FEME A ZDREZHTBIEAEREDHFRE
—BEMERRN X CBSMET IV T > H AOHRERE—

= K E B
4 (524)

REMRKERKE

HMEEMRE EBHFER

TR 6 £
(1994)



1 &

e

i %

S}

B3 BEMERETA BEMETLTYHR) OB - - -

{Fi%1

T 5%A
) #B
f32C

15D
Mt

1
1
1
1-

AN} lu

2

3
3
3

KEEE B L R ROITH

<A S S S S

15 i

-1 #=

-2 REEMEOWR

-3 REERENBM
4 R L WK

FZEHFEBIRSESRERE e

-1 S
-2 HEHSUARENERE LRI
-3 YAFA1 (Systeml)
2:3-1) AT A IOFEESD (F)EFM A A RS #EE)
23.2) AT A Ia)mﬂi\ﬁ}ﬁ;‘\fg
2-3-3) VAT A 1 DEDEHMOILEEE & 3 3R5%E
-4 TAFALTI (System II)

-1 %8
-2 EBAE
3 RETAOHTERE
-4_%%%@%%ﬁx@ﬁﬁﬂﬁ
5
o]

E‘ JHRHEL SIS

-1 BEEBFBREMNEEEOMKE

-2 HeMEEERVA (BEMAETNILHR) OfFaE

-3 FEBOMEOLUARAE

1}y hnEZRA~OIEH

2) HEEREEE~DOILH

3) FEA AL ORFREANDILEH

REBEB L FNERFZCMELER

) FEGGHHEEY S OROUTARIZOVWTOEE

2) REWERDLELEREIIDVWTOEE

Single axis active magnetic bearing system with mechanical dampers for high speed rotor

Characterristics of extremely fast pump-down process in an aluminum uitrahigh vacuum system

Fundamental test and design of wrbomeolecular pump with water trap using high Tc
superconductor magnetic bearing

Water in vacuum/ Cleaning/ Fast pump-down process



1-1 #8

V. BEIGH R R R LS E SR T, BHEERHEL TV AV AT ARRERIILLR, TS
BEHFRA G EOBBATRBIIRELAVEE ) BEAHL, JITHABBERCL TS EN
(f o F oy N—HAIIME L TOAREEZSNTVADT, Kk EE VT ARLEIIHEATES
T D, KBTI, RGP RRE TRELAIIGFSTRA BETAHLVETVIYHAD LS IZ,
VWhWAMBEEENATEINTLIVAR ) OEEHEZERIZOWT, Fi2, HERODHERIIoNT

FR L. poF0BEROEEILEERT I EOFREILILERD,

1- 2 AEBRROWE

FiE, ZEMBXROOWREFEAY, EOLIEMETED L) nE@MAEZTNL, LORETTH
AR ARG T B b o T A, B AN Tl LAHERELL, N—F 2 70LAL L
A e HAREOMNE (2~ 3ARE) 2Thid, BERZRLLAAOI EEFEE (1x10" Torkl
TYDER TR R, FRIEEHLWI L TRER( Lo TETWA, LHLEFDL, Hom (b iFT
BAEROER» SO H AR EEL KRS TEMEES L VRS HERELENL TS, —BEZ0OR
degm A T BT L B E QBRI T ADILEAB b A0 BRTH L, JORAER,
S G BOKGTHEEEBOREMIREL, FORFLALF—DFH LR KL LVHIIFRLME (

11~20 Kcalymol) D705 4 I ERO T ADRE T 5720 LEZLNA TS,

FITET. KRGk EALTAOHEBMERET 2EELS L CHVON TV A ERN L HIEEEY

il
2

7;_

Ly

HEOHIR A TENR
V dP/dt=-SP +Q VoF i KT
P:Fxr/i—EN
S, BEhHERERE
Q [ F - D A AR
t o IR
£h




EHA10° Torr LV L E T,
ETMASOHF AREHRE (FI2K) 2RERETFREEFETCEATLELT
Q =-d(A = )dt = - x AdP/dt A F v N —REH
o | RERAESTFHEE

(BL i3 BENFHETEL A DEH) LB&,

(V + « A)dP/dt = KVdP/dt = - S P
K=(LﬁxAN)
"o
KA —%E &1 hid,
P = P(0) exp(-SL/(KV))
LA,
T I TKOMEIR, EHASONABBOBEE L RTET, ERAMICENEBIZL T,
760 Torr ~1 Torr K=11
1 Torr ~10" Torr K=15
10" Torr ~10° Torr K =40
| ELTwBY

EHH510° Torr L~V LT Tids
HEROBERV/S, GEE 1T KRR THESCHEIES L ROBRLEL0T
¥ v N—REHS OO ARBIEEQ DAL TRESL LT,
P (1 =Q(0/S,
&L
QUSRI EIL O MElIE, REIEFL TV A RICL BB A AFFLEBEL LY.
P cQm < t'
FOBKE, Fr vy - EERNELSERL T B H AL DR AFREAEIC R

0.5

P ocQt) & ¢

v ETTEF

b\

Biglt, — OB MNY -7 R EBT ALY, BRAFHEEA P, TRZALELLECZ S,

P=P,




FRTid, AoEE< FEILVEBEIANF-OIEFICBCBENLBENR (BETALTVIH

ADYERESPSORBIANF—(I. 1| ~5Keal/mol)) o THEEBF KRFEIZELEER, &
DL LR BRBIIEADIES D .

R LR ARG« Y HEREIIPTLINTA—F (s  BEVAOMBMBZRE, - LY
ADETMTOFYEARY) TRHET L.,

MR 2720 s, - AEECEMGRLTL L,

P =P(0) exp(-S(KV)) VooF o oS- Kkl
K=(1+ xA/V) AL F o —Fmii
k=vscx 1074 fem’ P Frrsn—Eh

S,  BEVADHHPFHELE

v I BETAOFLHE
v =1.46 x 10' x (T/M)** =2.76 x 10’ (1)"* em/s
T : #rHiRE
M:HREH 28
LB,
ICT, BEFAORMIFINE - RELEDPSOEKRTONESE (FIRIE, E,=4 Keal/mol ') EEE
LT, RETHRAEAEHTEBENELEEDHEEN T HTIRIOTHET L ELUTOL IR D,
A (F v /i—FKEHE) > 3000 cm’®
V (F x 25— K 210 4
S, (BEFAOFDHSEE) [ MEERY T (~ 107 Tor) 13 #1345

F—FKGTRYT (107 Torr ~ ) i3 #1504

v (ZHEHN ADELEEE) TT=300K L LT v=48x10'cm/s

: (BEFAOFHEAERM) | = coexpEJRT) T TE, EREZ A NVF— RIIFEFERL o2
ESTI0P sec TH B,
E, =4 Kcal/moi’, T=300 K, R =2.0 x 10" Kcal/(mol deg) & L T
r=8x 10" sec

kA= Avscx1074=sx3x10° ¢

K=(l+x A/V)=(l+sx 3 x 107)

&



WeRER s A5 E L TOKDEIFII43x 107)51i2% b, EHNPIZETICE o7 HADEHE L v &

L7 A Dexp(-S, V) IZHBEI L TRAT 23T TH 5, (LU, ZOFESHexp-S, yV) (6 L Tl
AUEAUMIR Y KT H A OHESUERE 2 IEA.

ftoT, EIZ40 BT REED» S0 Torr LRGN, #0#HB S BLTRIE, £EBMIA»S 0K
#. —RIURER EOA RS B VRILETRIVEY O DRUNERT A L 2T L AR T AN KIS &

T B A ABAROFELDLE THET L ETHTE S,

THTHERL, 0L BRI EL0725 95 ?
FLIOL RHERAREYENLMEHDDIZH 9?2

FITENOREL 2 EfMrflE L TALE, LTDLITH S,

1960 F B NFEHIZM L T, RIElsey HREFREWIIHTELDH TN LMY,

7ok X, AL SchramiZ KM G5 HEE « DB dofdt BRBF T AOEFEEF 0= 0/06 (7,
I HEFLIDOIFO ) ERBELZ AV —E, LD b,

de /dt = - k ¢ exp(-E4/RT) (kD 5E®L R UAKER. T sobifg)

[CGED EEELT, He DML 3 VEF—SWMOEEIIoWTOEIME # A QIR 2 g L2,

FORREELILITRT .

AR A

FigE T AL X — DL (E=E, )% &

TIA AL EE g ocexpl-at) a | ER
TR AN F— PRI EL d=0/0 ,O—KEAKRTHLTE E=E (-3 0 )DHE 8 EE

(MLFEIATIEa=n/n, )
O Fm A A BHEE qoct!
D A ABGERE  q ocexp(- a t)
e E LT

E1-11d, BETAOBRMBLALF =00 L TSSO ETH A K OB 2L % D.G.Bills A5
MZRBLAZLDTH A, ZORP S« DBEMET T VF— —EOMBO LHEITITR qoc ' 122 54

FAElbnrd




R J Elsey: Outgassing of vacuum materials—I

Table 1 {Schram, 1963%)

Case Desorption energy )

Variation of oulgassing rate with time

1
I E=Ey log(—q) = log (—qd) + — o (t — ta)
n BEq 1 gE,
= -8 - log{—g) = — | (—) — log(t — ¢ - g =0
I E=1£i (l ‘Bu,..) og(—q) 8 \; &7 gt — fo) "< RT
! 1, BE
—q) = - ot — 1 - 20
log{—gq) = log(—qg0) +n,. qo . (1 — fo} p »"-RT
. nat 5
n E=E, dissociation log{—q) = log | — _q ) — 2 loglt — fa)
']
. " - - BEO) 2 BE,
= — 8= —q) = — -1 -1 - ——
v E=E, (1 B ”M) dissociation log{—q) log (J,..RT og( o) TS RT
Ho? 2 BEq
—q) = — =) — Z2loglt — ¢ Z»
log(—q) = log ( . ) og( o) Z P IRT

v E=E, readsorption

log{—gq) = log u.{8 + Cp) — (B -+ Cp) (¥ — 14)

Band Cconstants

Vi E=Ep dissocialion readserption

no satisfactory solution

Vil E=F (I - ﬁf—"—)

L]

readsorplion

BEo _ 9—0) ~ log(t — ¢
TRT 7 og( o)

log(—q) = — log (

i 85
n . RT
psmall

t large

Vil E=E (1 - Bﬁ) dissociation readsorption

T

no satisfactory solution

Table 1-1 Schram's equations for six of the eight cases he has identified"".
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Fig.2-5 Schematic diagram of an EX process: (1) Vacuum chamber, (2) axis of the lathe,
(3) axis of the tool, (4) tool, (5) work, (6) vacuum seal, and (7) vacuum gauge.5
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Fig.2-8 Structure of Cryopump (CAP-80, Anelva)’.
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Fig.2-12 Structure of getter based gas purifier (MonoTorr, SAES Getters)'®.
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Fig.2-13 Outlet impuritylevel in MonoTorr',
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Fig.2-16 Structure of turbomolecular pump with single axis active magnetic bearing with
mechanical dampers.
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Fig.2-17 Entire construction of single axis active magnetic bearing system with mechanical

dampers. (See appendix A)
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ent at point B

§ba - :Directly coupled

with stator

0:0utside

M, Mass of danper B
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Fig.2-18 A model of passive radial magnetic bearings with mechanical dampers.

(See appendix A)
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A Company
Normal speed 51,600 rpm

(A) passive radial
magnetic bearing

Run-up time

(DC motor) 3 min (permanent magnets)

Single axis active magnetic bearing

—-— (D) motor
(X) eddy current

damper
!
[- || ! —
: KI
. i |
r’—l g ‘ =_} I - - = {A) passive dial
L ™ A . . i ‘ magnetc bearing
] L2 (E) active radial : (permanens mogocts
| — o — . .
— £S5 magnetic bearing 1 xavesun
- magnete bearng
r t— (D) motor
\ ’
(D) motor

- (B) passive radial
magnetic bearing

{permanent magnets)

LL%’FW B) passive radial
. magnetic bearing

B Company (permanent magnets) 1he pump for the svstem I and I
Normal speed 48,000 rpm Normal speed 60,000 rom (Edwards)
Run-up time Run-up time

(AC motor) 10 min (DC mortor) 30 s2c

(DC motor) 3 min

Three axis active magnetic bearing Single axis active magnztic bearing

Fig.2-19 Structures of turbomolecular pump (ICF 152 class)'®'"™"*
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Fig.2-20 Effective pumping speed (N,) and rotational speed of turbomolecular pump

for the roughing pump line.

M and @ marks show measured values and O marks show calculated values using the

rotational speed. (See appendix B)
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Initial pressure is N, 760 Torr. (See appendix B)
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Fig.3-4 Pump-down curves fitted exp(-4.0t) for nitrogen and exp(-3.1t) for argon, using

systern I . Initial pressure is 760 Torr.
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Initial pressure is 5 X 10° Torr.
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Fig.3-7 Pump-down curves fitted exp(-0.281) and exp(-4.0t) for nitrogen, using system 0.

Initial pressure is 760 Torr.
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Fig.4-1 Expected and measured pump-down curves for super-dry nitrogen.

Initial pressure is 760 Torr.
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Fig.4-5 Pressure vs time curves for nitrogen,

Initial pressures are 6 x 10-3 Torr and 4 x 10-7 Torr.
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Extremely slow leak (gas flow) model Diffusion (diffused gas) model

Fig.4-6 Structures in chamber surfaces.
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Fig.{F-3 Removal mechanism of adsorbed H,O by exposure to dichloro-propane gas’.
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ACTIVE MAGNETIC BEARING SYSTEM
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Abstract

We realized a single axis active magnetic bearing system for high speed rotor{60,000rpn) by
applying mechanical danmpers. Test machine’s rotor is M = 0.78 kg, I. = 4.3 X10°* kgn?, and
Ix = Iy = 1.8 X10°% kgn®. Naturally, this system is mounting position free. Though we have well
known eddy current damper and oil damper, the mechanical damper that we developed is a simple and
unique one. In this paper, we show that a single axis active magnetic bearing system with the ne-
chanical dampers has good features if the system parameters are selected systematically and care-
fully. Furthermore, the dynamic behavior of rotor suspended by this magnetic bearing system is ana-

lyzed and test result of this system is shown.

1. Introduction

Though magnetic bearings are known from forty
years ago, very limited number of products have
been developed so far. The majority of application
is of special order products used in scientific
application or space development[1]. In recent
years, the magnetic bearing for wafer transfer-
nachine is developed in semiconducter manufactur-
ing industry which are also of special order pro-
ducts[2]. The turbo molecular pump is only one
exception that succeeded in mass production[3].
However, its share in the entire market is as low
as approximately 10 %.

It is true that magnetic bearings have many
distinctive features which are not attained by or-
dinary ball bearing. However, practical applica-
tion of these bearings is greatly hindered by the
fact that production cost is very high and that
size of the circuit and structure is too big.

The most important matter to nake these mag-
netic bearings popular is [How te design small si-
ze and low cost magnetic bearings without loosing
original features of thosel.

Currently, we developed a single axis active
nmagnetic bearing which satisfied the purpose said
above. This is equipped with a simple and unique
mechanical damper made of viscoelastic material,
{though we have well known eddy current damper and

oil damper[43[31.)

The following four features are distinctive:

1) It has enough stability from Orpm till ultra
high speed rotation{60,000rpm) like five axes
active magnetic bearing.

2) It has sufficient spring constant in every
direction for mounting position free.

3) Power consumption of the magnetic bearing is
very small.

4) It is small sized and low cost magnetic bear-

ing.

This system seems best suited for such an
application in which a rotor is simply turned at
high speed such as a chopper, pump, and compres-
Sor.

2. Character
The character of this magnetic bearing systen
is shown below.

1} Character of rotor

Mass of roter 0.76 g
Homent of inertia of rotor
{Z is rotational axis) I:= 4.3X10"*Kgm?
I.=1,=1.8X10"2Kgn?

Rotational speed £0,000rpn

2) Charactor of magnetic bearing

Structure
Two passive radial magnetic bearings with
mechanical daaper and One active axial mag-
netic bearing

Steady current of Axial magnets 0~0.2 4
Resonance points

Tgranstational mode a0 Hz
Tilting mode 57 Hz

3) Motor
High frequency induction notor Max. 150 W
Run-up time (60,000rpm) 2 min.

4) Size
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Structure ¢ 100X 180mn
{Circuit-box 250X 130x430nm)
3. Entire copstruction

Single axis active magnetic bearing systen
with mechanical dampers is shown fig.l. The rotor
is supported by passive radial magnetic bearings §
and B, and by active axial magnetic bearing C.
Acceleration up to 60,000 rpm is driven by means
of a high frequency inductien motor D.

With passive magnetic bearing A, three perma-
nent magnets are provided at both rotor side and
stator side on the concentric circle, and they are
repulsing each other. This sort of magnetic bear-
ing is stable in radial direction and is unstable
in axial direction. Three permanent magnets are
ragnetized in axial direction and are laminated in
the order of NS, SN, NS.

The stator which holds permanent magnets of
passive magnetic bearing 4 acts as mechanical
damper X and moves freely in radial direction
only. With this configuratien, a viscoelastic pa-
terial 1 is put between main stator and movable
stator 2. When the rotor is vibrated in radial di-
rection, mechanical damper X is vibrated in radial
direction, and its energy is absorbed by visco-
elastic material | to damp vibration of the rotor.

Passive nagnetic bearing B is basically iden-
tical with magnetic bearing A. One of differences
is such that stator portion is divided into two
segments of fixed part and moving damper part Y.
Rotor side holds three permanent magnets, fixed
part of stater side holds two and moving danper
part Y helds one. Two permanent magnets are pro-
vided on both rotor side and fixed part on the
concentric circle so that they may repulse each
other with a similar manner as observed with nag-
netic bearing A. This sort of bearing is stable
in radial direction and unstable in axial direc-
tion. Permanent magnets remaiped at rotor side and
at moving damper part Y absorb each other in axial
direction. This moving damper Y is of mechanical
damper and can move in radial direction only.

When the rotor is vibrated in radial direction, it
is vibrated according to permanent nagnet force,
and its energy is absorbed by viscoelastic materi-
al 3 put betueen main stator and movable stator [
with a similar manner as observed uith mechanical
danper 4.

dctive axial nagnetic bearing C consists of
two axial electromagnets 5 of similar configura-
tien, an arnmature disk 8, an axial pesition sensor
7, and an eloctronagnetic control circuit(not
shown fig.l). As for axial direction damping, amp-
litude and phase of elactromagnetic foree is being
controlled.

Since bias magnetic flux is applied to the
axial direction electromagnet by the permanent
nagnet, little electric current should be flowed

through the electromagnetic ¢oils in steady state.

5

< |
~

T | |~

N
o S
O
@

Fig.l Entire construction of single axis active
magnetic bearing systen with mechanical danm-
pers

4. Modeling and numerical calculation
4.1 Radial equations of motion

It is discussed only radial motions because
main theme in this paper is passive radial Mmagne-
tic bearings with mechanical dampers.

A model shown which is considered in this in-
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vestigation is shown fig.2. Principal axes of co-
ordinates are X, Y, Z, 8x, 8v, and 8:. Coordi-
nates at points A and B are X, Ya, Xo,and Yo.
Definition of each parameter is shown in Table |.
The following assumptions are made.
1) Displacement in 8. and 8+ direction is
smaller than L. and Ls respectively.
2) Movement of the damper is limited to a plane
perpendicular to the axis of rotation.
3) Gravity acts in the direction of -X.
4) The rotor is rigid.

[
L R
ES
A
<

Pig.2 A model of passive radial magnetic bearings
with mechanical danpers

Symbol Definition
M Mass of rotor
I.: Moment of inertia
of rotor (z, x,
I. 1, and y direction)
L. Distance between
S center of gravity
Lo and point A or B
Kai Spring constant at
point A
Kao ilInside ol0utside
La Damping coeffici-
ent at point A
Lo i:Iaside o:0Outside
M. Mass of damper 4
Kbs Spring constant at
point B
K ‘Directly coupled
with stator
Kue iiInside e¢:Qutside
[ Damping coeffici-
ert at point B
Lo tDirectly coupled
with stator
o:0utside
M, Mass of damper B
@ Rotor angular speed
g Acceleration of
gravity
Table 1 Definition of parameters

Radial equations of motion are as follows.

{1)

MX"=-Mg-X (Kai+Kb+ij) ~ 8y (L.Ka;
— Lo (Ke+Kbi} ) +XaKsi +XuKo:
+28, (KaiMLuw/ (La +L, ) ) e
(=X'=8,"L.+Xs") +2L,, (KoML,
/ (La +Ls ) ) 72 (=X"+0,"Ls)

(2)

MY"=-Y (Kai+Ko+Ks.) + 0. (LoKai—L,
(Ku+ Ksi) ) +Y.Kai+ YKo +2¢,,
(KiiMLD/ (Ld + Lo ) ) o2 (—Y,

+ 0. Lat¥Ya') +28, (KuML,/ {L.
+Lo ) )2 (=Y"'=8."Ly)
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(3)

Iusv'.:_x. (LaKas"Lb (Kb+Khi) ) '-ey
(LazKai"'LDe (KD+KD|))
+X.aLaKai_X.bLbei+Izb) Gx’
+2;a‘ (KaiMLb/ (LI +Lb ) ) 102
(-X'—G,,'L.+X.') LI—Z';bi
(KoMLa/ (La +Ls ) ) 72 (=X
+8," L) Lo

)]

Ixax"=—'Y (LaKan_Lb (Kb+Kai) ) — 8«
(La?2Kai+ L2 (Ko+Ksi) )
_YaLaKai+YbLbei"Izw 8;.'
_ZCai (KaiMLn/ (La +Lb ) ) Loz
(—Y’+6x’La+Ya’) La+2_cbi
(KbMLu/ (La +Lb ) ) 102 (_Y’

+ex,Lb) Lb

(5)

MaXa":—MaE_Xa (Kao"‘Kai) -Xu'2C|o
(MaKao) I/2"" 99L:Kai+XKli“2 C.i
(KaiMLs/ (Lo +Ls ) ) "2 (~X"’
"69’La+x0’)

(6)

MnYI”'—"—Ya (Kno'{"Kli) _Ya’2C|o
(MaKao) II/2“‘BJ(L:I{ai"'Y:Kai_2(ai
(KoiMLo/ (Ls +Ls ) ) *72 (=Y°
+6:'La+Y.")

(7 _

MeXo"==-Mog—X» (Koot+tKb:i) —X0'2 Lo
(MiKoo) ""2= 9, LoXp:i+X Kb,

(8)

Me¥Y"==Ys (Keo+Kbi) =Y5'2 Lo
(Mo Kbo) "2+ 8. LoKoi+Y Kb

4.2 Numerical caleulation

Dynamic characteristics of the rotor are
studied by numerical calculation using equations
of motion obtained in 4.1.

The result from numerical calculations is
shown below.

1) If spring constants of force supporting rotor
are deternined by paintaining the relation of
Lo/La = Kai /(Ko +K»:), spring constants of
force supporting rotor are nearly equal to
those of force supporting daemper, and mass of
damper is nearly equal to effective mass of
rotor respectively, damping capacity of the
system becomes optimum.

Z} The limit of rotational speed depends on the
amount of decrease in resonance frequency and
damping capacity of tilting mode due to gyro
effect when rotational speed increases.

An example of caliculation is shown in fig.3.

8 1-AXIS MB VIBLATION PROILEM
[
E
b=
1e \ A A
LS ANIA
RN E f ]| \/ \/ /\(}/
x 1
] U
TID [n 4] Q.08 0.10 0.15 0.20
TIME (s
8 1-axIS MB VIBLATION PRDSLEM
[wa] T

(rad)
.—-//
‘\\\
/\jﬂ

|
2 | ; S /
R .
ARUNARY,
28 \ / !
> T / N/

N\\\‘\\
e
.

0. 00 cos gt 9.15 (g) 0.20
Fig.3 Rotor’s motions of X and 8v direction
at §a.0=0.14, 8..=0.14, §.:=0.01, Z,=0.01,

and w=2x X10%rad/s

9. Test result

In order to confirm the effect of mechanical
damper, we compared real rotor’s motion with the
result of numerical calculation by using the para-
reters that were measured. { Only spring constants
of the force of permanent magnets are designed
values.[8])

As is shown in fig. 4a and 4b, similarity be-
tween two viblation-forms is pretty good.
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1-pX IS MB VIBLATION PROBLEM

E% sﬂﬂﬁr ]ﬁ
T
b2 [\ Aapaan
Jo U[NUVUUVU
2y u I ‘
1
g
™o. 0a ¢. 10 71520 ¢. 30,

Fig.4a Rotor's motion of 6, direction
in c¢alculation
at La.020.11, L4e=0.11, £.:=0.01, ¥,=0.01,
Ka:=6.5X10% N/m, Ko=Ks:i=1.2X10* N/m,
x,°=2.2x10;? N/m, K»o=F.2X10% N/m
and w=0 +

LU

| t | .
0 0.1 0.2 D. -
TIME I s

Fig.4b Rotor's motion of 8, direction
in neasurenment

6. Conclusions
[t has become clear that we can design a

mechanical dapper optimumly by using the model
mentioned above and selecting the parameters sys-
tematically and carefully, though most of people
have considered tuning in mechanical damper is
very difficult. And we think this nethod is one of
the answers for designing small size and lov cost
nagnetic bearing without loosing original features
of it.
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Characteristics of an extremely fast pump-down process were studied in an aluminum ultrahigh
vacuum system, using super-dry nitrogen. The system is constituted of a roughing pump line, a main
pump line, a venting gas line and a main charnber with vacuum gauges. The venting gas line has two
types of water traps in series. Experiments were done after achieving 10™" Torr range following a
bake. Experimental resuits were the following: (1) using only the moisture trap in venting (case A),
the pressure reached, from 760 Torr, was 1 X 107° Torr in 0.7 min, 1X10™* Torr in 4.2 min, 1 10~'°
Torr in 1000 min; the pressure was proportional to exp{—S$t/V) down to the 107> Torr range; here,
V, S, and ¢ are the chamber volume, the pumping speed, and the pumping time, respectively; (2)
using both the moisture trap and the “MonoTorr” in venting (case B), the pressure reached from 760
Torr was 1X 1077 Torrin 0.7 min, 1>107% Torr in only 2.5 min, 1X 107'° Torr in only 170 min; the
pressure was proportional to exp (—S5¢/V) to the 107 Torr range. The difference of results between
(1) and (2} is mainly due to the difference of the amount of water and hydrogen content in vent-gas;
the moisture trap can reduce the H.O content of vent-gas to 200 ppb after 2 h of operation, on the
other hand, the MonoTorr can reduce other contents (H,0, H,, CO, CO,, etc.) of vent-gas, except

N,, to a few ppb after 2 h of operation.

{. INTRODUCTION

It is well known that the amount of water adsorbed on a
chamber wall affects the speed of pump-down. H. Ishimaru
et al. succeeded in achieving pressures in the 107° Torr
range within several minutes, starting from 760 Torr, in an
aluminum ultrahigh vacuum (UHV) system using super-dry
nitrogen gas for venting.! However, the characteristics of the
extremely fast pump-down process, in particular the process
from 760 to 10™® Torr, are not weil understood. The relation
between pump-down speed and the water content of gas
flowing into a vacuum chamber during venting has been
studied by other researchers.> There has been no discussion,
however, about the quantitative relation between the ad-
sorbed water on a chamber wall and the water vapor flowing
into the chamber.

We try to make clear the characteristics of the pump-down
process in the aluminum UHV system and to establish a
quantitative relation between the water adsorption and the
water content of vent-gas.

An aluminum UHV system was constructed for the ex-
periment. Significant features are the following:

(a) Main chamber constructed of EX-mirror-finished” clad
aluminum alloys (99.99% pure AlI/A6063).

{b)  Turbomolecular pump (Edwards) with magnetic
bearings® to pump to high vacuum range rapidly. The
run-up time is only 30 s.

(¢) Cryopump® {Anelva) with EX-mirror-finished clad alu-
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minum alloy (99.99% pure AI/A6063) chamber. All
metal gaskets were used to prevent gas leaks, gas pen-
etration, water desorption and water adsorption.

(d) Nude-type schulz-phelps (S-P} gauge (Aneiva) to mea-
sure pressure versus time curves between 1 and
1X1073 Tor.

(e) “MonoTorr 3000 Phase 2”7 (Saes Getters) to achieve
the lowest water content vent gas.

In this paper, characteristics of the pressure versus time
curve in the aluminum UHV system, in particular from the
10~ Torr range to the 107" Torr range, is discussed. More-
OVver, a quantitative relation between the adsorbed water on
the chamber wall and the water content of vent gas is dis-
cussed.

ll. EXPERIMENTAL APPARATUS

Figure | shows a block diagram of the experimental ap-
paratus. It consists of a main chamber, roughing pump line,
main pump line, venting gas line, and vacuum pressure
gauges.

A. Main chamber

The main chamber is made of clad aluminum alloys:
99.99% pure aluminum on the vacuum side and A6063,
A6061, or A2219 aluminum alloy for the base matenial. The

chamber has a length of 47 c¢m, an inner diameter of 15 cm,
a volume of 8 /', and an inner surface area of 2600 cm®. To

©1994 American Yacuum Soclety 1760
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Fic. 1. Block diagram of experimental apparatus.

minimize adsorption and desorption of water on the chamber
wall, the inner surface of the chamber is EX-processed in a
controlled atmosphere."* It is placed in a larger vacuum
chamber which encloses the working porticn of a lathe, The
larger chamber is filled with a mixture of oxygen and argon
gases. A diamond-tipped tool is used to cut it. The oxide
layer for the EX-processed surface is approximately 30 A
and the surface roughness is approximately 0.1 pum.

B. Roughing pump line

The roughing pump line consists of an aluminum alloy
manual right-angle valve (ICF114) with metal seals® (SMC)
and a 250 //s turbomolecular pump (Edwards) with mag-
netic bearing backed by a rotary pump. The main featre of
the roughing pump line is that the run-up time of the turbo-
molecular pump is only 80 s. Therefore, we can get pumping
speed in high vacuum range rapidly.

C. Main pump line

The main pump line consists of an aluminum alloy
manual right-angle valve (ICF152) with metal seals® (SMC)
and a 1600 /s cryopump {Anelva). The difference from a
commercial cryopump (CAP-80, Anelva) is the material of
the seal gaskets and the pump chamber. All metal gaskets are
used for seals and the pump chamber is made of clad alumi-
tum alloys (99.99% pure A/A6063) with its inner surface
EX-processed in a controlled atmosphere to minimize ad-
sorption and desorption of water.

JVST A - Vacuum, Surfaces, and Fiims

D. Venting gas line

The venting gas line consists of an aluminum alloy
manual right-angle valve {ICF34) with metal seais® (SMC),
water traps, a mass-flow meter and- vacuum pumps. The
venting gas line has two types of water traps. One is a mois-
ture trap designed by H. Ishimaru ef al. The other is a
“MonoTorr 3000 Phase 2" (Saes Getrers). These traps are
connected in series. The moisture trap can reduce the H,0
content of vent gas from 10 ppm (parts per million) to ap-
proximately 200 ppb (parts per billion) after 2 h of operation
and 40 ppb after 10 h of operation.' It consists of three stages
of sintered stainless-steel filters, 40, 5, and 1 um, respec-
tively; the filters are automatically controlled to maintain the
temperature —130 to —140 °C, in order to remove the H,0O
content of vent gas. The MonoTorr can reduce other contents
(H,0, H;, O,, CO, COs, etc.) of vent gas, except N,, to a
few ppb after 2 h of operation.”” It consists of getter-based
materials, which remove other contents of vent gas, except
N, because the getter materials absorb gases, except rare
gases. A mass-flow meter is connected in the line to measure
the amount of vent-gas. A turbomolecular pump (50 £7s)
backed by a rotary pump is connected to the line for evacu-
ation. The venting gas line is pumped to the 10~* Torr range
before gas flow operation. The line is baked, only when it
has been filled with atmosphere.

E. Pressure gauges

The main chamber is equipped with a nude type B-A
gauge and a nude type schulz-phelps (S-P) gauge (Anelva).
The response af the S-P gauge output is about 10 ms. Using
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this gauge. extremely fast pump-down curves between 1 and
1X 107 Torr were measured. Pressure lower than 1X1073
Torr was measured using the B-A gauge.

tlii. EXPERIMENTAL METHQD
A. Pumping speed

The effective pumping speed of each pump line was mea-
sured using a continucus gas flow rate and the pressure of the
main chamber at that time. The gas was super-dry nitrogen
through the venting gas line.

B. Pressure versus time curve from 760 to the 10~
Torr range

Experiments were done after achieving 4x10™" Torr fol-
lowing a bake; the chamber was baked for a week at 125 °C
when it had been filled with atmosphere, on the other hand,
filled with only super-dry nitrogen, it was baked for 2 days at
125 °C. Since the limit of measurement of the B-A gauge is
approximately 10~"! Torr, the uitimate pressure of the cham-
ber may be lower than 1X10™"" Torr.

Experimental method followed:

{a) The main chamber is filled with super-dry nitrogen
through the venting gas line to 760 Torr, after 2 h of
purging the venting gas line.

(b} After maintaining this condition for ten minutes, the
roughing pump line is switched on and simultaneously,
the right-angle valve between the main chamber and
the roughing pump line is opened.

(c}) The pressure in the main chamber is measured using
the S-P gauge.

(d) When the pressure is lower than 1X107° Torr (after
approximately 50 s), the B-A gauge is switched on.

(e) The right-angle valve between the main chamber and
the main pump line is opened. The main pump line is
always under vacuum by the cryopump,

{(f}  The valve between the main chamber and the roughing
pump line is closed.

Two kinds of experiments were performed.

(1) Only the moisture trap was used for water trap (case A).
(2) Both the moisture trap and the MonoTorr were used for
water trap (case B).

C. Pressure versus time curve from low pressure to
the 10~ Torr range

To eliminate the uncertainty of pumnping speed and the
effect of initial gas desorption from the S-P gauge, the fol-
lowing steps were adopted as an experimental method:

{a} The main chamber is kept at definite pressure (for ex-
ample. | Torr) for 10 min with super-dry nitrogen, after
2 h of purging the venting gas line, The roughing pump
line and the §-P gauge are kept in operation.

(b) The flow of super-dry nitrogen is quickly stopped. Af-
ter that, the pressure in the main chamber is measured
by the S-P gauge.
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FiG. 2. Effective nitrogen pumping speed of roughing pump line.

(¢) After achieving a pressure lower than 1x107° Torr,
method III-B is used.

Two kinds of experiments were performed.

(1) The chamber was kept at approximately 1 Torr.
(2) The chamber was kept at approximately 0.1 Torr.

In these experiments, both the moisture trap and the Mono-
Torr were used in series as water traps.

IV. RESULTS AND DISCUSSION
A. Pumping speed

Figure 2 shows the effective pumping speed of the rough-
ing pump line for nitrogen between the 10~ Torr range and
the 10™* Torr range. The effective pumping speed of the
roughing pump line for nitrogen is approximately 48 #/s at
pressures less than 1X 107> Torr. The peak pumping speed
near 3% 1072 Torr results from an increase of conductance
and decrease in pumping speed of the turbomolecular pump.
This is because the flow, at pressure greater than 1x1073
Torr, is not molecular flow, but rather is intermediate flow, or
viscous flow.

Using the measurement of the effective pumping speed of
the roughing pump line for nitrogen in the molecular flow
range,

S.AN}=48 Z/s

and the nominal pumping speed of turbomolecular pump,
S,(N2)=250 £/s,
S, (H,0)=250 #/s,

the following were calculated in the molecular flow range:

C,(N,)=the conductance of the roughing pump
fine for N,,

C,(H,0)=the conductance of the roughing pump
line for H,O,
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Fig. 3. Effective nirogen pumping speed and turbomolecular pump rota-
tional speed for the roughing pump line. @ and ® marks show measured
values and O marks show calculated values using the rotational speed.

S (H20)=the effective pumping speed of the
roughing pump line for H,0.

We assumed that conductance is proportional to {mass of gas
molecule) 2. The results were as follows:

C,(N)=59 /75, CAH,0)=73 /s,
[Su(N)=48 /75,

Figure 3 shows the time dependence of the effective
pumping speed for nitrogen and the rotational speed of the
turbomolecular pump (TMP) in the roughing pump line. The
cffective pumping speed at a specific time was calculated
using the conductance for nitrogen, C,(N,), and the nominal
pumping speed of TMP at the specific time, which was cal-
culated using the rotational speed of TMP, because the
pumping speed is proportional to the rotaticnal speed when
TMP has sufficient compression ratio.

The effective pumnping speed of the main pump line for
nitrogen, S,,(N,), was measured at the 10™* Torr range. It
was approximately S, (N,)=150 £7s.

Using the measurement of the effective pumping speed of
the main pump line for nitrogen in the molecular flow range,

Sem(N2)=150 £7/s,

S (H,0)=56 £75.

and the nominal pumping speed of cryopump,
S(Ny)=1600 Z/s,
S, (H,0)=4000 £7s,

the following were calculated in the molecular flow range:

C,,(Ny)=the conductance of the main pump
line for N,,

C..(H,O)=the conductance of the main pump
line for H,0,

Sem(H20)=the effective pumping speed of the main
pump line for H.O.

The results were as follows:
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FiG. 4. Pressure from the 10~ Torr range to the 107" Torr range for case A
and case B. Initial pressure is 760 Torr.

C.(H,0)=200 /s,
Sen(Hs0)=190 /5.

Cn(Nz)=160 £7s,
[Sen(N2)=150 #75],

B. Characteristics of the pressure versus time curve
in the aluminum UHV system

Figure 4 shows pressure versus time curves for experi-
ment III B. Figure 5 shows pressure versus time curves for
experiment III C.

The pressure of both case A and case B in Fig. 4 reaches
1X107° Torr in approximately 40 s from 760 Torr. They are
proportional to exp(—S$t/V) down to the 107> Torr range.
Here, V, §, and t are the chamber volume, the pumping
speed, and the pumping time, respectively. Also, the pressure
in Fig. 5 is proportional to exp(—St/V) to the 1075 Torr
range, For example, Fig. 6 shows a part of the data of case B
in Fig. 4; the curve of pressure from the 107 Torr range to
the 10~ Torr range is proportional to exp(—4.0z). Since the
effective pumping speed of the roughing pump line at 42 s is
approximately §,,(N,}=40 /s and the chamber volume
V is approximately 10 # [the volume of the main charmber
(8 #)+the volume of the valve and vacuum connecting tube
(2 ), exp[—5,,(N.)1/V] is just exp(—4.0¢). Further, Fig. 7
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FiG. 5. Pressure from the 107" Torr range 10 the 107" Torr range for case B.
Initial pressure is 0.75 and 0.075 Torr.
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1 00 TABLE [. Pressure vs time when onty the moisture trap was used in venting
‘E_T_ e I . ' ' ' ' {case A} and when both the moisture wap and MonoTorr were used in
L I ] venting (case B).
£ . 3 =
<1 0-2 - % : 4 Pressure (Torr) Time {case A) Time (case B)
5 £ : rexp(-4.01) 3
- c o 1x1077 90 s (1.3 min) 80 s (1.3 min)
" \/ 1%1078 250 5 (4.2 min) 150 s (2.5 min)
210 - 1x107° 2X 10 5 (33 min) 110" s (17 min)
» \ ? ] 1X107"° 6x10* 5 {1000 mun) 1X10* s {170 min)
3 s
&40t E,I +  Moisture Trap + MonoTorr (case B) ]
I : : The reasons are as follows:
8 . .
10 — : ! (a) The water content of vent-gas in case A is larger than
30 35 40 45 50

time (Sec)
FiG. 6. Significant part of Fig. 4 {lime between 30 and 5 s).

_shows a part of the data in Fig. 5; the curve of pressure from
the 1073 Torr range to the 107> Torr range is proportional
to exp(—4.6r). In this case, since the effective pumping
speed is full speed [approximately §,(N,)=48 Z/s],
exp[—5,(N,)t/V] is approximately exp{—4.8t) and almost
equal to exp({—4.6¢) from the former condition.

Table T is a pressure versus time table when only the
moisture trap was used in venting (case A} and when both
the moisture trap and the MonoTorr were used in venting
{case B); the pressure in case A reached 110”7 Torrin 90 s,
1X107% Torr in 250 s, 1107 Torr in 2x10° 5, and
1%107'% Torr in 6x10* s from 760 Torr; the pressure in case
B reached 1X1077 Torr in 80 s, 1X107% Torr in only 150 s,
1X107° Torr in only 1%10% s, and 1X107'° Torr in only
1x10* s from 760 Torr. Figure § shows a part of the data in
Fig. 4; the changing point of time dependence from ™! to
793 is approximately 2X 107! Torr at 10* s in case A, how-

ever, in case B approximately 1X107'" Torr at 10* 5. The

difference in the pump-down curve between case A and case

B is mainly due to the difference of the amount of water and

hydrogen content in the vent gas.
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F1G. 7. Significant part of Fig. § (time between 0 and 6 s).
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that in case B because the moisture trap can reduce the
H,G content of vent-gas from 10 ppm to approximateiy
200 ppb after 2 h of operation, which is our experimen-
tal condition. On the other hand, the MonoTorr can
reduce the H,0 content to a few ppb after 2 h of op-
eration. Therefore, in venting, the water adsorption on
the chamber wall in case A is larger than that in case B.
Also, the desorption gas from the chamber wall in case
A is larger than that in case B because the water ad-
sorbed on the chamber wall is desorbed in pumping.
Therefore, the pump-down speed in case A is slower
than that in case B.

(b) Pumping of hydrogen diffusing from the chamber wall
is dominant from 10* s, because the pressure is propor-
tional to % there. The amount of hydrogen diffusing
in case A is larger than that in case B because the
pressure in case A is always higher than that in case B.
Further, the hydrogen content of vent-gas in case A is
larger than that in case B, because the moisture wrap can
reduce only the H,O content of vent-gas from 10 ppm
to approximately 200 ppb after 2 h of operation. On the

-8
10 E “'H-| T T .-|m.F v;!
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Fic. 8. Significant part of Fig. 4 (time between [0) and 10° 5).
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other hand. the MonoTorr can reduce not only the H.O
content, but also the H, content to a few ppb after 2 h
of operation. Therefore, we believe the difference in
the hydrogen content of vent-gas relates to the differ-
ence in the amount of hydrogen diffusing.

If the gas desorption from the B-A gauge and the rough-
ing pump line can be neglected and pumping line can change
from the roughing pump line to the main pump line instan-
taneously, the pressure should reach the 10™% Torr range in
approximately 45 s from 760 Torr and the changing point of
time dependence from exp(—51/V) to + ~! should be approxi-
mately 4X107® Torr at 45 s (point a in Fig. 4) in case A
and approximately 2 1078 Torr at 45 s {point b in Fig. 4) in
case B. -

C. Quantitative relation between the adsorbed water
on the chamber wall and the water flowing into
the chamber

The difference of the amount of water adsorbed on the
chamber wall between when only the moisture trap was used
{case A) and when both the moisture trap and the MonoTorr
were used (case B) was roughly estimated under the follow-
ing assumptions:

(1) When the gas desorption from the B-A gauge and the
roughing pump line is neglected and the pumping line
change from the roughing pump line to the main pump
line is instantaneous, the pressure versus time curves in
Fig. § become the solid line (line A) and broken line
(line B) as shown.

(2) The adsorbed water on the chamber wall is all pumped
in between 45 and 10* s.

(3) Oultgassing rate of water (45<r<C10%) is proportional to
.

(4) Most of the gas pumped in between 45 and 10° s in Fig.
8 is water.

(5) Relative sensitivity factor of the B-A gauge for water,
R aer» 10 Ditrogen, is approximately 1.3.

Thus, we can estimate as follows:
From line A and line B in Fig. 8,
the pressure of water in case A, P, .. caee a(1) 18
P ercase al1)=2.1X1078/¢ (Torr)
for (45<r<<10%),
the pressure of water in case B, P, caee p(f) 18
P} oercase (1)~9.0X 107771 (Torr)
for (45<1<10%)
USing P Joercase A(1) Plater.case 81D Ruaer and Ser (H0).

The outgassing rate of water in case A, Q. aercuse a(7), 18
Quatercase Al = Plaercase AlT} Semt H20)/ Rugier
=~3.1%X107%/¢t (Torr £7/5)
for (45<1<10%),

the outgassing rate of water in case B, Q. aeccase (/). i8
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Qwaler.cas: B( 1= P:ralcr‘ca.\e B(” Scm( HZO)/RU.'a[cr
~1.3x107*/t (Torr / /)
for (45<i<10%)

USlng Q waler.case A( r) and QWBIC!.C:ISC B( r) N
The difference of the amount of water between case A and

case B, AN ... is

104

A‘Vwaler%";j [Qwaxcr.casc A( 1= Qwalcr.casc B(") ]dr

=~0.7X107* (Torr /).

Therefore, the difference of the amount of water adsorbed on
the chamber wall between case A and case B is approxi-
mately 160 ppb of atmospheric vent-gas in the chamber {760
Torrx8 /). This value is consistent with the performance of
each trap when it 1s assumed that most of water content of
vent gas is adsorbed on the chamber wall. This is because the
moisture trap can reduce the H,O content of vent-gas from
10 ppm to approximately 200 ppb after 2 h of operation and
the MonoTorr can reduce the H,O content to a few ppb after
2 h operation, which is our experimental condition.

V. CONCLUSIONS

The characteristics of the pump-down process in an alu-
minum UHV system were analyzed. A quantitative relation
between the water adsorption on the chamber wall and the
water content of vent-gas was discussed. The following is a
summary of the results:

() In the aluminum UHYV system using super-dry nitrogen
in venting, first the pressure is proportional to
exp(—St/V) from 760 Torr, then proportional to ¢~ V,
S, and ¢ are the chamber volume, the pumping speed
and the pumping time, respectively.

(b) The changing point of time dependence from exp(—S#/
V) to :~! depends on the amount of water content of
vent gas in the chamber.

(c) If the desorption gas of the gauge and the roughing
pump line can be neglected and the pumping line can
change from the roughing pump line to the main pump
line instantaneously, the changing point of time depen-
dence from exp(~S$#/V) to ¢~ is estimated at approxi-
mately 4x10"® Torr at 45 s in case A, approximately
2%107® Torr at 45 s in case B.

(d) Under reasonable assumptions, the difference of the
amount of water adsorbed on the chamber wall be-
tween when only the moisture trap is used {case A) and
when both the moisture trap and the MonoTorr are used
(case B} is approximately 160 ppb of atmospheric vent
gas in the chamber; this value is consistent with the
specifications of each trap.

(e) Using super-pure nitrogen in venting, the pressure is
proportional to 1 ~' down to 1xX107'% Torr.
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“Nippon Ferrofluidics Corp, 1-3-5, Makuharihongo. Hanamigawa-ku, Chiba, Japan

A high T, superconductor magnetic bearing (High-T,-MB) system was applied to a turbomolecular pump (TMP)
with water trap. This system is an all passive magnetic suspension. A TMP of 250 | s™' class was reconstructed for
High-T.-MB8 and its stiffness, damping coefficient, and power consumption were investigated. From the experiment,
two major problems were found in utilizing High-T.-MB at 77 K for TMPs. First, the stiffness was not strong
enough for TMPs to set orientation free. The second problem was heat generation in the high T, superconductor
at high speed rotation. To resolve these problems, a Gifford-McMahon refrigerator which cooled the superconductor
to below 77 K was employed. The superconductor was cooled down at 40 K and its improved stiffness was
observed. This paper describes the test results of the High-T,-MB systern. Further, a desirable design of the
turbomolecular pump with water trap using High-T,-MB is discussed.

Introduction

Magnetic bearing turbomolecular pumps (MB-TMPs) are widely
used in vacuum experiments. MB-TMP has good characteristics ;
hydrocarbon free: very small vibration : maintenance free; etc.'
However. it has two major disadvantages. First, the pumping
speed for water is much smaller than that of cryopumps, The
second disadvantage is it needs an expensive power supply and
controller for magnetic bearings.

From that situation. we planned 1o develop a turbomolecular
pump (TMP) with water trap using a high T, superconductor
magnetic bearing (High-7-MB). In recent years, measurements
of levitation force between a permanent magnet and a high T,
superconductor (YBaCuO bulk) and experiments with High-7,-
MB have been carried out by many researchers®®. TMPs with
water trap using High-T.-MB arc expected to have a higher
pumping speed for water just as cryopumps and have no power
supply ard controller for magnetic bearings because this mag-
netic bearing system is all passive. Morcover, a refrigerator can
be used for cooling of both a water trap and a high T, super-
conductor,

For this purpose. a suitable High-T.-MB system for TMPs
with water trap was designed. A TMP of the 250 157 cluss was
reconstructed as a test appuratus for experiments of High-T.-
MB,

In this paper, the design and test results are deseribed. More-
over. some points 1o improve this High-7,-MB system are
discussed.

High-T-NB system for TV

The magnetic bearing system using a high T.superconductor was
developed und the principle s shown in Figure 1. [t has three

special features to realize the High-T.-MB system tor TMP with
water trap.

First, the systern consists of a bulk of high T, supercenductor
and some permanent magnels. The rotor of TMP is supported
by two passive magnetic bearings using permanent magnets in
the radial direction and one magnetic bearing using a high 7.,
superconductor and a permanent magnet in the axial direction.
The second feature is it has passive radial damping devices which
are similar to those of a one-axis active magnetic bearing*. Then
the rotor supported by this system can be stably rotated at high
speed over the resonant speed. The third feature is it has a holding
device to set the rotor at the cxact field cooling distance. When
a high T, superconductor is just cooled below its transition tem-
perature, the rotor has been held radially at the definite position by

Holding Device

i

Permanent Magnet
(Radial Bearing)

_‘ E
Rotor

4

Damping .+
Device

Permanent Magnet
{Radial Bearing)

Permanent Magnet

__‘ E

- .

e High-Tc-Superconductor
j }:: {Axial Bearing)

Figure |, High-T-MB system.
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Permanant Magnet
(Radial Bearing)

Permanent Magent

High-T¢
Superconductor

G-M Refrigerator

Figure 2, Experimental apparatus for High-T.-MB.

the passive radial magnetic bearings and axially by the device which
pulls it against the unstabie axial force due to the radial magnetic
bearings. After the superconductor is cooled below transition
temperature, it is released from the device and levitates at the
definite position where the axial levitation foree due to the high
T. superconductor is equal to the axial unstable force due to the
passive radial magnetic bearings. Therefore, the position of the
rotor is precisely controlled and the rotor can be salely rotated.

This High-7.-MB system was installed in the test apparatus
shown in Figure 2. A high T, superconductor in the system is
cooled by a Gifford-McMahon(G-M) refrigerator. Since the
water trap is set near the superconductor, the refrigerator can be
used efficiently to cool both of these.

A TMP with water trap using this High-7.-MB system is shown
schematically in Figure 3.

Experiment and results

Stiffness of levitation force. The apparatus to measure the levi-
tation force at various gaps between the high T, superconductor
and the permanent magnet is shown in Figure 4. The levitation
force between them was measured by a load cell and the gap
was measured by displacement of a vertical stage. The high T,
superconductor {YBaCuO bulk) made by Nippon Steel Cor-
poration® was 44 mm in diameter and 12.5 mm thickness. [t was
cooled directly by liquid nitrogen at 77 K. Two sizes of sintered
Nd-Fe-B permanent magnets. whose diameter was 34 mm and
thicknesses were 1@ and 25 mm, respectively, were used. Their
surface magnetic flux densities were 0.28 and 0.45 T, respectively,

The stiffness of the levitation force due to the superconductor
wus calculated from these measurements. Figure 5 shows it at
various field cooling distances for two magnets.

Axial unstable force of radial magnetic bearings. The axial furce
acting on the rotor was measured by the same apparatus shown

730

Water Trap

Cryocaooler

z High-Te
=] Superconductor

- TMP

Figure 3. Schematic design of High-T.-MB turbomolecular pump with
water trap.

in Figure 4. The axial unstable force due to permanent magnets
of passive radial magnetic bearings in the system is shown in
Figure 6. The levitation force of the superconductor should be
balanced to this unstable force.

Stiffness and damping coefficient of High-T-MB. As shown in
Figure 5, since the stiffness of the levitation force due to the high
T, superconductor at 77 K is much smaller than expected, we
cooled down the superconductor below 77 K to gain an expected

High-Te
Superconductor

N

| ———— Permanent Magnet

)

Lcad Cell

| Vertical stage

Figure 4. Apparatus for levitation force measurement.
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Figure 5, Stiffness of levitation force at various field cooling distances.

increase 1n stiffness. Figure 7 shows an axial motion of the rotor
which was successfully suspended by this High-7T.-MB at 40 K.
The mass of the rotor was 0.8 kg.

The net stiffness and the damping coefficient of this High-T -
MB system was calculated from the impulse response of the
rotor. They were 3.2 x 10* N'm™~ ' and 0.04, respectively. Further,
the stiffness of the levitation force due to the superconductor at
40 K was calculated from adding the stiffness of the unstable
force in Figure 6 and the net stiffness. It was 4.7 x 10* N m~!
and is plotted in Figure 5.

Rotational test. The rotational test of this system has been carried
out. Since high speed rotation was suspected to cause heat gen-
eration in the superconductor, the measurement for the power
consumption of the refrigerator at high speed rotation was
planned. However, since the system was operated at relatively
low speed, the temperature rise in the superconductor was not
found in this condition.

Discusston

In this experiment, we have found the stiffness of the levitation
force due to the high T, superconductor at 77 K is not strong
enough to realize our design of High-7.-MB. In other words, it
cannot overcome the axial unstable stiffness due to all permanent
magnets of radial passive magnetic bearings. Since the critical

10.0

80 r

6.0 |

Force (N)

4.0 +

0.0

0 0.1 0.2 0.3 0.4 0.5
Distance (mm)

Figure 6. Axiul unstable force of radial magnetic bearings.
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Figure 7. Axiul motion for the rotor suspended by High-7,-MB.

current density (J,) of the superconductor at 40 K was expected
to become larger than that at 77 K, the G-M refrigerator was
employed to cool it down. The stiffness at 40 K is supposed to
be about twice that at 77 K. However, it is stili not high enough
to realize our design goal of High-T.-MB for TMP. From our
experience of the MB-TMP design, the resonant frequency of a
rotor due to a magnetic suspension must be at least 35 Hz in all
directions. Therefore, when the mass of the rotor is 0.8 kg, the
radial stiffness (K, is required tobe 4 x 10* N m~". Since the axial
unstabie stiffness (K,) is twice the radial stiffness, the stiffness of
the axial levitation force is required to be 1.2x[0* N m™'
(K, + net axial stiffness).

From the above result, the required stiffness of the levitation
force due to a high T, superconductor must be two or three times
stronger than that of the experimental value at 40 K. This value
could be realized after further development of high T, super-
conductors.

Conclusion

From the fundamental test, our High-T,-MB system has suc-
cessfully operated at 40 K, though its performance is not good
enough to apply it to a TMP with water trap. TMPs with water
trap are available already though not with High-7T.-MBs. The
authors believe that TMPs with water trap can be built using
High-T.-MB systems which are capable of all passive magnetic
suspension.
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WATER IN VACUUM/CLEANING/FAST PUMP-DOWN PROCESS

Hajime Ishimaru and Masaharu Miki
KER/National Laboratory for High Energy Physics
I-1 Oho, Tsukuba. [baraki 303 Japan

[f the vacuum chamber with condition of ultrahigh vacuum was exposed to atmosphere,
the water contained in atmosphere adsorbs immediately on the chamber's surface. The
adsorbed water causes the problem of long pumping times to restore ultrahigh vacuum.
To make clear followings: 1) Reduce adsorption and desorption for the material’s surface,
2) Remove adsorbed water-using chemical reactions instead of baking, 3) Demonstrate
extremely fast pump-down using super-dry nitrogen vent, 4) Demonstrate exact
exponential -(S/V)t pump-down from atmosphere to 10° Torr range, 5) Found a new
elementary pump-down process, pressure proportional to pumping time t?, 6) Show the
pump-down time depends on water content of vent nitrogen.

To minimize adsorption and desorption of water on the chamber wall, Ex-mirror finished
on 99.99% high purity aluminum/aluminum alloy clad is used for vacuum chamber. After
baking at [50°C for 24 hours, thermal outgassing rate was the order of 10" Torr Us cm?.
In the thermal desorption for mirror finished aluminum, the total amount of gas desorbed
from the ordinary aluminum alloy surface was much larger than that of mirror finished
surface.

Removing adsorbed water by chemical treatment, based on the decomposition and
dissociation of O-H bond of the adsorbed water was examined. The dichloro-propane
introduced and exposed to the vacuum chamber as following reaction:

(CH;),CCl, + H,0 — (CH,),C0T + 2HCIT.
The reactive products are acetone and chlorine-acid.

The extremely fast pump-down system consists of the main chamber with EX-mirror
finished using high purity aluminum, roughing turbomolecular pump, main cryopump, S-P
and B-A gauges, and super-dry nitrogen vent-gas line. Experiments were done after
achieving 10""" Torr range following baking (not yet: chemical reaction).

We make clear followings: 1) In the best aluminum ultrahigh vacuum system using
super-dry nitrogen in venting, the pressure is proportional to exact exponential -(S/V)t =

“exp™® from 107 Torr range to less than 1 X 10°° Torr, as a text book data. The effective

pumping speed for nitrogen is 40 I/s and the total chamber volume is about 10 liters. 2) .
The changing point of time dependence from exponential to t* depends on the amount of
water content of vent-gas in the chamber. The amount of water content is about 200 ppb
in super-dry nitrogen, nearly corresponding adsorbed water 107 Torr-l, 3) New
elementary pump-down process, pressure proportional to approximately t2. was found
between exponential pumping exp™" and surface pumping t'. This process means fine

38

/19



leak from many complicated structures like a micro-pores on chamber wall as a viscous
flow. 4) The pressure reached | X 107 Torr from atmospheric pressure (760 Torr) in only
80 seconds, | X 10" Torr in 150 seconds, | X 10” Torrin 1 X 10% seconds, and | X 100
Torr in 10" seconds with super-dry vent-gas using series of the moisture trap and Mono
Torr. The changing point of time dependence from exp ™" to t' is between 10 Torr
range and 10" Torr range. The changing point of time dependence from t' to t*7 is
approximately 2 X 10" Torr. 5) The dichloro-propane gas exposed as a chemical reaction
instead of baking in vacuum chamber at a temperature of 50°C ~ 70°C and pressure from
40 Torr to 10 Torr particularly shortens the pumping time from 1/4 to 1/500 th of the
time required without chemical treatment to obtain less than 10 Torr.
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