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Fig. 1-1 Process of fabrication of mold pattern 

Fig. 1-2 Schematic image of rotational machining 

Fig. 1-3 Schematic image of electron beam irradiation 
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Fig. 1-4 Schematic image of rotational electron beam machining device 
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Figure 1-5 Schematic diagram of a vacuum-compatible aerostatic bearing 

Fig. 1-6 Schematic image of vacuum-compatible aerostatic rotational mechanisms 
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Figure 1-8 Schematic diagram of a vacuum-compatible hydrostatic bearing using an ionic liquid 

Figure 1-9 Schematic diagram of a rotational EB machining system using an ionic liquid spindle 
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(a) Cross-section of the spindle 

(b) Photo of the proposed spindle  

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

Fig. 2-2 Photos of the rotational table of the spindle 

Rotational table

Rotational direction

60 mm

26
.6

 m
m

Yoke

Built-in motor

Steel ball

Exhaust hole

Herringbone-grooved shaft
Ionic liquid

Magnet Stator

Rotational table

Support

Shaft Magnet

Diameter : 60 mmDiameter : 26 mm



(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 
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l1

β

 l0 lp
lg

2
lg

1

L
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lg

1
lg

2

L

D

Shaft diameter, D [mm] 4.0
Bearing length, L [mm] 5.0
Shaft length, l 0 [mm] 19.5
Bearing span, l 1 [mm] 6.9
Groove region length lg1 [mm] 2.05
Groove region length lg2 [mm] 1.95
Plain region length, l p [mm] 1.0
Bearing clearance, c [μm] 3.0
Number of grooves, n g 8
Groove angle, β  [deg.] 30.0
Groove depth, δ   [μm] 10.0
Groove width ratio, α (=wg /(wg +wr )) 0.5
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Fig. 2-4 Structural formula of the ionic liquid 

Table 2-2 Physical properties of the ionic liquid as a lubricant 
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CH2CH2OCH3
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Product name

Molecular weight 426.4
Density 1.42 g/mL (24°C)

Viscosity 120 mPas (24°C)
Vapor pressure Less than 10-10 Pa
Characteristic Hydrophobic, Colorless

N,N-Diethyl-N-methyl-N-
(2-methoxyethyl)Ammonium
bis(trifluoromethanesulufonyl)imide

N,N-Diethyl-N-methyl-N-
(2-methoxyethyl)Ammonium
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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 

Vacuum chamber View port

Proposed spindle

Cold cathode
vacuum gauge

Motor driver

Data logger
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Rotary vacuum pumpTurbo molecular
vacuum pump

Quadropole mass spectrometer

Maker MKS Instruments
Model e-Vision 2
Minimum Ditection Partial Pressure 6.7 10-14  Pa
Maximum Use Pressure 1.3 10-2  Pa
Resolution 10% valley
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Fig. 2-7 Variations in the vacuum chamber pressure at exhaust process 

Fig. 2-8 Ultimate vacuum chamber pressure at three conditions 
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Fig. 2-9 Procedure of the rotation test 

Fig. 2-10 Elapse times from stop rotating to return the vacuum pressure before start rotating 
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Fig. 2-11 Variation of vacuum chamber pressure during the spindle rotation 

Fig. 2-12 Variation of vacuum chamber pressure at 6th rotation test 
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Fig. 2-13 Molecular formula of the ionic liquid 



(a) 1st rotation test 

(b) 6th rotation test 

Fig. 2-14 Spectrum of partial pressure in the vacuum chamber 
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(a) 1st rotation test 

(b) 6th rotation test 

Fig. 2-15 Variations of partial pressures during spindle rotation 
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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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Fig. 2-17 Measurement point 

Fig. 2-18 Schematic image of NRRO 
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2.3.2.2. 
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Fig. 2-19 Relationship between rotational speed and NRRO 
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Fig. 3-1 Schematic image of the rotational EB machining system 

         

Fig. 3-2 Photo of the rotational EB machining system 
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Fig. 3-3 Experimental procedures of once of rotational EB machining 
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Fig. 3-4 Relationship between rotational speed and NRRO 

Fig. 3-5 Schematic image of patterns 
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Table 3-1 Machining conditions 

Fig. 3-6 Photo of machined pattern 

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 μm
Band-tarack pitch 4 μm

A band contains 15 grooves

1200 

100 



(a) Rotational speed of 1000 rpm 

(b) Rotational speed of 2000 rpm 

(c) Rotational speed of 3000 rpm 

Fig. 3-7 Enlarged view of machined patterns in each rotational speed 
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Fig. 3-8 Comparison of vacuum pressure 

Fig. 3-9 Comparison of width of groove and beam spot diameter 
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Fig. 3-10 Relationship between acceleration voltage and width of grooves 
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Table 3-2 Machining conditions 

Fig. 3-11 Relationship between dose amount and width of grooves 
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Fig. 3-12 Experimental procedures of depth controlled rotational EB machining 
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Fig. 3-13 SEM photos of depth controlled grooves 
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(a) Structure of the magnetic ionic liquid proposed by Hayashi et al. [102], [103] 

(b) Magnetic ionic liquid using magnetic particles 

Fig. 4-1 Magnetic ionic liquid 
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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 

4.2.2. 
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F F

AnionCation

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 10-10  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 

H2N

N
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OHO

O
O

O

O

O

Ionic liquid-affinitive long-chain chemical structure

n
n=2~6

Functional group

Magnetic particle sideIonic liquid side

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 Yellowish-White,
Characteristic Soft-solid



      

(a) Magnetite                     (b) Dispersant-coated magnetite 

Fig. 4-4 SEM photos of magnetic particles 

Fig. 4-5 Schematic image of the dispersant on magnetite particle 
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(a) Just after mixture 

(b) 5 h later from mixture 

(c) 24 h later from mixture 

Fig. 4-6 Mixing states of four samples 

Pure ionic liquid A B C D

Pure ionic liquid A B C D

Pure ionic liquid A B C D



4.3. 
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Fig. 4-7 Behavior of the magnetic ionic liquids to a permanent magnet 
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4.3.2. 
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Fig. 4-8 Magnetization characteristics of the developed magnetic ionic liquid 
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4.4. 
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4.4.1.1. 

4-9(a) 4-19(b)

4-9(a) 0.026 m3

510 L/s TMP 50 L/min

3.0 10-6 Pa

4-9(b) (c) 100 μL 10 μm

4-9(b) 2 3

Q-mass Q-mass 2



4-10 4-10



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

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

(c) 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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Fig. 4-10 Procedures of investigation of vacuum compatibility 
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Fig. 4-12 Variations of vacuum chamber pressure at evacuate process 
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Fig. 4-13 Ultimate vacuum chamber pressure 

Fig. 4-14 Variation of vacuum chamber pressure during rotational tests 
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4.4.1.3. 
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Fig.4-15 Molecular formulae and mass-to-charge ratios of functional groups (m/z) 



(a) From the alkyl naphthalene oil-based magnetic liquid 

(b) From the pyridinium-based ionic liquid 

(c) From the developed magnetic ionic liquid 

Fig. 4-16 Mass spectrum of outgassed products 
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Fig. 4-17 Variations of partial pressure during the test bearing rotation 
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4.4.2. 
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Fig. 4-18 Detailed design parameters of the magnetic liquid seal 

 Fig. 4-19 Schematic image of the magnetic liquid seal 
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Fig. 4-20 Geometric configuration of the magnetic liquid seal 

Fig. 4-21 Magnetization characteristics of  

the alkyl naphthalene oil based magnetic liquid and the proposed magnetic ionic liquid 
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4.4.2.2. 
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Fig. 4-21 Relationship between rotational speed and burst pressure 
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Fig. 5-1 Rotational EB machining system 

using ionic liquid lubricated hydrostatic spindle 
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Fig. 5-2 Viscose pump for lubricant in high-vacuum chamber 

(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: β  [°] 25
Clearance: c  [μm] 30
Groove depth: δ  [μm] 220
Number of grooves: n 20
Groove-ridge ratio: α (=w g /(w g +w r )) 0.5



Fig. 5-4 Geometric configuration of principal experimental apparatus 

Fig. 5-5 Structure of developed hydrostatic spindle using an ionic liquid as a lubricant 
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Fig. 5-6 Geometrical configurations of hydrostatic bearing with a noncontact seal 

Table 5-2 Principal dimensions of the hydrostatic spindle 

A - A cross section

Thrust bearing

Journal bearing

Exhaust groove and tubes

Top - view

A

LL b

L d
D1

D2

d 2
l l

d1

A

l2

h

Names of parts Symbols in Fig. 6 Dimensions
Bearing outside diameter D 1 50 mm
Bearing inside diameter D 2 27 mm
Bearing clearance c 21 μm
Bearing length L 29 mm
Bearing width L b 23 mm
Thrust capillary diameter d 1 0.5 mm
Thrust capillary length l 1 4.5 mm
Number of capillary of thrust n 1 2
Journal capillary diameter d 2 0.5 mm
Journal capillary length l 2 5 mm
Number of capillary of journal n 2 8
Width of bearing ditch L d 2 mm
Bearing ditch h 20 μm



Fig. 5-7 Variations of vacuum chamber pressure at evacuate process 

Fig. 5-8 Variations of lubricant pressure and vacuum chamber pressure during rotation 
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Fig. 5-9 Partial pressures of outgassed products 
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