuum pump
\\ (

Fig. 2-5 Experimental apparatus for investigates the vacuum compatibility of the proposed spindle

Fig. 2-6 Photos of the proposed spindle set in the vacuum chamber

Table 2-3 Specifications of the Q-mass used in this study

Maker MKS Instruments
Model e-Vision 2
Minimum Ditection Partial Pressure 6.7%10"* Pa
Maximum Use Pressure 1.3%X10” Pa
Resolution 10% valley
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2.3.1.2. RE L - BIER EES#E A Sh BB~ X%

AAE LB R EIESHAE D O DT U N T ANBEEE~G X DB WEST L5120, Fx
YAROPRIBIRICB T HDEZE OB L LT O 3 R Tl L. 3Rk MHTThth, F
¥ U D ZED A (Condition A), F ¥ /NN A A ARIKRD 7 %38 A L 72 21 (Condition B),
¥ OV E R [RIAHAE A T v o S HHZIE A L 72 2F(Condition C) T 5. HAEREEZ X
ZDF % U ROHDORFEIZEE TH D 10°Pati & Liz. Condition B DA, Bh/EA[a#x
HREICEATIEEREDOA KL T T AT ¥ —UIZAN, Fr¥  SHICKRE L.
2-7120%, EBFE 3 R OPFRUEREIC R D HAEE ) ORER 2" H2ETF v U NNDET)
X1 s 1 EJIE L, TMP &N S 45 h OfGHEZ ek L-. BEEHOEITE, 29%
72 EFITR 5727 > 72, Condition C 1E, MLOSRMAIZIE Y OPEHE D ED > T2 b
DD, 10° Pa B ~OEERFHENIZ TR G722 > 72, Condition C D541, 40 h T 10° Pa
BICBREL, REIICS59 X 10°PallBE L. X 2-8 1234 X 91T, 45 h #BICiE 3 &t
FTRTUZEBWT 10 Pa RO EZEESNTHE LT,

PLEX Y, BEREEEEREN SO T v A, PERRFRSCREE 22 | SR A LT
SRNWZ &R L. 2N E TCORENRULIIZIZET 52 MEITRW T, HEME IR
BTho THLEEENN 100 PaRICEFELIZLONRRN L 2B 2L, SELBER

IR TR & RN Z AT 2 LWV R 5.
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Vacuum pressure [Pa]

Vacuum chamber pressure [Pa]
[S—
o
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0
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Condition A Conditi C_
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6.0
4.0
2.0
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|, Target
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Conditions

Fig. 2-8 Ultimate vacuum chamber pressure at three conditions
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2.3.1.3. RE L - BIEE S O RS EEE~RIET#

B2 OKEESZIZ BN TS, EERfICEZZENE T 5 Z LB HESNATWS. Khim
54611F, [El#EREL 300 rpm (ZHBWTE L Z 0.5% D EZEE OB 2R E L TWD. 2B, 20
RFDEZEENNL 10" Pa A — X THDL ZENHLEENGDT U NI AR RENI LA DA
5. RE L@ ER AR O5E, BISRMET 10° Pa BOREEZEE LD Z &b,
BIHRIZAE D DTN T U M ABEZEREIZE X 2 83m &ns, RIYE L8 ERE R
ORI ) HEE~ORBELRET D720, ZOROBEZSEEOEERE L.
i R [E A OO [FIEAEI T 410 rpm, [FHERFEIIL 60 s Th o7, [EHARERIE, 45h OFEK0E
ROZIZ6[ET 572, [X2-9 121 6 [F D [RHAFER OFRER FIEZ 7~ L T\ 4. (¥ 2-9 121F, Q-mass
EMOWEHES RSN TWDD, ZORERRITRE TR~ S. 18 HORERIE, A4
R E B ITIEA L T D RAIOEEETH 7. X 2-10 12 1 [ H 25 6 [5] H O[ERERER
ETCORFOREFHTH Y, EHEERERD SR OEHEREBE TOA  F— L&/ LT
L. KA =, BERIZE VIR T LEBEZEENR, BERRIOMICR S ETE Lz
W, RBREIZE DD, M 2-1112E, 1 EENS 6 BH ETOZRENDEZEET) OHER
ZoRd. 1Bl B Ol CIERIERBRAARE & A5 ERFC LS E )3 23 EA- L, 10° Pa BIZE T
L. 72720, ERLEENZEBIZFR>TnD. [M2-10 & /L5 L EEREIE#IE, 1.5
h CHERRTORZEEICEIE Lz, 20X 5 REZEEHOREERICH S EFIE, 2BHEBLT3
EIRIZH oy, EFEIEEAD LTEY, 4EHENS 6 B HOEERR TIIE b
inode. B2-12102 6 B H OEHEREOEZEE N 2R L TRd. ZO5RE1E, BEREER
PR D[RRI B W CEZE N OEEIR ST, 54 x 10° Pa O FELZE DL ERINTHERE
STe. BERPIENC R o5 BEZEE O EAIE, s o NEEEICERY R SN2 EROR
TARERRIC L o THISZAMIHE SN Z ¢ TlRE b D EE 2 6D, DXy, 8 R
[l DRI E > TRAETH T U M A, BEEFICEREL KITS /0D L 2R

L7c. ZTHE TORZEMKEEIZICET 2 ®E BN T, BEOREIIME > B2EE Ok
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DRICBNT O REREBAMEZFSENAD.

1st rotation test

AR U 72 Bh R R | T 22 1 ) 2 e

Start rotating
J 60

During the spindl
Stop rotating

} Elapse time 1
e

Recovery vacuum pressur

Before rotating = > Using Q-mass as a background

e rotating = > Using Q-mass

‘ Few-minuts in
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Stop rotating

} Elapse time 2
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During the spindle rotating
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3rd rotation test 1
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e
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Fig. 2-9 Procedure of the rotation test
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return the vacuum pressure before start rotating
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Fig. 2-11 Variation of vacuum chamber pressure during the spindle rotation
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Fig. 2-12 Variation of vacuum chamber pressure at 6th rotation test
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23.14. 79U NI ARG

[ml#is EB #il D4, HAEENOMIZTF v o SNEOHT ZADESICRHET D LERD 5.
METHS THOIMILHRICH A=V E 25 L9 e ARSIIE, BREDOS 2 H A%
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Q-mass Z HWTHIE L7z, Q-mass Z# HWZHIEIZIHBWTIE, Q-mass BB LRI T 4 T
A2 RBENL CEZEE S A EHESEH 720, Q-mass DEREINSEEENNLETHET
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DFRIZ L > TEEREICH AL LTHRHEND /MO 55y iR cEy 7 7 v 7
L TRT. [X2-14 12 Mass-No. 1 05 70 £ TOF ¥ SO H ARGy D5y 1 % 753, [X2-14(a)
(2 1 [\ B oBREEREBRICB T 2 HERKE, X 2-140)IC 6 [8] B ORISR I T 5 HEk 5
AT X 2-14(a), (b)D EENICERATR LR 7 7IXFHEHGERTZ R LTV, THIC
FRETRLUTEES 7 7P 2R LTS, P ESHKOMY &, FronBX
OIMNTRBIEHEA—CH 52 DL IBRIEEOH L BOREKAITRINTNS. X 2-14 % 5,
HE, BIEF ¥ UV ASHNOEDITERH RS 2L GATWD ZEBDNRD. Fv N
DI ARSTIE, Mass-No. 18(H0) B3R TH Y, 43EEAI 1.0X107 Pa ThHh o7z, K 2-14
B, WEEFTZICE T D2 HAGEOELITIRLNT, MIHR~ADX A —URBEIND
H,S(34), CF3(69)D 43/ EIL 10° Pa LA F CTh o7z, Z O EIEHSITEVETH Y, T x5
ANDEA—=DFRNEBEZLND.

W, BER AR O T v N T ADOSEOEEFAE Lz, K 2-15 1228553k
By e, K2-13 TV 77 v 7 LT o O = OWREHER 2 37, [X] 2-15(a)i% 1 151 H

DORERFRER O E O 278 L TR Y, X 2-15(b)iX 6 [0 B ORISR O3 EOHEE 27~ L
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TW5. X2-15 (a), O)TNEND LD T T 7134 F U IKHER Y Z R L, FTOZ T 7%
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RJHERDO Sy 2R LTV D, X 2-15)D 0> B IXFHERBAARE &2 IERF I BRSO A A )k
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FH MR T Ay EEZ LGNS, 1B HORESERICKE T 22 EZE 10 BN
L THMERTE 508, ZERHRMS R LA L TnaD. X 2-11 TRONZEZEET) D55
7e EFIE, BUTERIEHEEEONTICE ENZRIBOEHTH D L bnd . A 4 L EiRH
K DR G RIS AAREIC S E B S A B D . B EES O RIERYI & [Rlfisfs 1R Rk &
Ll LS N AT S 2 D, TS Ko TA A UVIRIER SN L b EZXDH T LN
T&E5. LaL, Ziud 6 BHOEEACITR SARWZ & BIRIKTIZHIO N B EELT
WA T UARIRHCROME R Shi L B2 bisd. K 2-15(0)& D &, [ O£
HIOEENTR ST, BHER RIS ORIFEIC L > T A REB R L TN Z &
DIND.

X 2-16 1, F ¥ DN ZEDIRIED 3 EHERE &, 6 [0l B ORHEERER DER D 53 [EHER 2”3
B 2-16 O LERD 7T 713 A A A WARHDRA Y 2R L, TEVOD 7T 713225 R Dl sy A 7
LTW5. M2-16 #7125 &, BEMBHEEENORET L7V M HAOGEIR, Frvon
INZEDWEONERIT A DGy & LT A B,

LLbE XY, BRE LB ER RS, BRI RIS R G ARV EFAD.

69

R / 64,\
-------------------------- > CFs> /o7 26 CFs
CH Gl Cl o sy RGO O
29< --------------------- L y \ _ / 2
CH;=CH,~ ™ CH,+ CH,~0-CH, 0. o)
J J
Y g
Ction Anion

Fig. 2-13 Molecular formula of the ionic liquid
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10 The 1st rotation test
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(b) 6th rotation test

2-14 Spectrum of partial pressure in the vacuum chamber
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—— 18 H,0
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Fig. 2-15 Variations of partial pressures during spindle rotation
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Without spindle The 6th rotation test

Components derived from
ionic liquid

10

]

'During spindle (410 rpm)
irotati(;gn b ! (410 tpm)] Mass-to-charge
! : ratio 11571/2

— A 45
——59

—— 64

—v—69

Mass-to-charge

I
|
-~ ratio m/z

R
i
~
z

Partial pressure of outgassed products [Pa]

1 I 1 1 1
0 50 100 0 50

Time [sec] Time [sec]

J—
o
S

Fig. 2-16 Partial pressures of outgassed products without setting the spindle in the chamber (left)

and generated during the 6th rotation test (right)
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2.3.2. [EIEEHE BEBFAT

[HH5 EB #1236V T, RSN EE L /2%, 3F L@ e s o 7 o7 L5
) OO [T G 4 7 L7z
2.3.2.1. RBRIEE

RE L7 ERL AR O [RIERRE 1L, X 2-17 1R T X 218, T—7 A osMEm 2 v
TEHAIL 7=, Z O FERE > Y- (Micro Sense 3401HR; Japan ADE Ltd., Tokyo, Japan) /N7y
fFEREI 3 nm, JEEL 100 kHz ThH - 7. B OZAMFERICIT, T—7 VORI, @ihe 7
— 7NV OELOTH, T—F 0L A1y MR EORIEEEEOTIRIC I D b0 L, dho
BNUEDLYOBBNC L2 bOBREEN TS, RBEE 2501, BHRICHE LW
RIENEDY Th D, FERMEHZHEIVINRRO : Non-repeatable run-out) Té %. NRRO (%, E
— B DYy B =Rl OMBRAEOB X IR L, X 2-18 (TR LEkdIC, BhfEHs
KITWIEOKRE A TREI NS, [FliE EB #l 21T 5 5o I IXIEBE A 238 L 72—

TH0, RIFFETIIINERDT-.
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Displacement

0

Top-view

Displacement sensor probe Rotational table

o

. A
ap
71t

Non-contact ﬂ a “1
NS

Fig. 2-17 Measurement point

Maximum

N } A(NRRO) N

/\ N

One rotation
< >

Bl

|
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Fig. 2-18 Schematic image of NRRO



2.3.2.2. RAE L7 BYER! EIESHHE O RIS E

AHFFETIX, NRRO % [AlfiskAEY 14 [Al#5 L 72 & & OB HRDZ. NRRO I, [
#5450 410 rppm &, 500 rpm 2> 5 100 rpm 4E(Z 1000 rpm F TIZBWCRIE L7z, X 2-20 (245
FHAEUZ 51T 5 NRRO Z7R”9 . NRRO (ZT R TOFEEIZE N T30 nm L FTH Y, iy
fEIZ 20 nm LA RN Ch o7z, ZORERIE, 3IE LB ERERHARE Y 410~1000 rpm O [ElHR5L
[ZBWT 30 nm EDOIEM LIRS T 2 2 LA RTH 0T, W, kxR FEAT 47

INTEEE M ORISR & LT Ho Bl EZ A LTS LB LN5.

50 T I T I T I T I T I T

W B
=) =
I I
| |

NRRO
displacement [nm]
W]
S

[a—
=

1

P I TR R I T N
200 500 600 700 800 900 1000

Rotaional speed [rpm]

Fig. 2-19 Relationship between rotational speed and NRRO
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24. &S
RETIE, A A Rz BRSO 2 i E R 22 L, Eidixs—1rz i
W RN T 32 7 B R RIS O R EE L R E AT o 7. BUE L 7B ER RIS 12>

WTHEREREMm 21TV, LT OS2 157,

Lo BAIE L SRR R & B2 F o o IR A TSI B\ T b, 28I B

T AHRFMICRE RENIE R <, BEZEFENIL5.9X10°%Pa & 72 VAR & el LT LD

HIRWZ &R LTz,

2. AUEL BRI 2 H

e

CEREE ClRiR S V7250, &A1& 2 [B1H OEHERRE D 252
FEH I BEZC R OEALS B S0, FO% DAL ON/OFF RIS ITEZEE ) ~0 2283 H

LT, 10°Pa BDOEELZEZ L EMINCHERF T 5 2 & P HER S L7z,

3. RAEU7-EEREREEERE ORI D T 7 M A DRI A A R H R DR 2

AE SR, WTFNORMST S 10°PaLLFOSETH Y, EB HIHIICHET 5 H O TR

Uy,

4. FBAAE L 72 B ER RIS O RIESKE L 1Z, NRRO 2330 nm LA FCTh v, ik, ko i

ROIEFEAT 4 7 O LB TR SN DREE T3z b DIE o7z,
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3.1. #E

EB % AW e A 7 o 7 BUESEE I O RS & LTI, IR s v — L A RO HRE
SURENSE AT ST & 7. [EHEHME O EH R Th 28 121X, EB OmREE /e FIC
WARBZRE L EVWEEEEOH FARD ML, [EEZAANLERTEEZ. K
Kihsz 2 O 72 [Alds EB #EZEEE, 308 100nm LLF, FZ v 27 E»F 160 nm LA F O %A
REWRAPANFEAT 4 TOREICKI LTS, L LN D, BEMAOKEIZICIL,

g oEZE —)L L HEHOBEZEHR RN S 720, [Bllis EB #EE3E & O KAE M 25 RE T

E

b, Fio, T2 ENLOKRRMEZ TR < Z ERREER T2, BlEEZEE
X 10 PaBICE EEoTND. 2 CTEELIINL, A A RIEZEH Lz 4
R L, BZEMNOBERBEEEREZREEE L. 2 OB ER gL, =228 —
Wz UL LR, SN DI IR 2 a3 2 LN W), INITHR RS S5
ZEMNTED. H2EIRBWTUL, BUE LB LRSS, 10° Pa OBEEEZZEEIC

BWT, BEEEICEEL S 2 TICEERGETHD Z L2l AEICBWTE, 0

h

B =R B ER RS 2 KL A0A A 72 [ElER EB MBI E 2 BUE L, TOMIHEZMET S Z L T,
AR U 7o Bh =R Rl o0 SE ML 2 sl 4 5 .
3.2. RIE L =B ER RIS & iV 2 [BlEE EB R E

X 3-1 12, AWFFE TRIE L 72 [Blfs EB 4L E OB 27747, 2 O[nlis EB B3 E (3,
RAE L 7B ER BN, & — 2 R A%, [FEEE, EBA 7 A, EBILaY br—7,
HZEF ¢ UNB X OHEREEE N SR STV D . B ERIESERE, T2 K748, A
FAREIZIZE 2 ETHW LD EFRIC B OEFEH L TEBY, A A RO &1 100 uL
Tholz. =X KT ANZ, 410 rpm 2> 5 3000 rpm O [B#HREE LI BT 1 rpm & & (27
HiTE, EEEHICIE 1 BERICHE | SV RADESEHIT S, ZOEFEZI, F#ERE
MEEAFEHIE 52 ER L, BEEFEEESZ EBMLary br—F~AH LTS, ZOEER

EB %58 121%, ~— 2 & L C SEM(ERA-8800FE; ELIONIX Co., Tokyo, Japan)% H\\C 5
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D, BHEFEMIE B ICE T2 4 I 7 TR 30kV @ EB 21 CT& 5 X 5 izt frbhn
TW5. [X3-2Z[A#5 EB #iEPHEE &, ZAUSHAIA E - R RE OB E R RIS 0 4181 %
Y. ZOEES EB fEEEE T, BUE LB ER R A SEM 0% L AT — U kI
THYyF A RELTRY AT TERY, NUTHRMRE 2o TS, EB BT A ENE
AFEDKI 27 1 (30 mm x 30 mm x 30 mm)DEZETF v 3% G e RBAEE Iy O A, it
1000 mm, £ 500 mm, %17 800 mm L F CTho7c. BZEF ¥ LN L, A F ARy Ten—X

J—R 7P THER &R, £940 min T EB il ] HE7R 5.0 X 10 Pa [CHET 5.
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EB column EB machining controller

// EB machining signal \\ Rotational signal
i
Vacuum chamber -
. —EB
L — Workpiece >~

~=1
) =~ [ %/- Proposed spindle

/ L{— Motor driver

Vacuum gauge .
ﬁ Synchronizing circuit

Tarminal port

A 4

Oil diffusion
vacuum pump

|__Rotary vacuum pump

Fig. 3-1 Schematic image of the rotational EB machining system

ietminal pottifor spindle moger

Vacuum chamber cap
(Open position)

L]

\

Fig. 3-2 Photo of the rotational EB machining system

44



3.3. FHGHERER L O R
3.3.1. [EEREEEER

¢ 3-3 12, fERBRORBRFIEZ <7, MBRFIE, IR0 LGty T 4 7
W, PEXURRR, EHSHEEERERS K OBEEEN S,
AMIKROEER L &y T 4 v 7R

BT, JEA08mm DU =7 o 10 mm AU U 72 FeR (UL ek f) &
-, BYEL7ZEE5E TIE, 10 mm AL EOHEORBR T~ & AIRETH 543, AHF
FECBW TR/ IRIE S T v 7 By FOREZITI) ZENAEMNTH L2, H/MNROR
B ke Ulc, BB A RiEIIZAR A7 4+ b L R M(ZEP-520A; Zeon Corp., Tokyo, Japan)
HAEa—FT 4 I VB LTEY, A a—2olEfiEiid 3000 ppm ThH - 7-.
WIOMT 4 LY A R EAWEGEITEW TR, BUR%IZIT EB 28 H S 725 23U &
B, T4 NP RNOERE, =T 4 7 &S Ty O B % 1 ) WSS
(SPA400-AFM; Seiko Instruments Inc., Chiba, Japan)% AN THIE L7= & Z 5, 40 nm TH - 7-.
Z DA BEMEE O IR ST RREIL 0.2 nm, & & TS EREIL 0.0 nm Th o7z,

VERL U 7238k i, B R mlEsE O 7 — 7 L BICEEMEmE T — 7 2 W CEE Lz,
[ElEHAE 2 SR A S EE S NTRBECRER S 5 &, IR E SRR A OB L% 1T 5 5%
BRDH DT, RRA % EE LTOREO RS E 2 ]E Lz, [HHEEEIE, 5 2 =& kR
DI7iEE Y, 500 rpm 2> 5 3000 rpm DEIHEAEIZ I T 500 rppm Z & ITHIE L7z, X 3-4 (T
9 X 912, NRRO AR O EFICE->TEF LTS24, 1000 rpm £ T 2 EDHE
Rl U CEEFA ST, 1500 rpm F TiX 30 nm UL FToh -7z, 2000rpm 7> 5 3000 rpm
O alfEEIRIZF 1T 5 NRRO 1K T 60 nm & 72> T 523, i#iE 100 nm LA, h7 v
7By F 160 nm L F O — U NS 5T+ Bl E 2R > Tk, HpA % [E

E LT B KBRS E O BEAIT R S st 7.
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ByPERuaRE

Z o T, MBRA A EE LB AR A EB 7 AE NIk RL, Ty N
NEOPER 2T 5. & 2 FICBW T, KR THAANL T S 2 B R R RS HHE O fih
ZNEICITRENEZENTEY, ZOKWEPRYOEFE)S 3 B HORERE THH SN D
ZEDBHER SN, RIEMHEE SN BICITEEE A 107 Pa BICE LT H 2 &0 D, HE
SRR TIEEED ON/OFF Z30ml# v iR L, S<iazHEH L7z,
(O)ElEsf E R R

Zomf T, BRI EB 2T 5%, BRI TS 532 — DO5AFE, EB L=
Y har=ZIl(H 31 ZBRICH SN CD AT D, AR TIHEDOIEE M7 v 7 By F 20
BT 570, FROMAROEEZEEANL T 52 L L Uiz, K3-5I2MLT 5382 — 0k
Bzmd. FOHEDT, AN FEFEINEE LT 52 LT, MLEROBRIZKITS
BEMEZ P TW5. 1 DO RIZIZ 3 DOV R T v 7 LIRS EA 2L, 1
ODNY KT w7135 ROWETHRTHZEE L. N RN w7 ZRTDH 5 KD
WHOMBEN T v 7y F L. 1 DOM T 572 OIITEREEZ S 53, Z0
[ERRIEA RS2 2 & T EB O &L ET 5.
D)@z

[lds EB fifi#%, MBA 228G L, ML LY — 02K L — P B
(OPTELICS S130; Lasertec Co., Kanagawa, Japan)33 & 08 SEM % FVC#IEL - FHAIL 72, Bifg

R 20s I CTH - 7=,
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Prepare the workpiece

(1) Cutting a wafer
(2) Spincoating on the wafer (ZEP520A, 3000 rpm)

Setting Process ‘

(1) Spindle setting

(2) Workpiece setting
Marking

(3) Evacuate process
Exhaust the outgassed products from the spindle

|

Rotational EB machining process

(1) Setting the machining condition and rotational speed

(2) Rotational EB machining (Under vacuum Order of 10” Pa)

\

Observation process

(1) Developing the work piece (ZED-N50, 20 sec)

(2) Observe
Laser microscope
SEM

Fig. 3-3 Experimental procedures of once of rotational EB machining
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100 ' T ' T ' T ' T '

- Radial direction with the workpiece 1
80 .

NRR
Displacemonet [nm]

500 1000 1500 2000 2500 3000
Rotational speed [rpm]

Fig. 3-4 Relationship between rotational speed and NRRO

Band Enlarged view of Band-track
A
4 \
Groove -
Width of groove Track pitch

Band pitch

Fig. 3-5 Schematic image of patterns
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3.3.2. ITHRBAHER
3.3.2.1. AN TAHEREDFHME

AT, T L72iEO R/ ME & /s b F v 7 8y F 56 [aldis BB #8132 & O )N T4RE
B L7z, R 3-11%, MIEFEDONRT A—=FERLTWD. ZORHMERERIE, [FHE35 1000
rpm, 2000 rpm , 3000 rpm (ZFWTITVY, 1 ROWEIL 20 [FHEZTHI T L7z, N2 Rd 6 AL
L, REYyFIL100um & L7, N R N7 v 7 8UT 3R, N R 7 v 7 [EEBEE 4 um
L, NURNRMT w7 ZMERT DB S AL Lc, INLAT O BROEZEETIT 10° Pa 5
Th o=, MEBEEIT 10kV, FERMEIEZ 100 pA THY, Z OO EB D ARy &I 10 nm
Thd. N7y I EYTFIE, ZOFRETICENT, ARERRY /NI Z2E L 725 X5 72 160 nm
LU OfE % F2ERANIZ SR O 7.

3-6 (Z[AHEEL 1000 rpm CHNT L7=ikBR i OAMBLO—Fl &2 753, X 3-6 2> 5 1%, EAEE 200
um 225 1200 um £ TD 6 KD/ RAERFBICM LIN TV DR MR TE 5. K
RIZ 15 KON SR SN TND DT, ZO/RZ—IZ1F 90 ADOHENIMT.EN TN 5.

3-7 WML L7238k 0 SEM (2 K S8 Hig 2=d. X 3-7 LV, ZOREER EB #fiF
REET, FEAREBICBNW T Ty =7 v 72 B S TITMIRAIRETH DL Z LIRS
TS, X 3-7(a), (b), ()IEZILZ4L, 1000 rpm, 2000 rpm, 3000 rpm TH TA24T 5728 D
Thv, MHEEE, SKESE s NS ZFHIILTWD. X 3-7(a) kY, [E#EEE 1000 rpm (2
BWTIE, HEIEA 60 nm (K45 63 nm, /M4 50 nm), 7 w27 ¥ F#) 130 nm THl
TENTWAEETPHERTE S, [X3-7(b)L 0, [FlHEEEL 2000 rpm (23Tl JEIER 40 nm
(B RERSY 47 nm, /N5y 30 nm), ~ 7 v 27 ¥y FK 140 nm THL STV DA 23R
T& 5. X3-7(c) LV, [HEEE 3000 rpm (23 Tidk, #EIER) 60 nm (B KBSy 63 nm, Fe/ N
3 50nm), FT7 v 7 EYFH130nm THLENTWAEEFBHERTE 5. [ml#s£L 2000 rpm
& 3000 rpm THIL ST/ — AT I EIT A Sy, BLERY, 3E L 7@hEm

[FHAREATE 2 R A A A T2 PR EB fmEEE Y, f/NEMER 40 nm, F7 > 7 B v T4 140 nm
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OMLAFRETH D Z & o3 B S, WHER - Ra ARDNF AT 4 TITnEE SNLDHHE
8 100 nm LAF, 7> 27 By F 160 nm LLF O LR 2729 Z EAH LRI R -T2,
Z O[ElER EB ffEEE T, EA 120 mm, FHE DT 4 A7 IZHE L TB X Z 150 GB /25
200 GB OFRBETMLTX 5L Ex b5,

3-810, FAME L 7B ERL RIS 4 FHV /o[BS EB REZEE &, ek AL EB #H2E
BORZEFE &R 3-8 ®”Developed” | IAMFE DAL EB ik E4 /R L CTEH Y, A,
B, C, DIZZTNENEELHE[47], [25], [48-50], [SI-S2\Zxfhix LT\ 5. [X 3-8 2B,
FRME L 7B ETL RIS & Fl 72 [R1iR EB #EIIEE OB N, TE TOWE & gL
T 10" Pa’ b 102 PaflNZ &3 s, X392, RIE L 7B ER RIS 4 - B8R
EB fifi % &, A, B, C, D® EB O ARy MEBLXOE/NEREZ ~T. £/, ThZh
DILEEE & e/ NEEOBIfR 21X 3-10 12737, K3-922H1%, C D EBDARy MBI
B/ NEERN RN TH DN, K 3-10 275 &, C ONEEBELIL, AHF7ECHEMA L7EEE
10 kV EHEEL T 10 f5 & 72> T 5. ARBFZEDREIER EB fEEEE 23V T, o Heifgot
LD 12 025 110 BOMKEEETH>TH, FAT—/VOMIHEZE> TS LDk
WTE 5. Zhud, AFIEDRIES EB f#B4EE O RIS, B2 2 HERF rTREZR T2 0
ThHHEERD. LIEED->T, A F ik E W22 oiREEE= X, ZEHOX

RSz & i U TR DD LB XD,
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Table 3-1 Machining conditions

Acceleration voltage 10 kV
Electron beam current 100 pA
Beam spot diameter 10 nm
Thin of photo resist 40 nm
Developping time 20 sec
Rotational speed 1000, 2000, 3000 rpm
Number of rotation per a groove 20 times
Number of band 6
Number of Band-tarack 3
Number of grooves in a Band-track 5
Band pitch 100 um
Band-tarack pitch 4 um
/ei}WP - — &;‘-’“
7 N0\
F [ N\ .
i Y £ AAOAY i
7 N1B00un |
1 "fa‘ '3'4,5" k’e\ ‘f,ﬂ / Y
’%.\ !\u;,. Rt / ‘R\A
NN ————  /100/pm
b i e
- 00u

A band contains 15 grooves

Fig. 3-6 Photo of machined pattern
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x10000

(a) Rotational speed of 1000 rpm

006
Y- 0.00snf

Band-track L0

e

3 =
140 nm

610001 10KV 2un  10000X _ AtB__ 2014/09/12 610002 10KV 05um  80000K A48 2014/09/12

x10000

i
720001 10KV 2um  10000X__A4B___2014/09/12

(c) Rotational speed of 3000 rpm

Fig. 3-7 Enlarged view of machined patterns in each rotational speed
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Developed
Rotatlonal EB machmmg systems
Fig. 3-8 Comparison of vacuum pressure
120 = Width of groove
100 B Beam spot diameter
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5
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=
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O 4

Developed
Rotational EB machmmg systems

Fig. 3-9 Comparison of width of groove and beam spot diameter
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120 | | | | |
A
__ 100 4
E
o 80| oD
g B
%‘3 60 4
% 40 f Developed
=
20
¢ C
0 | | | | |
0 20 40 60 80 100 120

Acceleration voltage [kV]

Fig. 3-10 Relationship between acceleration voltage and width of grooves

3.3.2.2. #EREOTHE

AAUE U 72 B E AL RIS & FH 72 (815 EB #8455 & O R E O S 217 o 7o HiEREME
ELTE, F—XELEEL EB filC X OMWEOBREZ RO L. =X,
BALEES 2V IR SNCEFORETH Y, AUFFEOEIES EB #ilAEE IZ BV T, L

ToXRTERIND.

Dose [C/cm?] = (EB current [pA] x Number of rotations) /

(Beam spot diameter [nm] x Diameter of groove [nm] x 7t X Frequency [Hz]) x 10®

Frequency [Hz] = Rotational speed [rpm] / 60

F 322X 2 ORFEBICBIT 2N LM 2/3. T, [Bl#EEEL 500 rpm, 1000 rpm, 2000 rpm,
3000 rpm (IZBWTTYY, F—X &%, 1 RO LICx L CREsT 2 a2l sds 2 &

TR L7=. 3-11 1%, F—XELEEROBEGREZ L TRBY, HEEKI L7 ey hoXF—
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YER LTS, X 3-11 22 61F, FREEREIZEWT F—X8OEINE & b IR A <
RORRFDMERECTE D, ZOREIE, FHEEZTHORVEBRMBEICL ROoNLFETHY, =
D &1E, ZOMEES EB f#il3E S F— X BT 5 2 L THIEAHIECE 52 L2 L
TS, Lo T, fE L7283 ER I EAHE IS, [RlEE EB Rl l2EE o Rl & L CTa A

ThHhHEERD.

Table 3-2 Machining conditions

Acceleration voltage 10 kV
Electron beam current 100 pA
Beam spot diameter 10 nm
Thin of photo resist 40 nm
Developping time 20 sec
Rotational speed 500, 1000, 2000, 3000 rpm
Number of rotation per a groove 20 times
Number of band 3
Number of Band-tarack 5
Number of grooves in a Band-track 5
Band to Band distance 4000 nm
Band-tarack to Band-tarack distance 500 nm
300 T I T I T I T I T I T
0o
— 500 rpm. i
g N
£ 200 2000 rpm o © . -
gﬁ
\4 \4 -
o A Do A4
= A’ Vv \
.'§ 100} 5 ‘:' 1000 rpm |
o
3000 rpm |
O 1 | 1 | 1 | 1 | 1 | 1
0 10 20 30 40 50 60

Dose amount [ uC/cmz]

Fig. 3-11 Relationship between dose amount and width of grooves
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3.3.23. ZTREFMEML
[E]iz BB #5 (12 B2 RIS O 7 % o 7V R ORI, 7 07 V5 ORI
R LB U CTHRERAT 4 T OREBE~ORBIT/NE V. LOLRRS, mxrs 774
Y7 AEV DI IIEORS HFIZ bIFRE T 2 HIETIE, F—XEOMEICKL-T,
SFHMBERTE R NE R B0, AFZETIE F—XE&OMEIC L 5 SFEHOER
kAl M3-12102, RBRFIEZ R, REBRAICIE, 10 mm AIZUIE L7222 0.8 mm D >
Jarv gz IRV 7 4 LU R M 3 HICAEa—T 4 7 LIEbDEMH LT,
74 MLV AMOERT2um THo 72, [EERHTEH OB I21E 40 s OBUE%, LI
TIFFa—T 4 ATV, BiE»bHE D Z & CHEMN S Ekm A, RoJimnn
5 SEM MW THIE Lz, M 3-13 12, &#ERA oWrim OBEmE 2 ~4. X 3-13(a)l2 i)
W S A7 [F D I O ROSMELZ, X 3-13(b)C 1L, B 3-13(a)DARAERR Sy IRk L7 b
DERT. K3-130)02 5%, JEH2um DY A b EICK 7um BEIZERSN LI TN D
R DPHERTE 5. M 3-13(b)Dii %, EMDBIEICHE(C), (d), ()& L, ZAZIERLIZbD
%X 3-13(c), (d), ()T/RT. TNENOHMEIZ, IHIC 280 nm, 310 nm, 310 nm & 72> TR Y,
R X224 1030 nm, 650 nm, 293 nm & 72> T 5. X 3-13(c), (d), (e)/> D i, JElEIZ
RERETRDD, HERIITHEF R > TV DERTF DR TE D, ZO/RRIE, BHEI N
R=RXEICL > THEENTNDZ 2R, 3 UE LB ER RS 23 R S 3 & F5

[B#: EB i B 21T 9 BB W THLAHATH L Z L ERLTWA.
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Prepare the workpiece

(1) Cutting a wafer
(2) Spincoating three times (ZEP520A, 1000 rpm)
(3) Evaporation

|

Setting and rotational EB machining process

|

Observation process
(1) Developing the workpiece (ZED-N50, 40 sec)
(2) Cut the workpiece
(3) Pt coating
(4) Observation
Measurement depth and width of grooves by SEM

Fig. 3-12 Experimental procedures of depth controlled rotational EB machining
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_—
AAODOS 10KV 500 um  SOK  AtB  2016/01/30

Photo resist 2 um

Si wafer

2016/01/15

(d)
Dose 85
~ Width 310 nm
Depth 650 nm
Widtt —— -
Depth 1030 nm f Depth 293 nm
1000 nm 1000 nm 1000 nm
%30000 | e <30000 | g <30000

Fig. 3-13 SEM photos of depth controlled grooves
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3.4. #EE
AEBETIL, A A AR 2 R AR U 7= B B ik 2/ A A 72 B1ES EB #f)k

EERUEL, ZOMBEREORHEZITO 2L T, LITOME &2/,

1. RO FFET, ZIPERS — L2 NE L LW Waw, [[Bdx EB HEEEE O KiE 72/

TULIEFL P FRETH 5.

2. BUYE L 7-[0l#s EB fEEEE X, BREhFIC BRI 2 ZEMICHERFL, (EH L7 EB A 7 A
DOHEEVEREIC RSB 2 B 2 72\, $RR 0O J7 151X B 28 0 FE SR EISZ 2 N 7= [0l#5 EB i i

LR LT, ARWINEEE TR O R CRIESHE S FRETH 5.

o0

3. BUE L 72 [0l#s EB # S 1T, R SRS A2 EBORKETa Ly hu—L T 5. 2
T[S D[RR EESME 2 0 7 2O T EICERE L2 H1- 2 TR\ &%

RLTWD.

4. BUME L 7= [BlE5 EB i EEEE L, MNEEE 10 KV, FEFAE 100 pA OIS T, 18 40 nm,
FZ7 v 27 By FK 140 nm T LNAFETH S, ZOMTHESRIL, DVD ilgrfas, —g, H
£120mm OF 4 A7 TEBEBEZF 150~200GB OF 4 AU T 5. #EZDOITEN, kil

R, WA MRONFEAT ¢ TREEIEE ORI L LTAATH L Z LW LN L.
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4.1. ¥#E
4.1.1. A F W E A T2 R E s

B2 EEE 3 EIIBWTL, A A IR Z IR AR D 22 A AT v sz o A
PEE FEMMEZMERE L72[91], [92]. A A kiR, F22 A v dihsz ~ oD@ N 2 it
TAROFEMITE A TIUL, BERIER S — A DB AET LT U TR ZEOT 2 & RWIFFT
5. FITARBEIZBNTUL, A A UVIRIEEZ AWt — L 28285, A58 Tk
ZDOI—NEFERT DDA A IR T B W TR IR Z BIF L, 2 a3 FEskfih
L 9BEIGRAFTICEWTHEEIKETRELHA L, ERIC— MW RO > — L
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(a) Structure of the magnetic ionic liquid proposed by Hayashi et al. [102], [103]

Dispersant

Magnetic particle Ionic liquid
(b) Magnetic ionic liquid using magnetic particles

Fig. 4-1 Magnetic ionic liquid

4.2. BEZE ML A L RIR DB F
4.2.1. L7254 R
KIFFEDWNEA A RO IR E e D A F R, BV =008 s 052 8E L
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T, RAPCTRIEL7ZHEICBW TS, BRENEIHRFIIRR TE o7z, I,

A AR Py6 FSLIE, NI 28 MEIT72R <, AFELRNLDOTHS.
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Fig. 4-2 Pyridinium-based ionic liquid (Py6FSI) as a base liquid

Table 4-1 Principal features of the ionic liquid

Product name 1-Hexylpyridinium bis (fluorosulfonyl) imide
Formula weight 344.4
Density 1.32 g/mL.  (24°C)
Kinematic viscosity 59 mPas (24°C)
Vapor pressure Less than 10"’ Pa
Characteristic Hydrophobicity, Colorless, Transparent
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Fig. 4-3 Structure of the dispersant developed in this study

Table 4-2 Principal features of the dispersant

Product name

6-((4-((4-((4-aminobenzoyl)oxy)butoxy)carbonyl)phenyl)amino)-6-oxohexanoic acid

Formula weight

n=2:528.25, n=3: 600.30, n=4: 672.35, n=5: 742.44, n=6: 816.48

Color

Y ellowish-White,

Characteristic

Soft-solid
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(a) Magnetite (b) Dispersant-coated magnetite

Fig. 4-4 SEM photos of magnetic particles

N°H

Diameter of about 1 um (SEM)

Lss than 50 nm (SEM)

Fig. 4-5 Schematic image of the dispersant on magnetite particle
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Pure ionic liquid

(a) Just after mixture

Pure ionic liquid A B © D

(b) 5 h later from mixture

Pure ionic liquid A B C D
(c) 24 h later from mixture

Fig. 4-6 Mixing states of four samples
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Fig. 4-7 Behavior of the magnetic ionic liquids to a permanent magnet
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Fig. 4-8 Magnetization characteristics of the developed magnetic ionic liquid

74



4.4. BEMEA A U RRDOEZERHS MR & T ERER

AWFSETIE, mELZE TR TR REMET R L — L 2 BT B 12012, A 4 Uik %z ki
ET DT TREMEA A IR E BT L. 2 2T, A A U IRIED SRR TICE
T O L @ SN THRAET LT U T AFEEIToT2. £, WA 4K E
TR — Vv EL, P — A EOMREZIT -7

4.4.1. BEMEA A U RIEDOBEZER

4.4.1.1. RBAEE L L UCARFIR

Bl A A AR DT 7 b H AT TIE, el L 5 B O BLZEE ) OHER OB
EL, TUNTAORG G EITD Z & & Ui, Wtk A A Rk LTIl L w © B
AR AT O TR L LT, BEROFKEEES 2 W TR A 4 kIR AW & &
ZHITEE W, ZoJGER, BERIOMRAEEES O 9 & FICTE S kA
T ARIRICKE L CEAM A MEN T2 2 LTI — L 2B L T DL e
EROCTIHEEL S — V2 BT 5 2 & & LB, FEREh S — L1l 2 L ClalsEx
I D2 LN TERNVEYD, ZOWMZHNOT U NTARREET L L 2T DTh
5. B 4-9() BRI E RO A T, X 4-19b)IRIX A R U 7o B ER O [RIfRp A% 1L,
X 4-9(a)lZr L2 NEBAFEDS 0.026 m®> DEZETF ¢ LV NONIICHRE SN TS, BZEF v v
N1E, YRS 510 Lis O TMP & AR 50 Limin O —% U —R > 7 THER S, Fv o
PR ZE DARFEIZ I W TIEEZEE 77 3.0 X 100 Pa ICRZE T X 5. ERI R OMMRAIE, X
4-9(b), (c)DIRNTE > - FEHIRICATE 100 uL A S, %9 X F(X 10 um THHo 72,
X 4-9(b)7> B 005 K 512, BYER ORI OREEIE, 52 L H 3 ETHWZEIER O
Bl & AR L O TH D, Z OBER O [RIEEHEEIL, T ¢ > SINBICERE ST —

ZRIANCE o THERSED Z LA TE, FERICE- THRAET DT U P RAIE, BHZAEG

Tl

BLQ-mass CHIETHZ LN TES. HH LA Qmass IE, 52 BIMAERZ R LD D

EFRBRO LD THS.

75



4-10 ([SRRBRFINEZ 7R 9. M 4-10 IR T X918, ARBRIZEZEEDOWEL T T FHA
MENBRLD. BEENOREICBV L, JXUBRICR T 2 BEEOHB L, BHER
DR OB S BZEEOEBZHEST S22 L L L. 70 M AREIZEBNT
1T, BETLORSEEORHELIC > TRAET L7 U MU ADHE L SEOHER 2 JIE L.
721ZL, 79U MHAGHOBZIE ANy 7 7T 0 FE L TEER OB 2 1 LT
LLEDOTYUNTAGEEMEAT L L L. ZRUOOREICBWTIE, BEA A i)
R & BEAF OREVETR IR & DOBLZEIEME R BT 2 728D, A A V& Bl & 9~ 2 BEER I b [F]
ROWEZAT T, A NVEEME T HBMEREE LT, 7ArFLvF o2 vt A%
FEh & T2 BB ZRE L. Z OBERERORBMERI-121%, FimiEtEsl &~

A7 =74 PAAVLRATWNS.

76



Vacuum chamber View port Quadropole mass spectrometer

In vacuum (10° Pa order) \
SN =» Data logger
Data logger <= - Outgassed products )
) .
Motor driver
Cold cathod \Ali'_l/ %
old cathode
vacuum gauge
L=

VW

Hydrodynamic test bearing (b)

Turbo molecular

vacuum pump ™ Rotary vacuum pump

(a) Experimental apparatus using a hydrodynamic spindle for measuring the outgassed products

\ / /L/ Outgassed products
 *

|
i

| —— Herringbone spiral grooved shaft

i A Brushless DC motor

| ”//{ | — Hydrodynamic bearing

—J

\ Bearing clearance (10 pum)

i Magnetic ionic liquid
“T ; (Sample liquid)
Motor driver !

“

(b) Hydrodynamic spindle for applying shear stress to the sample liquid

Under vacuum (10 Pa order)

\C—“’ // Outgass emission

Shaft ( $4 mm)

. / Bearing clearance (10 um) filled
with proposed magnetic ionic liquid

(¢) Schematic image of the clearance with magnetic ionic liquid
Fig. 4-9 Experimental apparatus for measuring the outgassed emissions from

the developed magnetic ionic liquid
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Evacuate process

(1) Start evacuate by rotary pump
(2) Start turbo molecular pump at 5.0 Pa

Start recording the varietion of vacuum chamber pressure

|

Measuring outgassed products process

(1) Start Q-mass
Few minutes
(2) Start the test bearing rotation
‘ 12 min } Measuring spectrum of outgassed products

(3) Stop the test bearing rotation
(4) Interval to return the vacuum pressure
(5) Stop Q-mass

Leak the vacuum chamber and change samples
Repetition...

Fig. 4-10 Procedures of investigation of vacuum compatibility
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10 R 7 T T T
100\ 1

0 h: Turn ON the turbo molecular pump

—— Alkyl naphthalene oil based magnetic liquid |
Dveloped magnetic ionic liquid

100 h~: Start rotation test

Inner chamber pressure [Pa]
2

0 20 40 60 80 100
Time [h]

Fig. 4-12 Variations of vacuum chamber pressure at evacuate process
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Fig. 4-13 Ultimate vacuum chamber pressure
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Fig. 4-14 Variation of vacuum chamber pressure during rotational tests
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BT, BETHIELEEEF vy U AN THRICEELEL RIFTZERABEIND
Mass-No.34(H2S)=° Mass-No.64(SO)fF D 7 7 h H A1E 10710 Pa LA EDSFED L2 E0
TIImHEN TNz Enbnsd. X 4-16(b), ())>HlE, A A EIK Py6 FSI kDT

T RHALGRBNBERDT 7 S HANRKBRE SN T DEEFDHER TE 52, 73T 10 Pa
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UTDORETHY, EB MBI EL KIET L UL TIERW. K 4-16(b) & ()DT 7 A5y
JEZ BT D &, BtEA A IR OT 7 ST AGEE, SEHEEATHDICE b6
FTHGE U THWA A IR Py6 FSI BUANOIRAT LT 7 M ASEL D IR 8o
TWDZ EPFERTE D, BeMEA A U RIRIZIIRERL 3B N TR Y REENPRKRE N
LB, AN Ko TRA LI2 o <o, RGO 53 B DKL TR I WAE L2729,
TURAAELELTHRESN N7 EZDBND.

WRIZ, BRI THEMEA A RN D RAET D27 0 A ADG3EOR I ZZ8) 2 fi A L
7o, ZOREICBWTE, BHEEFICEARD A A ZIK PYy6 FSI DR AET DT 7 M HADSy
JES O 7= OWE L-. ZOREIZH W T FHERERIT 1000 rpm, [FIHARFRT X 12 min Th
>7z.

4 4-17 12, BARDA A 1K Py6 FSI & BaMEA A RO EOHERE Z27~3. X 4-17 D
FEAND 7 Z 71%, BAROA F ARIEOBREAER T O EZbE R L TE Y, HFRlo s 77
VIR A A ARIR D RIERER T D3 EEb Z R LTV D. M 4-17 O BRIO 7 F 71355 H#A
MORAET HAREMED & D 32 R~ LTV, MUD T T 7134 F K Py6 FSI 725 3§
BT DHREEMNO B D0 %2~ LT D, &b aleetED & 5 s, 4-15 |ZR
L7ebDITMA T, BETDHEEZETF v AR I RICEZEL KT T 2 ERBESNh
% Mass-No.20(HF), Mass-No.34(H>S), Mass-No.64(SO2), Mass-No.83(SO2F), BilEA A ik
ROBYEBEECHEMA L AIEE TH D MLz B O U < BlEA A ik o SR8 e
T L7z Mass-No.18(K) 2 #lliE L TW 4. BUKD A A &K Py6 FSI D Mass-No.18(7K)D
DEZE, ERBEROLDOTHLD. M4-17 215 L, ENENOFEICRHBREERTIR O
N2, B 4-16 OFERIE, BHET O L DR THIE L THIRIEFRROFERIZRD Z &N
THIEND. X 4-17 DA F 7K Py6 FSI D53 EDHERE N H 11X, A A &K Py6 FSI A3[al#x
o TRHEZRIZE AV ERE LN ERDDD . BEA F RIEO 5 EDOHEREIZIB N T

1, SEEIH R TH D Mass. No.45 OAEDS, [\l L[S B LR ER S L HIC TR
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TWAOET MR CTE 5. F£72, Mass-No. 15 D3 E A LR TE 5. Mass-No. 15 [TH
BOAFAARBIZEEZENTWVDIZEND LT, 2D OREITMBTE RV, Bk
A A YRR Py6 FSI (21T 5 Mass-No. 15 & Mass-No. 45 O, RSO3 HAIOERE
O SN AR B D & B 2 BV DS, BEMERLF DR % 52T TA A kIR Py6
FSI S LTemTREME S B X O 0. LI LS, 2RO DOGE EF®IZ10°Pa B TH Y,
B EE 2 A L TRV ES, EEsEIERICELEET 2854585 L, EBBML~D
WEIIRWEERD. e, MU EED, 100 Pal FO LSO REDT U b A A
EB #il[ZB L TldMth S Tunian & B LT L.
LLEDFER L0, BEMEA A liiRiE, fEkOBEZe A ORMER A & el LT, kL »
VBN THRAET LT U NTANDRNZ ED, BEEHOBMERE S — T3t LT

ARWERENWEEZXD.

(b) Dispersant of the developed magnetic ionic liquid

Fig.4-15 Molecular formulae and mass-to-charge ratios of functional groups (m/z)
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(c¢) From the developed magnetic ionic liquid

Fig. 4-16 Mass spectrum of outgassed products
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Partial pressure of outgassed emissions [Pa]
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Fig. 4-17 Variations of partial pressure during the test bearing rotation
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4.4.2. TEMEA F U IRIED T — U MHERE

DH

MELZEBREE T O L w D BIRMICB W TIE, BiVEA A IR A VBRI e T B
WMETIR L 0 S AHMERE WD E BRI, 2 2 CURBEMEA A AR ORI 72 Rk &
LT, = Meaid L.
4.4.2.1. MHERBRER

= EREDFIEIZIB W TIE, AR OB S — i B L, ISR A
F AR E VT B ORI 2 JE Uz, X 4-18 1Z3UE L 72 REMET IR > — L DR & ~TE %
AT BRIE LIRS — LD — T EEF 02 mm & L, EX 3.0 mm ORA T T L
Wiz I TW D . YRR S — Vi@ s, 33— 7 il o oika TRT5 2 & Ty —
JVIHIE Dk 2 X 5 03, ARBRCIE, K 4-18 1T L2 X 9 el b ARk E LTV 5.
DL EOA— T IR ORI, K8 x 10°A/m TH Y, BEMENRIKREIEE T ORI
14 x10°A/m Th o7z, K419 17T K DI, BRI — /WIRE S O #7522 I IEHE
fiklZ [aldsEh A2 E AT 5 2 ENTE, KEBRICBWTE, KRAFIZBWTREMETRIK S — 1o
— I DZER 2 IE LT —V 3 5 ERTOEA 2 MNE & Lz, X 4-20 (23— Vi ERER
B AT, K420 1R T X DI, BRI —08, R & F ISR - T fEl 7y E
LTW5%. X 4-20 OFAIE > 2 HEBIIEMRZE I L > TIE S, ZOZEROET) %O
T 27— VR JE S FHPGM-10KE; Kyowa Electronic Instruments Co., Ltd., Tokyo, Japan)Z F >
THIE L7z, [EE&HTE— % T 3000 rpm O[EfEE £ CHERT 5 Z LN TE 5.
ARBRIZIBN T, BEMEA A ARIR L BT 2720, TAFT T X LA vz Al
LT AR OMEGRE LT, ZOT VR F T XL F A V25N & T DR
X, AT COLBTHEMLIZbD LRI D TH L. WEIHER LT VR LT 2L
A NV E I LT D BENEFIROREE X, 27°C (2B T 184 mPas TH VD, kA A A D
FEE LD HE. £, BMERI I~ A UHEiR T = T A MBS TN D20,

4-20 (TR & 9IS, BRSO RERENDH D, T D7 v —/VIED Bl i3 T
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TRV, I FRE S IR OBNEA A U BIEDTNEDE L ARWZ L3enZ &

MR T DIk E TH) 2L L.

Rotational shaft

Magnetic liquid seal

Magnetic liquid

Top view

5
Rotational shaft

———

10.0 ‘/
l _9_.0»1 N ___Yoke
5~OI D C, Permanent magnet
3.0/1.0 020 4296 ’

Magnetic liquid

Fig. 4-18 Detailed design parameters of the magnetic liquid seal

Magnetic liquid seal

Magnetic liquid

Rotational shaft
(Magnetic material)

Pressurized side | Atmospheric pressure side

Fig. 4-19 Schematic image of the magnetic liquid seal
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Pressurized air

|—Pressure gauge

m—E‘:[ jNon-contact seal

Coupling

Shaft \-”

O-ring

\/
Ball bearing (Open type)

Fig. 4-20 Geometric configuration of the magnetic liquid seal
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Alkyl naphthalene oil based magnetic liquid

Developed magnetic ionic liquid |
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=
T
|

0 10 20 30 40 50
Magnetic field H (X 10%) [A/m]

Fig. 4-21 Magnetization characteristics of

the alkyl naphthalene oil based magnetic liquid and the proposed magnetic ionic liquid
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4.42.2. Btk A A L MRIED > — LTt E
X 4-21 (A58 & o — Vi EDOBfR 2R T, BT vy MRTAXZ LT T7XZ VA A NV E

e T oMK THY, KT oy NPEEMEA F URIEZ R LTV, MEORIE I,
[#5%% 0 rpm, 500 rpm, 1000 rpm, 200 rpm , 3000 rpm [ZBW\ TR I o72. [ 421 7106
1%, [EHEEL 1000 rppm E TIEM Y > 7V OMEITAK 17 kPa TH D Z L DAHERTE 5. Bl
2000 rpm & 3000 rpm (ZF\VNTIE, TILF T T L v g A _— 2 DREVEFR IR DR A
<o THRY, WA A wiRlX, HiEEo ER &L HIZE LTI ORELZZ I CENT
Mo TS, ZOBBEITIIMEA F IR OB TR RO R E R b ONEEND T2
Wi LSO B ZITRT L RTINS Z ENFETFT LD, ZIUIRMER Ok X

DINEWHLDEEAT S L CWENARETHD.

[\
e

p—
O
|

—=®— Developed magnetic ionic liquid
—e— Alkyl naphthalene oil based magnetic liquid

Withstand pressure [kPa]

1 | | 1
O0 1000 2000 3000
Rotational speed [rpm]

Fig. 4-21 Relationship between rotational speed and burst pressure

89



4.5. #E=
ARBETIE, A4 IR E AW TIERf s — V2R L, A A I Py6FSI & FE iz v

T REMETEAR 2 BR%E L. BASE L7 A A R Py6FSI % S5l & 3 2 REMEFE (R & F W Clalisic
O H2EEA~DREL = AMERICOWTIHAE L, BE LIHEM S — Lo f A2 6t

L7ziE R, LUFOREE 2457,

Lo WEPEA A AR, BRI LTS RIS L, oliaife 2 S FICBEBIEEZ RS2 &2

b, LEMIZOMAMERF L TWD Z L 2R LT,

1. BSMEA A kIKIE, TAXAT 7 X LA A V2l 4 5 E2e AR & il L,

EEZEZEET AR R E BTN AR LT,

2. PBAREOREMEA A L WIRIE, FEREIEEN S IZR T 10° Pa B O | B2 R & 22 EMIC
HERFL, TAXNTFTH LA NEIENE T D EZEHBMERIKE L TEND Z &

s L7z,

3. WeMEA F IR AR W3R — L e T AT LT TR LA A VAR S T E e

FABEMERR AR 22 A T2 I Rfih o — L &2 Ll U, [RIHEELAS 1000 rpm F CUE[RISE DM EMERE

T EAERLT.

90



91



5.1. #Eim

AWFFETIE, AR L LV EZEEOSWERE T T TE L5152 L &,
BEAE ORI L 2 BB D720, A A iR 2 7o IR e il 2 8 7 IR L.
TR U T HEREAR Rl HapieAs O I 2 7m 977200, KRR 7 R U 235K & 4 % [BI#E EB $iH]
SEIE IR MBS & LT, A A R A2 7o B R R R & BRPERRIAR S — L 2R

FEAMELZ. 2o oMM B £ 2, AR OWTERE LT 7.

. B2 EIZBWTE, A A UiRE 2RI 2R 2R R L, EEE
R —/b e O IR NREC R SR 2 B R R RIS O R LR ER AT o 7oL BUE L 2EhE
TEHAHERE 1, 10° Pa B OBEEZEEREE T C, BAEHE ) 2 ZERITHERF L 72 IRAE CHlEs
TE 52L& L, s EB il ~D NS SND LR T U P T AEZRE LR
W2 e RS Le. F7z, BUE LB ER RS O MR R, IR, xR

K AT 4 7 OMTIEBICER SN DREEZ 2T b0 THD 2 2 HEIE LT,

2. 53 HICBWTE, BUE L BYER RIS & A A T2 IR EB REEI2E E & BUE
L, HEPEREOFM AT -7z, 3UE LB R st 2 V5 2 & T, [Elis EB #fi
il & WEAF O T OLEE L I U CRIBI/MFE L CE 5 2t R L. 7, #
E L 7-[E1Hi5 EB ffiHPEE 1L, BIEEEERENE W20, [RIEELE % AV C b BEF O EE
EB #fiBZEE & [7) L~ /L ORI LA FRETH Y, #9 40 nm SRIEOIEM LE2ITZ 5 2 &

A FEIELT-.

3. BAFEICRBWTUL, A AR E T IEE s — V2R L, A 4 HR{K Py6 FSI
Ze FN WA A AR 2 B SE U=, BR3S U7 RaEA A kiR, eIz 10°

Pa BOMEELEREZHMERFL, T A N_"—ZXOEZEHBMERA L iR L TERD Z &
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ERER LT, F7o, WA IR 2 TR — L & A A LR — 2 O EZE

PESLAZ R L, AFEOMENREZ =T EE2H LN L
IEXY, A A iRz M A U e 28 SRR AR RIR S 1 X, RIS EB RfmAE &

ICRESND EEZEREZVLE L T D RE N TEE~ORIZBNT, SV B S A H

PEZ RO b O &fsamft T 7z
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52. SRORERE

ARG TIE, A A R A RIS U7 22 JE b nlis i 2 422 L, 20
MPEZ R Uz, BEOTHIED, K0 &RKEZR M EB #iBEEICOEETE2HbDEERDL
WD, RBFETIE, A4 RESREEEEZ OMBRKE LT, K7 7 b ARICER
HZEEMER LD, ZOFEITIXFyET—va oI LIS THEHDH. ¥ ET
— 3 VXENS OEEE ISR 5 Z D, BEOFHIEL, NHFEAT 4 7RG
B ORI ICIR ST, BERENHEONE L SNDFEEMZ~BIEHTELEE XL
nos.
WMRLEDNFEAT 4 7T, A7 7 497 XAFY EMEND, ORI IS
HIE W AT 2 FIEOR AP STV A[103-106]. Au /T 7 4 v 7 AE Y OHIT
2B W TH EB OFIHAABH STV AH3[107], [108], I OBAITITHE S EHA2ELT 5
eoll, TNETEY H EBORKNEZZTOMLERNHD. LIEKR-T, xurs 77 4y
7 AV Z[AlR EB #ilC X o> TRIET 255G 128V, REEEHRIC X 200 T35 LT
H. L L7end s, BIERIEEEEMEIT, 20 pm 2> 58t rpm OEEHRIZIZARE TH D
728, ORIV TIE, FER RS E LT D . m B2 o F T m s
ORI A A R E AT HBAICB N TE, EBERy— v 2 Anic, B2ZA0
KNS L0 /N TIFERBOICTE D EZEZ2 NS, KS5-11Z, A4 kiR E v
JERL O [EE EB %S B ORI 297, X 5-1 1SR X 91, $EmszE, zsbmn s
IEREOBAE & 21T 2R & D3, BERREICE N UL, R 7REEMETHZ LT
MEREBBHEELERA MR TROLA YT T LR TR EOHERITE S 2. D7,
Ktk ZFH L ClRRZBEISE LR 7 B0 E L 2 5. KiEE2FIHT 28 0 7 oMK%
M 52187, ZORSTIIANAL TINHEEZHL, ROTEOBEMPAIRLE 2D X IITF v
YR o TND . RUTENEZET ¥ ANICHER SNVAENFATE 20z, (4

VIRIRITENIC L > TRV TRIZAIREND X O R T aftmE 752N #E LTS
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EEZBND. AT, K51 IR T EER R ORIEEZIT o T D, BRI L 728
BT AN TR AT 24 A EIBIEERA ORMER > T2 UE L, MBIALTE. 2%
ELT, BWELTRMMEAR 7O A X 5-2 12 L, EDANAL T )UWRE & ~HEE2 X
53 LRS- VICENEINRT. ZORC T E VT 5-1 O ER AR AE 2 AR L 72 308k
WEEAK S-4 1R, COEBITE, 82 B ERRIC, BEREEEERS X OWMER Y 7o
TEIC > THRAET D7 U M RAZPET H720IZ Q-mass & BLEFINEZET v 2\
ENTWS. Qmass & BZEFHIFE 2 ETHWZLDOLFREETHY, KI09L ODEZEF v N
FHERE 510 Lis D Z —RpFAR 7 L K& 50 Limin D r— %V —R 7 THR S .
BLZET v LS ERL RS VIR B S TR Y, ZOMIIRICIZSE 2 LB 3 B
B ER R ICH W2 b O L RO A I RER VSTV, 2EL LT, &AIEL
o A R OREE & X 5-5 1R L, T Ol & HEZ TR TN 5-6 LK 521
AT BUE LT ER BRI, 5 4 ISR AT EA A IR — v &, I A
F AR OF LA B E L THW TV S.

[ 5-7 12, ZOREEOPRIBFRCEBIT 2 BZEEOHES ZoRd . HAEENIE, 20h OHKT
1.18 X10% Pa L 72> T\ 5. [ 5-812, it v 736 L OHHER RIS OB FE o B2 1+
e A F AREOWAEE S OHERE Z 7T, K58 TUD T T 70 5H1E, 4 s DRFRIZBNT
AR T REHEZBRAA L, 7.5 s OWRERUCRERLRERBEAE A IR 2 BR AR 2 Ak 778, H%2
JFEDOEENG R CHN D, I ER RS [FHE LTV D EROEZZE/)1E 4.11X10* Pa
Thotz. M58 LMD T T 7134 F L BKOMAGEN 2R L TRV, 4.11X10%Pa DFHZE
BREEIZIUVNTHY 0.03 MPa TA A IR Z FHEIIZ ~EE L T D Z &b d. SbIZK
5-8 IZHBVVTIE, 27 s ORERCTRERIFEEMEMTIE L, 34 s ORERTRIMER 7235 1k
T 5 &, BAEENTIEEOEERTO L~ VZBET 28 FAROND. 591277 M A
SEDOHER ZRd . X 5-9 BANFZERBEROM I Z27R" L TR Y, FIEA A A RIR R DAL

HBERLTWS. X5-9 050, EWEOBENI - TRAT AT T M AOKSIZIE, &
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FETELAPEENLTWDREFRDND. FTz, 5 2 BOBEMZ KT 5L, £<0
AT RIER IR L TV DREFBROND.

L&, KR 7 O 2 SR SRR ViR OB L E A 5N 00, &K 2L EB

B 24T 5 72 0IC L S % & BICHIRT 2 LB b 5.

SIE, ZOMBEOBRENC S TRAETLT U M RAZHT 255, 7Y FHAD

FAEW A FEMICHET 2 LERD 5.

Vacuum chamber\ Work piece ‘ /EB/

Vacuum gauge
(

—— EB column

| — Rotational table

I Hydrostatic thrust bearing

{22 g

1

——— Hydrostatic journal bearing

I~ Non-contact seal

[ /]

\

I T Built-in motor

| — Ionic liquid as a lubricant

Rotary
pump

Turbo .
molecular —— Vaccum-compatible
pump ‘ lubricant supply pump

Fig. 5-1 Rotational EB machining system

using ionic liquid lubricated hydrostatic spindle
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Ball bearings
Spiral grooves i
T Stator
O-Ring
76
N
7[ /]EA\ Shaft
/ Y
Hall sensor —

A

Sensor magnet §——lonic liquid

Fig. 5-2 Viscose pump for lubricant in high-vacuum chamber

oD

A
Y

| _—Groove

p T,

(a) Spiral groove

(b) Cross section of pump housing and spiral groove

Fig. 5-3 Geometrical configuration and design parameters of the spiral grooves
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Table 5-1 Principal design parameters of the spiral groove

Length of pumping sleeve: L [mm] 24.5
Diameter of pumping sleeve: D [mm] 22.94
Angle of groove: 4 [°] 25
Clearance: ¢ [um] 30
Groove depth: § [um] 220
Number of grooves: n 20
Groove-ridge ratio: @ (=w g /(W g+w ) 0.5
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Rotary vacuum pump
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Fig. 5-4 Geometric configuration of principal experimental apparatus
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Fig. 5-5 Structure of developed hydrostatic spindle using an ionic liquid as a lubricant
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d D, Thrust bearing
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§) Lo
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-4t I =—Journal bearing
<2> Exhaust groove and tubes

A - A cross section

Fig. 5-6 Geometrical configurations of hydrostatic bearing with a noncontact seal

Table 5-2 Principal dimensions of the hydrostatic spindle

Names of parts Symbols in Fig. 6 [ Dimensions

Bearing outside diameter D 50 mm
Bearing inside diameter D> 27 mm
Bearing clearance c 21 um
Bearing length L 29 mm
Bearing width Ly 23 mm
Thrust capillary diameter d 0.5 mm
Thrust capillary length I 4.5 mm
Number of capillary of thrust ni 2
Journal capillary diameter P 0.5 mm
Journal capillary length 5 5 mm
Number of capillary of journal n3 8
Width of bearing ditch Lg 2 mm
Bearing ditch h 20 um
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Partial pressures of outgassed products [Pa]
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Fig. 5-9 Partial pressures of outgassed products
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