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COMPUTER CONTROL SYSTEM 

FOR 

THE KEK 1-M HYDROGEN BUBBLE CHAMBER 

N. Ujiie, N. Ishihara, T. Ohama, Y. Otake, R. Sugahara and M. Tadano 

KEK, National Laboratory for High Energy Physics 

Oho-machi, Tsukuba-gun, Ibaraki 305, JAPAN 

Abstract 

A temperature and pressure control system of the KEK 1-m hydrogen 

bubble chamber has been converted from a conventional analogue system 

to a Direct Digital Control System (DDC) using a minicomputer YODIC 100. 

The system has two operation modes. The "cooling mode" of the DDC system 

(mode I) enables us to automatically cool the chamber down to 45 K with 

a desired cooling rate. The "constant operation control mode" (mode II) 

can keep the fluctuation of the temperature and the pressure of the chamber 

2 
to within ±0.02 K and ±0.02 kg/cm , respectively. The constitution and 

the performances of the DDC system are described. 



§ i. BUttic 

**ss«i. si*»¥-®m%mtmmrstizffimxit.?z>flkmktii%sx,dHnst»??-y7 \-x& 
Z,Lt, ( 2 ) fetftft ( 4 » ) £ * / < - - £ * « £ £ , ( 3 ) £ K » # i e # # t t f c S ^ C £ U 0 f t S t e f c o T ^ 

So KEK 1 m zK^?ai5{i. 75 cm 7k5$lySfI IC*£ I >T $£18:5*1. § |ISK:i t5**^**- |ISlOv*-^«rt i t t 

LTI . ->-5^a-e^JO. XBfl-©t>Ot^-5o KEK 1 m fo1kfflfeO!>£.Wi'*7 * ~9 -£Tcble 1 It. £7= 

{̂s©t9rffin̂ Fig. nt^-t-o i&mmm&mi.ns.psm'&xx, misM. KSS. «EE. #5*. mas^oEiQii 

ICfrtf:5£ffi©SflSi£ LT^0Sr.ofc©-e, ^n^ 'n©#f rT»&©I*# t t3nKl t fB£3nTV->3o C C f 

mit^f^i'J^m (Direct Digital Control: DDC )&ICE ;&&*., SSfiOlKISS^^SCiAi-eSfcOT. 

§2 . DDC(D@M 

ifefe7k1g7&®^ET?J±. S - n y h'i-^-YODIClOO^ffl^T.^I^OSffi. ffi^J'&fiUtoil-^S^fflx 

tfSSfiSftJfflnrjBSfctoK:. ?#iiiiSgjt:*j«-aS3i!ifttJffliic(i|fl:2:yiri:^0 TODIC lOOicDDCotSfii^fltnl-n 

2. i jsso^sn 
KEK Im7k5^ra?g(i. WHBK7. fig 1 (m) . JfCs 14.5 (cm) 0 ^ c P g S i i ' 7 ^ 5 ; t L . * n « . 4 > 

i?1-t»%18Mttt LXT9 >©#«:«£-3 "OMMeS^Sn. W£*>-;W* inflatable gasket K i o t t t S n t l ^ , 

tn*Sa*>&ft{b**fiffi4T?Sl«E?&iP1-a«!:. # 7 *©&<Bttfi©^-H:fciBH-f SffitfJlCJ: 5 . # 7 * 

#5$g-T3 C <h1*8.8 &*>-??<&So tCT 'Sf f5 *£{**«$—KUDUS I/O"- < «fc-p . $iglc#£p-r-5£>g#2&*o 

&8affia*4 (R/h ) m&X&ntt. + » K £ £ T ? * S £ i # e t t f c J : o T t t t t 6 n - C ^ 5 . ft*. #£P(±ii 

£l*^-e(*te<-\ 
îrjB#ic*5fcra@i!i4ijfflii£, TMODE-IJ tvf&cttt. EtTicgî ĵ̂ ^SofasfSo îpBaw^gtiatt 

FK. 2 I C ^ t J i » J " e * 5 o CCICTCOl, TR03. PC04. PC05 l i§-5rf *9 J\>mWcX3b\). Stg&flfc 

* 5 i O t t i t a ^ o TMODE - I J X3LL L-tfiEfflsnS©!*. neck cooler £P¥l*"US&£8&SS©2fc8c-tr 

* 5 o ^ © i S - f b ^ l * . neck cooler © A P # T C V - I T - S E T } ( t o t - f f l S ) i t t o T n e c k coderlC 

A5= neck cooler £rfltn-5 &<«(*. fell F*3 ©#*.<>: neck cooler ICON'Sf&fa#ft (filT#f*£ll&-f) ffl—g|5© 

Ifei&^TC^b-t-So Fig. 2lt:fc(,->T. t±5P#PCV - 3 OX/f «, ?•(*, #£pB#ft|*TR03 © ^ ^ S n T ^ 

T. ^^iiSPO-Sffi^l lsl-s v*9 vf®mMX*:^9-L. ftilHiffitf-SlcfcS&PCV-3 © # $ £ « • 

iaei5-r5„neck cooler!*. J&figlt.J;oT2Wfc©±gB£ft£p L. |I|B#|il**x©^oitlCtt-3TTg|5^^£P^"-So * 

#©fiffiiMjtt. a - 3 V » ^ y ^ y J K i B S S S r f f l « ' ^ ' ± T (CC3. CC 1) . •&&& A &X * - 9 - S n t D S . 

# i U : T © i K g i ^ ] e f i a ± i c * g < t t 5 J : S t t & . T 7 - A i | 5 ) e # ( c a i P # P C V - 3*^Pflt;T. #ftffl-fi 

K # f t # i ^ - l c ' . £ S 3 T l # ) 8 ^ £ < f c ? K > S ^ ^ \ £ 0 C f f l J ^ K L T , gfia»&JS&4 5 (K) *T?,SJ3f4 (K/h) 
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<0&ffif?££PL-C^<o 

2.2 i&£, EE;fciE<Si&iJ8P 

**jSffi©aa. EflSUfflltt. fljffllflgi** (1) ttft**TPi&* C t. (2 ) j*/&fcffi§M&©qi|fflKSffi*« 

fflffi. E^iffl VvpiWi J i ^ n e n o . 0 5 (K) , o.os Ctft ElTfc3c£K&fcnsti#g?5fc;5nSo £©B 

ĵo t̂oic, saoTasuffl^ojaao^ttoa^^. #tt*%fflLT*n^n&i©*H^5$*ra»L-c3fc. 

WODE-DJ t i f - S C i K L . PATlzWSt&^Za SBEf&Jffll« Fig. 2 ©neck coder IE J c ^ T i T t o n i . C 

©B#*($rtffljgffi(i. cold piston O l ^ T ^ S f c O i t S . ^tSIO/g'fbJcfgtt. #TCV - 1 IE J:OT7&?HF»3 

fiUo^laK*jaffiJ:»3fi^-ffiaaicaJiSsn. neck cooler icjfcAU ##rt©«tf t**4*&5SS!L"C£tf t L. 

tnn#PCV-3£ffiO»5ttiJ-r-5o C©B#. # P C V - 3 © t t ] ^ x ^ . y ^ [ ± . V T O l f f l ^ ^ a i S S n - C J s l ) . IS 

SlESffiSt (VPT) t c t - o T J & ^ K f i l o S f f i ^ ^ - ^ - U c n « s - S » C « S J ; - 3 I C P C V - 3 CD ̂ Bfl&^ISfiB 

t i c 

ETJi&Jfalligas cooler IE,}; o T f f t t ^ n S . #PCV - 4 \C£ -or—/Efiffit f i o f c f t i l i , gas cooler Tzk 

^^T^.©—SB^igSSi^-Br^cltic«t«9. *f lsr t ff iOE**TH'. S&liSWbL. #PCV-5*ff iD«£t iJ- i -5o« 

fii1ItPC05(i. *fcRJV$:*:-9 - L. cn* { —££t t5<fc? t r JP#PCV - 5©#g3ffi£31fii5-rSo 

§ 3. ^JPB#CDSIg$lJ® 

3.1 * # : 5 f l 5 £ 

* (*^^S /&^^k7K*f i f f i tT^ iP^-5 tS©@ : f tO« iW#t4 l to l , - 'T f8 j# l c JE-cS 0 ft£PB#|c:ii. i i L 

Tneck coder ©#J^£-fiJffl L T ^ S © - ? . Fig. 3 i c ^ f «fc-5tt*f ^ - e ^ X - T ^ ^ o neck coder -£©&&$!$ 

^ g ^ ^ W S o ££-elMi©fc«>. C 1 . C 2 . k 1 . k* tt3E»tU^*(l 100 5BiB&Rl?neck cooler K«EAU 

3££lE#*4bLTreck cooler i|n|jaffiT?SStb-f-S £>©£•#-£» 

Ci - 3 ? = - k , ( t f i - 0 . ) ( 3 . 1 ) 
at 

Ci , -4r=-m c p{ <* - f t ) +7^-}+k! (5, - f t ) +k2 (flr-&) (3.2) 
at Up 

•Ci : #ftffl#&gffl: k, : i?.fokneck coder ©RJJ©I>tf©$l£^fS Ctt&t 

C2 : neck cooler ©flhgffi <&•£&) 

9, : /&?!##:©*&& k2 : top plate i neck cooler ©Rg©&a>fcr©&£3?$ 

02 : neck cooler © " m : &<&©!ttfi"ffiffi 

0T : top plate © CP : ft(&#*x©^EJt$ 
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0i : neck cooler A D T ' f f l ^ O S f f i a : ft$©*B§£78$ 

t : KfPul 

IBli^Ofcto. top pbte ©Sffi£0T = 0 (C) i t . &$©ft£ilb&<m=mi©<!:2. neck coder . * ( * ^ * I C 

* =^=ir2&c- ( * - f } < 3 3 > 
k2 +miCp t,p 

Afyaffi©(a^*'X©?fttKt??&£PLTt,>SCi,i:5PffilCia^fc(>©-zr-&So »fcfl£mi;6»b»m2 l i :x-f-y^K^ 

ltzh£<D4yf,<'> + 'i'l8&tt. tm&m^ (3 .3) T f # A 6 n 5 4 L - c a (3 .1) . (3 .2 ) £ * ? < £ # 

©.fc-jftttSo 

«,co- (ir^rV - r ^ ) ",-•£-) ci-=-±- <*«•-«">) +ir^V <».-f) 
k2+m2Cp k2+miCp CP / ? - a k2+miCp CP 

(3 .4) 
62 ( t ) = 0 , ( t ) - g - ( ' " ' f r - ""g- ) ( 0 , - ^ ) - r ^ - ( « - -«>«) (3 .5) 

ki k 2 + rmCp k 2 + mi Cp Cp p - a 

flu, ^ te&o.fc'pic^bsnSo 
a: = A - B 

jS =A + B 

A = - ^ { ki (1 + T 1 ) + (k 2 + m2Cp) } 
^C2 Cl 

B = ~ - C { ki ( l + § ~ ) + (k2+ni2Cp) }2 - 4 - ^ - • k, ( k2 + m,CP>]* 

HlS©8+^L"Cli. C2/C1 = l/24f!ffi-c-£>9. B © ^ 2 I | { i B l S K J t ^ L T / h S ^ © - e & S © J ; - 5 C f f f i l » 

« « = - 7 r - { k, ( 1 + 7T-) + ( k 2 + m 2 C p ) } (3.6) 

U2 U2 

< 9 = _ ! i i . k 2 + m ' C p
 f 3 7 } 

p C, k, ( I + C . / C 2 ) + (kj + nuCr) 

.left. JfcO«fe-3ttfifafa6*aBSo * (3 .4 ) 36*6 5. ( t ) ©#£Pi£ffi(2, 

-•f1 =-(k"!
Cp

r - / I f i - > («,-7-) (-^-) (#«-.'«) (3.8) dt ^kj + mjCp k2 + miCp ' Cp p-a 

bteio t t t (3 .5 ) *>&, 0, (t) , 02 (t) ©figEMIi, 
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«,<t> -et (t) — | L ( J ^ _ _ - 5 ^ E — - ) c , - - 5 . ) ( - * £ ) (**«-*>«) (3 .9) 
ki k2+m2Cp k2 + trnCp Cp p -a 

i t t o t ( - J - ) , , , O i ^ t , (02 ( t ) - 0 i (t) )„,„ ©££(i |5]B#fc)gc9. *<DB$(D9J3l$fiaii. 

t - ^ y ^ ^ T " (3.10) 

3.2 ^i0ilJg©Ji&[Cj;5^iO 

-f v f - f -V+^JES^SC (3 .4) ©tt t )KKJ$c/( t ) «rffl^TR©«J:-5lc:^*j-rc (>:lc-r50 

fit) = 0, (t) - 0 i (0) (3.11) 

#fc0eaw«* F(s) t-r-st (s i ^ r ^ s i f l 

/ ( t ) = J T ' C F ( * ) - - ^ * ± 0 (3.12) 
s 

t t t S O T ? . F (s) (i&GDcfc^lC^to'f.ttSo 

F(s) - - ^ - = - o L C / ( t ) 3 

ko 
( 1 + T a -s) (1 + T> -s ) 

(3.13) 

C C t , ko = - — ~ ( ™ 2 C p
r - " ^ p ) ( « . ~ ) <3-14) 

jmCp k2+m2Cp k2 + miCp Cp 

T« = - 1 /a . T? = - 1 / /9 "C. ko ii#f*[l£©>rM V T S 5D 

&Sffi#ft©#£Pi§ffii|iijftjlt£. Fig. 4 l ^ t K ^ - r ^ ^ - C l f t t - J o PB- ' i ' -^ ,**fiRt*«S©tpT?. *<*. 

CPUEl f l .©*8*# l i . # K J t W I S j R o * t L ' r f i ^ O - C . a (3.13) fr&-»£»B8«liK5S0«fc 5 K t t * 

O l ^ o y - f v i c o ^ T t i , Appendix 1#HP.) o 

Gfc) = -K T -K m V {Kp ( 1 + ^ 7 T + T D - 5 ) } - KEP • Kcv • ko • ( t + T a . , / ( j + T , •* ) 

( 3.15) 

KT : C C j & S t t o y ' f v Kcv: # © 4 M V 

KmV : m V f f l U g o y - f v T, : CPU-el&J&fS«»Baiffl 

KP : C P U t r i a g f 5 W V TD : " &&*$<?£ 
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KEP : IB&SSSk&or* > 

£0&£PiSffiM&i$(* riUJttcDT?. ? y 7 A . 2 n / j " (IPS. ftSPJgffi-S) fcA^LfciSOttttli. 

s - 0 1 + G G ) 5 K 

{H L K = KT • KraV • KP • KEP • Kov • ko 

S (Appendix 2#19) „ 

§ 4. £^sfe^©iag, mmm 

£Fig. 5fc*-sh> gas coder ©Sffi 9 P ri*—%<£> 12. #&Sffi0 lc#-f S^f l jS l i fcCJ;? ft/**,, 

c 4 r - = k < < ' p - f l > -QM (A "A i ) +Qi (4.1) 
dt 

C: jfrflyJclK:&^tr$ft. Rtf /n : neck cooler A n T O fti&© enthalpy 

neck cooler ©H&gS A : " HJD " 

5 : #<*fiffi (neck cooler <hl3.l£^fi) k : gas cooler £$#fflH©Jt.3W*ffliftEiBS? 

0P : gas cooler O S S Q, : jfcftlcflDX.&nSSftffi (£lcB£$g, E8§-?M-7;Ht 

qN : neck cooler £fltn*#l*©KS3itffi #?&ffi) 

Al*« ©MttttO-e. 5$ (4.1) vmB&ftit (Appendix 3#iS) &©J:9 KKZo 

g( t ) = y + ( f lo - f r ) exp C - j - ( k + Q p7
N

Q2 ) t 3 (4.3) 

0o : t = 0 T?©$ftjSK 

- 5 -



T (4 .4 ) 
k + —9i< 

0.0702 

j a 

Co *-§-L=k (A - < ? P ) - q 0 ( h-hi ) +Q2 (4.5) 
at 

Co : gas cooler ff>H.;&>ttffl&gfi k : gas coder «k#tt<DRO©Jl.A>tt<Da&£&^ 

flp : gas cooler fflSS q0 : " £3fcnS#4SiEfflHi2;sfifl 

6 : #{*fiK: A, : " An©#$©enthafry 

Q2 : gas cooler KofcA^a&ffi A: " ftD© 

( £ l t top plate fins^fiSflJ: 9) 

Lfc*>'oT, 0P (t) . BftESfclcoHTk, 5$ (4.3) , (4 .4) i l ^ f t « c * 3 S o 

§a DDC-^TAOM 

a 1 C P U - > ^ r A 

CPU->XTA©7*a.y^l i5:Fig. 6IC^-r„ YODIC 100 CPU i#AtiS73 (I / O ) . &t>'$£*$§5®t8 

fBfra^li. • f ' ^ r Prccess - Bus (P - Bus ) fciltf-CffttfcttSo 

CPUfilfg 16bit T M s n , 32 Kt§©=JT • ; < * ' ) - £ J # o „ $$Bte;St{i Byte C 8 bit ) m&X. 1 i g f 

-9%2m\ct><dxuxk-tz0 ttffliBBTt V7-7T?. «ia«fii*±tf'afc«>ic#i!i/jNajft«»affi*feo0 

HiLBfit tIIJ£Si*T?*S. n * l i . * f f i W = @ S « i U ^ 5 © T ' , * B j £ « l « l * t t n . H f c S l / O . 

«5SttgKtt«5feKK«*iELfc 4 u ^ o f f l f c a t l i * * * . 

5.2 U®T)l-=n)XJ± 

DDC <aPYDffl®&,\$&&<!>& 7 ( C ^ ^ s n S o 

V„ = K P (>„ + $ - • 2 «i + - ^ - ( « . - « r t ) ] (5.1) 
Ti |_0 Is 

V„ : ttJTJ 

KP : tt^J^M > 

T, : ftftttia 
TD : msmsi 
Ts : * y 7 " ' J > ^ S 3 

e, ,en ,en_, : i . n ; n - l ^ ^ T - C i S ^ t t i f f l ^ M 

t<D&\z&^x. n—oo. Ts — 0k?Z>£. 
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V = KP C »+-L/"«dt + T D ' ~ J C5.2) 
Ti a t 

s£ (5.1) . (5.2) liteSSi (X(i^ffidi^S!) OPIDTyun-iJx-Ai-t^ns^. tt-Ctiifcrc^sn-SJ: 

iC (5.1) £v„-i lco^-c*J6-5t 

T "*"' T 
V„-, =KP C e„_, +-f • 2 « , + - f . <«„-, -««- , ) ) (5.3) 

i i , - o As 

t « S o 

S (5.1) - (5 .3) <fc!3 

JV = K P C (<?„- e„_, ) +Ki • ea + KD ( «„ - 2 *„-, + en_2)) (5 .4) 

fflL K, = T s / T , . KD=TD/"Is 

e6oTDDCICfcy53ilJtai(i, a; (5.4)A»&l!flfc>rt1tt«fc-3li:, ffrjan^v.*-?KP . Ki . * L T K b # — 5£tt£>. 

6 > ~ 9 ) 

5 3 M--K9 x 7 •->:*T-A 

D x ^ f i i i , *©«Ê **Fig. iK7fiznz>£.o\z, ummi&ir^ximyktt'ateo* t\nw&>hiim 
Xlt. 7i-at'\?jmt:ri?9»A73mz. iHtimxit. r ^^^^&rro^M^l i l c^ i f e l -S fgmW^gSS 

*iilfln*n-5o C©J:-?lc. DDCK:*jt>TIRft-3{i-t{i. I~x s>* ;ffij T'*5C £#ffi® «&-??£ 5„ 

C C ^ r i T ' l i , Fig. 8 l c ^ f «fc-5K. IBJfeCTr a ^ S p i t * DDC W f A©&|5$l#ffl /<•> i> TvZfm 

S i i ! f t U f f f l L W 5 o r t o / t D D C v ' X 7 - A 0 t ! ] M l i ffl:flffl©3:#^ffi#-efftt*>nS.#£PB(f. S 

Xf, j£&ae^lcffifflSUS4^©©J8P''*.«'7r (Fig.2#!$.) - N O t l l ^ A - F ^ r t t , 4-&ffl-7-^7;i/-x 

f - ^ y (M/S ) ^F ŝa-T^ r -^ -^ r^ - X T - ^ v - r / h P - f J , S.tf4£©lB£S£$!§5. Sic 
( b ^ J f f l l * ^ * - ^ TACM-DJ /•jrif^btM^ntl- 'So - 7 - ^ . T ^ - X r - - y 3 yfi, TAG -NO ItJtfJB 

LT. ^©TAGcAii^T*-^^ ro~ioo«j ©j^ffi-e^^ftictg^-rso 
SltSB.^^©®JJi^ffii LT. T EMERGENCY J H ^ - a T ^ - x f - V s V ^ / h n - ? icftK s n T 

t^T. SJiiBSlctt Fig 2 ©AP#TCV - 1. PCV - 4 l± l"£EfiJ . tiJ7J# PCV - 3. PCV - 5 (i r£§f!J£tt 

Si t iS^^ff iS^LTiai tSn/ io ^ - a . T ; i " ^ - r - ^ a y • n y r n - 7 © 7 a y h ••<•;?. ;u;£- Fig. 9lc^:^-0 

5.4 7 7 h 9 i 7 •VT.T-LK 

7&JS©»(±. «|B±§2KSEKS&<6nT^*«IC20IC^gl |Sn*. lollffSA»6g«affi (-45K) 

*t??^£P$ljai (MODE-I) £frtt?*>©£. #£|]&#ftiSK. ffi?J*-Si[K«iJflnr*£filS!H»CMOEE-n) 

(a) t&mn (MODE- I) 
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|S|B$fcjfe5o 

(a - n ^^affi«um 
fa?g*<*:o^iPJ@S"C. fik#J$-«fc<. ^iP^ffi=£-igito^fcCD|i neck cooler fflft£fl7 >f V T S S . neck coofer 

ii. #«iE<DAnffifl«nai#Tcv- i t . «ai*«ijai-i-8ttja*pcv-3 36»&tt)sE3n*o (Fig.3#jra.). # 
iPJ&ffiftJffllltfc-^TIi, ®*J4APE^7«~SicLT. 1 BSliiliSD®#£Pi§0e ( d 0 / d t ) #&3;£7i$*:t«fc7 

it, cc 3©r&K;&@SfiffiiJ:ifio'y-c^<0 

fitow<(4r-) <«W C5.6) 
at cc 3 

tfu,.: - 1 .5 ( K / h ) (^JpaffiTPHIftStfL) 

0 W - 5 ( K / h ) ( " ±m " ) 

ftipggiS&li. gjtoic r l m$% K> ©ftipzSSU £LT, ftSPfiiJi!:. ftipHffiiTAG© l-^-CsSiSSTAG 

icRje-r5o mm<Dmmmmit. r 1 B ^ I S O ©?$£PzSffij * 6 « » L tz m& a t tx. I o $mc a 1* 
tffiffi£WT^<„ lmr&mz. cc3(o:&mt®&<D&i8.&>oei atzvi&<te'o.i&m&tmL<t£5c t© 
8f&X'. §£/£fI(i??ffiCPUItJ;t}gl/jMlt T6 a J rtftfffi^fiffilciSSsnSo g K t ©ftiPilffili. 10#. 

3 0 # . 6 0 # . 9 0a©B#RSJ*PBT?. i t (5.5) KJtftEL^SflSHrtnT-lfff<3«tt:±TIEfia>&&* *>•£. Cffl^iP 

iiflE*no»Sic*-^-3n«o #£P&ffia*t©±TIHiS£II*ftn;fcB$7 7^A#i§£i,. ^ c i o ^ t t a 
«SSfsn-f. T7-A*j)j?[^3na©5rt#ot|5|BSic. T7-^^^Hu©$tjfflif-^(±?l*3ns„ cc3©fi 
KSiJSHf-^li. ®JM»ffl iLT3 W-^ i "NtB7] sn , -7°D-bx «?>f y ^ ? ^ ? l i i ^ $ n 5 0 

±fE®)f t ( iCPUKJ;oTg®)Wl t» .*n , ®if|@^Sffi ( - 4 5 K ' 3t??££P#SSff 3 n S „ 

(a - 2 ) fiffig J0 O^^fl 

?&tPiBSK*^T«*,ffif i t tC4tt . *tt±8B©fiffi (CC3) iT«©fflffi (0C1) 2 45 # , & « 3 * £ < 

tt£tt^$lc?££p-f£>C<»:T<&6o J0 #*£-#-#*-Si, # ( * & # # 7 ^ SgO&ii^iilfcL. j & f l # 7 * t ! © $ 

fflli:o«*<5©T^lE/SI^-C!a55o # fc l i . JSff i*-^ - i LT. #tt±5i5lt CC3 . T8fiK CC1 ©jftfEft*** 

•). +#££ttSffifEiaT-ft£P£rc*TL-c^<0 Sffi^ j(? li&S-ejEttsnSo 

J 0 = CC1 - CC3 (5.6) 

A 6 (D±mS.it. tf7X&<DtimiCtfLX&£&m.Z>5:%&/iX'lfa2 0 ( K) . TI®ffil*#£P#j33;&#t#.LT 

#J15 ( K ) i f i i t l ^ o 'cSoT4 0 ©SiJ0Bl5ffl«»at©«t-5It/Sao 

0uw < J 0 <0H,gh (5.7) 

0u,„: 15 ( K ) (fiffilTPHIS^ffl) 

flHgh: 20 (K) ( " ±H " ) 

j 8 ©T7 -A&fflli 1 fl-isicfrttfrn. T-7--t.5g^B#(i©jffliiiB©!ttS^ljrit-?r©tiS^ffi^3n-5o 

( b ) SH&Jffl (MODE - H ) 

T MODE-I J ^ b fMODE-HJ ^©iSg&;i»±. v - ^ ^ f i ' a n B x ^ - l - t S . C©flow£Fig. 
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l O K ^ - o Hep T Initial data set J it. DDC it&&£'•<? * -9 £!£5gl . TManual Statfan ( M / S ) 

set J it. T±aiTWiWftfrZ>DDC~-.tn&x.Z>\tit. 7 + atftmVcQM'Wfa. (PVflS) i . IXC ©SWte«• ^ 

§ 2-eaica6'«&nTn*J:5e. *ftrt©&ffi. E2J0^UI (± . feSJffii&ogfcftilffiitlgKi*: 
b- t61 - f i ) - e . rSfn©SM$iJWIi. Vertex Detector £ L T C S a o t t H f c - f i - e - f S ^ f f i - l c f f i g t t fe© 

i ttSo ffeW&ffi. EE-ntt. M18&.T©«fc r> ttfiSTFStHlffl!5n5. 

Pressure =• 4.8 ±0 .02 ( ata ) 

Temperature = 3 .8±0.02 (a ta ) ( = 2 5 . 8 K ) 

fflL la ta = l(kg/em J) abs 

5.5 twfii"7ny-*5A 

DDC v ' X f A O J ; 5 i * M « M ^ t f ; ? r , Data Legging Systemiflr-a-C^'x.St, Fig. 11 ©£•"> f c ^ s n 

So tffl DDC i / X f A • 7 7 I- 7 ^ 7 r DDCS\5 J li, Fig. 12 itjzt&iit. Ji lT©&©/&>£$ r&£n£0 

a ) SCAN MAIN 

b ) DDCBC 

c ) OMOUT 

d ) DDC LISTSIiTAG -NO 

e ) MAN /MACHINE * I *.=•?-•>; a V 

a ) rSCAN MAIN J / o ^ i l i , &A7J7- +^*^'<:*f LT . WfV V ^ J W & I C j g i t e n S * X 

0-e, i a ^ n s t . n-yyj v**Jl}?]cfc^i^}mr-7±a0'A7};e:^-;i' r AIMJ £jgiiL. A / D ( 
Analog to Digital converter ) © K f t * r 7 © f i | ' * ^ - A ^ - 0 ; £ S c * R S o g ^ T T AIMJ ©•? + v^bl t fcHE 

Life TAG © T TAGLIST r l - ' U X j ^ - f e 7 H T M > ' 7 " a ^ j i . T DDCBC J IC t ^ 0 

b ) rDDCBCJI i . 7*p-«2X't;iJ011Ocpffii/j:57°a0'7i.-c;. "FaS©7"a^7^ C l r7*-?Vf f l*>h 

$ j £ , * n S o Cf lb-Zo 0*7 A© General Flow£Fig. 1 3 I C ^ t » 

b - 1 ) INPUT SCALING: AIMItcfcSA?) Raw data CDx-7"- 'J v ^ f f t t ?<, 

b - 2 ) INPUT TREAT : a ) © T SCAN MAIN J - e ^ & S n f c f - * » £ . ^©*^t?( i f^f f l t?S 

tt^ot?. dll-fb^, Root iffijE, 7 ^ ^ ' j y ^ . r 7-A©a«t'©BiJ*o!g
;£:fi1''i:-5o 

b - 3 ) CONTROL: TAG USTT?t&ffiSnfc#Jffl*-KT:. zMSfi ( P V X ' i Measure f|) ©fi*> 

b - 4) CONNECT: ii7.T - ^VM^. 7 < - h ' 7 * 9 - K$iJffllB#ICftk©TAG ~*<D$£&&'rtKoo 

b - 5 ) RATIO/MSCEL : J£$ . H&jfJ'J'I ( PID J*W©iS3?) fcfftt-jo 

b - 6) DATA: ^ffiUft TRENDIBSSt^OtB^J etc o 

© * © i # £ . b - 5 . 6) liffiffi L t ^ t t t ^ , 

c ) r OMOUTj: iti-ftwt-y-?*-?* 
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d ) r DDC LISTjfli TAG - NO J : DDC Ol&Mt ^#t»( i l l i . -f^TCffl I" LIST J epic mft&tl 

Tl>5» JtJMBli. t © TAG - NO rc*frji5-f S LIST (DimfoTgK'&r.Tmm&'ateitzV-C&Zo CO Lio 

TIKlOM&S: Fig. 14© ( a ) It. LISTI#©KH££ ( b ) It^Th, LISTJSlifclT© 4 SI© LISTiftfc&fltJfcS 

d - 1 ) AIM DECODE LIST: T * n ?'AT}* *;>•-•"'© ̂  + * - ^ S ^ f r 6, IS i iA^x-^f f l^EB 

•f ̂ SJIWfcT K ^ ( TAG LISTfflJfesnr K u x ) £}S5£-f S LIST So 

d - 2 ) TAG LIST: COLISTI*. KMam. $ $ ? » « £ * . & TAG IzmGrmmt^ZPi®* B 

i t l ^ 0 £fc FUNCTION LIST S t f CONNECTION LIST©?RftT K l / ^ ^ t ^ n S o * 

A. v • -fa fv A TDDCBC J ii , C© LIST^»|RLT$i]8P£n-'A 3<, 

d - 2 - 1 ) \-T)>Sm. : Root . £SHHk. SffifiliE. 7 < W j y y , x /<y , 7 y - ^ 5 ) A ^ K 

d - 2 - 2 ) JAS3C&9 : fliffiOfilW*- K (PIDXfiPI etc ) , TkV\tt$mo>&mffl&*'nf£io TD 

DCBCJti. C©TAG LlST©f2>£l^£j$fRLTij;#!]-i}-*o 

d - 3 ) FUNCTION LIST : TAG NO lc#(fflL'-C«il3Jsnai-'^r©$iJfflItflffi. iftteflft. PID><? 

* - * . •tf-i'7'y v<7WM. & I 7 7 - A , AUT/MAN ffl$-e - H ? * * U h ' 7 ^ S n t t ' 

•So TDDCBCJli, 7a-fexic3tflELT. Cn&ffl$i]8PtB$B£fcf L<«3iftvL5,. 

d - 4 ) CONNECTION LIST". TAG LIST ©=iW V 5" - T-JgS S n S T V UX#26SB#. ft&OTA 

GRS]<fc£*g&-f S LIST T?* So Cfl$> LIST £fl©-<M X '^ fMt i . S 5 » * - KTTJ&lttSo 

e ) r MAN/MACHINE a S a i < r - - > 3 >J : -gftlCT^-o ^Jfflli/XxAKijl^-C. i l d C f a - f 

IBr7-^©i£^«t*—o cnt>©^<©*|JfflimiS;&. %•%.<»*-zfztfiffi(zl&m.tZ>fcsbtz. x^u-t-x 
•avv-JUli, ± l H S l J W M © ^ ^ i . (&JSP'*7 / -•? ©ATJ^fi&^Oo CO DDC « f i f l i , MODE 

I. niCfc^T. Fig. 2IC^-^-J;9lC4offl^J^u-7°^}#-e, ^ '-Ou^KftjeLfc TAG NO &f to 0 glC 

3 y y - * l i . TAG NO KSftE LfcftlffllfflSS: A 5 - T - ^ 7 7 4 -v ^ S ^ f S c C©BSt±. &*g!?E$& 

fiiS-fe^fll-fc] TPAGE J ^fti-TSIc. 4<rffl$iJfflI/^uyic^I5^-Sf&JfflliS®A^-f ^ D •> ^ I t g ^ s n S o f t J 

ffllBSo^^^J^ Fig. 15 KTfiiTo 

§ a & £ £ % « 

6. 1 $$H$<Z>a£$J&l 

# ! * © # » « & © £ 3 rcffttfenSo *(*rtlcMtg«"x?&i^l.2 ata IC&-^fcttffire. ^&&>&&£P£Ba&U 

*($SflE*JiKi-60 (c) leas t . mmjf*&yk-%ifzicm$itz><, tniz. " , f ^ h£u¥te'ns:>fc© 
S f t f ^ © c p « : ^ f i - t r 7 X # ^ x * s ^ A - r s © ^ K < - f c t o l < : f f t t - 3 fcotSS. C © fp|g cp ( i . ?ttp«r(* 

l t -f Sfcto. * ' xeSS^T^BS^SP«-Mi !&- t5B# l i : (± . #{$ t neck coder J± & ( S ^ L ^ fiffi K tt t). 

L^fcSSiE'ffc©i^Pp[]^Jffi(i, 0 i « c t l > 5 , , H#£P£gSlS&L;fcB$©B#£iJ£t = 0 i - r s i . t =0-C !*f*S 

K 0K!: neck coder fiffi 02 # * l z i - 6 1 ( r ) ffl<h£, #ft88tfl'&x-f vrtfcK J m = m 2 - m i fc'tfiiflnS 

#tz'&®&mmt: ^ f t ^ l C f c t t S / f y f - V i ' + ̂ ^ F i g . 16©C'£<i i t>nSo C C t S . #(&85tffi 

l iH^WK*»6T«^/ , i l .>^ , Jfe©«t-5li:L,T|£*^SSA i&**-'fcS; (3.4) , (3.5) t\mtZ>Zk& 
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T £ S „ ^^®ffllS:fl i=-250 ( O , #£&£*(} a - 4 5 2 (J / g ) , zK$#xffllt&Cp = 14,19 (J / g 

•TC) . Wff lg t fg l t tC^ 1218 x io3 C J / C ) , reck coder © $ § 1 5 C2 = 50.9 x l O M j / C ) , $ £ g j 

^ k2 = 0.1976 ( J / i C - s e c ) (Appendix 4. ( a ) - (f ) #fi?t) i L. Fig. 16T#4!£©«ltia£m2C|. 

= 30k2 (Appendix 4. ( g ) #M) . k, = 72k2 =&<5S1-Si^lfeiBft '~SfcLT^5C i***>*»5B C 

©JflisS; (3.6) . (3 .7) *»& 

<* =4 .11 x 10 "4 (sec-1 ) 

/9 =3.40 x io" 6 (sec-1 ) 

tK&o SfcSftffl^mi ©tS^aHMSTifc?). *©&$-6l (TC) -Z&itzti-Zk. A (3 .3) «fc«3. 

g ' ° ^ - . m : C p
r ( g . - p - ) = - 6 1 (C) 

K2+miCp Cp 

T2&SA>&, 5$ (3.4) , (3.5) ( i f tCJ:? ICttSo 

fli ( t ) = - 2 1 1 . 8 x ( l - — i — ( y j e - " - « « " ' )) - 6 1 (6 .1) 
p ~ & 

62 ( t ) = 0. ( t ) - 6 2 . 1 5 X (<?" ' - e* ) (6 .2) 

c©«fc-3Ksfiflim2Cp , R t f k , ' S r i i ^ f t ^ s - r s c i i c . t o T . fggfct?* <-gcs-e-sc <t#T# SCOT. 

it (3.1). (3.2) i±&%temi&-e&itz£m'>T£i<. c®&ttfrb%Wz*fc<D&mw&r?&z>. S 
(3.13) k£tzmQ}X*&-itztW->-C&^a Fig. 16T(i. IW-fflfctoltk, /k2=72 ;&, LtC, / C 2 =24 

©3f&fciSA,£0 

DDC © r MODE - I J (ca^X, gtfB*fCC3T7-f - K •<"*??£*>#. #f*£r#£|]L/c<!:S ©jf?=&. jg 

ffi60~45 (K) ( - 2 1 3 - - 2 2 8 T C ) ffiaiC-ot^TJK L/c©#Fig. 17 T £ S „ #£Pi§ffi©^5t(± 4 (K/h) 

T . C R T © * - * - KA^SETfifitLTA^J^nyiiSfJWfiJi. CRT±ltg*5MzOff i t i CC3©fiT7F<* 

n . #3tK&< SET {glCi£$LT<.>Se £;&%>;&> S„ CC3 ©®&@^{it2-45.43 (K) « tLTa5S©T. C 

©iaff iKt tSi . CPU ti SET<&£ 45.43 (K) IC{S^^SJ;^ lcLT36S0 L*»L. r&flg^tt tR&TftxJS 

«•. ^KfPBr̂ fj:BJ>*sETjifliciâ -rs0 Fig.n ( a ) ict*. »#pcv-3©#DMfc*£n- t^s# . s 
ETfi£45 (K) fti£J;t>S3«3feto. ?S?ISffi)&$iJffllL«fc-5 tLTl^Sfll? #*>*»*. Cffli^. #ft±T©S 
E f J « ©tlFSM(i25 ( K ) «-#x.Tl->fc*i. H ^ t e ^ 20( K) T » 9 . § ^ { f i $ 5 H f t T » S £ ; r i T ^ S C 

i f c ^ ^ S o d C ^ ^ f c F i g . 17( b ) ( C ^ ^ n T ^ S o C ® t S © PID ©fili(^0<fc-3 ic LT*J6 ?>n/Co i t 

(3.15) I c ^ n T c J ^ I C . #ftffl£f&l±2&Jlnlgf£T26Sj!)>£. Bode 8SUg©ft*Btti8S!#- 180°,»:£*>S 

§r(i«^^. .miĉ ia-rsRjf©ftMifê a)o = 2 (h_1) ^fcoTeg^ftHjS^icffls-rstfflt-rnii*. ^Scjs 
8) .9> 

fl©ia^lJ:*tJE-#"S<i Tc« . T c = » ( h ) trz2>0 C n>&> t> Ziegler -Nichols ©ISg^ffi&Kltt £ o T . C© 

mm%<Dmfii%ffl Ti. st^BtBg TD©igii<i£ L T . 

TI = 0.5 Tc = 1.57 ( h ) 

TD = 0.125 TC = 0.393 (h ) 

5 i | 5 . btWSffiti, f < ZWiiXbm^ (.&UU&W t^jCtX. ^l^l^fiKp =14 .65 . Ji>-7"«>rM 

>K = 31.8 (Appendix 1 #M) • ^vf V vV8iW\\$, Ts = 99(sec ) tLfco 
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tuafittsa^sfcj&ic. ?mm®frt, piDffl»*itttLfc©A*Ffei8-ea6a. morale, ftftfo&si 
ffciJffpic-^T^tt&JSilitt^Ai. lOft&lcPggfctfclt&Tll-S (ftSP-fS) SETfiftlcjtfLT. P i&Jfflliifitt-Od 

( K ) ©*7-fev h i**So CniCS^LT. PlD©jeBWSETtt©SStp/C.»ICPV<ft*<»ffiLTI.>5Ct*i*)*> 

S c PIDiti]3PfflJfi£, S; (3 .16) A>&*7-te? h ^ i t J ^ S i . 4 ( K / h ) X T , / K = 0 . 2 ( K ) t t t S . 

6.2 'g&mmox&m.. Eftipja 
S^TJiB«c^f«i:*(TS*^©BSjeii!{i. fiffifcBgLT^ (4.4) I t ^ 5 n r t. > S # . £E7jlcBCLTi>^<(5l^-c'-. 

l ^ n o J S ^ f c . gas cooler iJfcttlHfflafrtf ©jSESP? k 5 ^ 7 ^ - * £ L. #8jt©8!tfit q„ . Xfi q0£«fc 

-3T^ f tLT l -»S©AWiar«5o t C T I i S (4.4) Kffil L. l ^ i t t & i r S C i i c j ; o T H f t i t t S s S : 

(4 .1) ©SMSft^&M-f S„ 3-f k*HS*WK:#«>S;fctf>IC. &©«fcolcLT R V T ^ -V + ̂ I 5 S J £•*& 

fc, t r x h y % - f f i @ | 2 . 6 ( s e c ) . X h n - ^ 2 7 . 6 ( mm) -e>SiggS!lf̂ 3-fr, fiffii3Si5gKj# PCV - 3 

©#B§SE30^£Lfc£# , #<*»*. SffiVPT = 2.6 ( a t a ) ( = 2 4 K ) . E7JPIA = 4.8 ( ata ) "CStt 

VmiZ&iteo & I ^ P C V - 3 © # 8 f l f f i * 2 1 . 4 0fc*f i *7 , t t fc§HlSfc iS . VPTtt«flfflt*KFig.l9K* 

•fJ:-3fc£<tL;fc. COSE<tA*SC (6.3) - e a t ) « n % t ) O i - r S t . «*J£» T = 3. 24 ( h ) fcjfctS. 

<* I? ( t ) = J 0- ( 1 -<? '"*) (6 .3) 

d 6 ( t ) : ffiffilEft 

d 0- : t =°°-e©r&ffi2Efl: 

J^-ft;7jc-^^^Cr*ft:. Kttfneck coder ©IfegStt. ItWicJ:*) C = 3 8 8 ( k J / K ) (Appendix 4. ( h ) 

# H ) £ « • ) . # PCV - 3 CD^Baffi 21.4 5Klc5t*l5-rs?^«SEcD«£ffl«. HfflJcfcQ qN= 2. 22 (kg / h ) . £/= 

- f V f r V + ̂ JES©!?®]«t 0. T = 3.24 ( h ) t ttS ffl-e, S: ( 4.4 ) J6» & k = 88.1 ( kj / K* h ) £ i i S „ 

•s-cea; (4.3) (*#;©«£-5K:^*33ns„ 

* C t ) - * + ^ . - n w h ^ U a n - ^ ) O (6.4) 

* (4.4) . (6.4) J:OttHCLfcNfSai. # PCV - 3<&#&8ffi* = 26 .5# (Cv=0.05) *»&.* = 0 9f 

(Cv=0.02) . R t f* =23 .5 8 (Cv= 0.045) *>»&*= 100 8 ( C v = 0 . 6 3 ) It. * r v7tf.lZ$lik$-& 

fc£§©fiffiffl8&A>&#tt;fcB^#£Fig. 20Kjjra-. * = 100#©ifi£(i , SffifflHocX ®#]©g|$# A>t> 

*»fcfe©T-. t-<' i iS]«^^7i^iS©**T-neck cooler j&>&atHJ-fS«fc-5 K « 0 . 5S£ li&*3tt< ttSo C C 

T\ ^<S«Efk^qN©<!:Sfflt •=«>-£•• ©#ftfiffi 0'li. 5S; (4.1) J; 0 

k ( 0 P - 0 ' ) - qN ( A -A, ) +Qi = 0 

ittSffl-C. 

(A - A , ) . kgf + Q, , . 
0 = ^ qs + — £ (6.5) 

fcitSo Appendix 3 I E T J ^ J ; ? ft, gas coder ©i&Ktitfp = 27.1 (K) ( - 4 . 8 ata ) T £ ?). SA8U* Qi = 

522 (kj / h ) < t # » £ n S © T * . ( A-Ai ) {i—3ETT. ( A -Aj) = 267(kJ / k g ) £ « 9 . 

0' = 159.9 -^-qn+33.0 
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= - 3 . 0 3 qN+33.0 (6 .6 ) 

{flL , = 52.9 (kg / h ) 

* ® 5 o CCDJC%|®»tlt«L*:0!6*Pig. 21-C^fitlcfi<-HKLTt^5o fflLfl'li. neck cooler AP©#<&!& 

ffl22.0(K) £<0TZCkim<.\ Ztz, 5£ (6 .6) ©£JEIi—3?t?*£*»&. #t!£8tEt£fcf-#-S&ffi©y>f V 

KSS-fSfflBEoy-f y**i6T*J<0**ffifiJ-CiB«o #$m.*x96 (E2»»3JT0.2 ~ l.Ojtf) t - T S i . q ^ 

!7Cv<h LTy-f xKol i 

_ dO- _ dff dg 
d^ dq d* 

= ( - 159.9 x—) • (4.31qN) 
V 

= - 6 8 9 C v " (6 .7) 

£t t»3. fjyfcK-ft Fg. 22©«fc-3ir«So IwPl t l i . Fig. 2 4 O f -*;6'b&tbfc AO'/Ax ©H&ftlL'c 

3Eit»o*(0«ff l ( i^Ba. XI±&ratttDPID*i]ffll©IEE£iB*.TL4So E T F f c t o J ^ t t TON J . TOFFJ 

$fjffliB#itfcy-5 :̂{*©Sffiig'fb©3l̂ Ĵ ±y'', -5-n îC (6.4) c i i ^ t ^ s c i ^ s t . TCOI 

©PID!££{ffl£:Kp= 14.65. Ki = KD= 0.5 (Ti = 4sec , TD= 1 sec . Ts=2sec ) tltztgtc, fiffi 

iftjeffi* 3.26 (ata) (=25.1 K) 4>6 3.76 ( ata ) (= 25.8 K ) i ^ S i . # PCV - 3 ( i ia^^MilHla# 

i e £ M £ t t ! J . fil5»B8W:£B8©**T?. * © » . S » f c £ B B £ a « . £lfll$®afflffifb*Jirf Ort* Fig. 23T? 

&Z>o ##£G3ffi£S(± qN=33.3 ( k g / h ) T?£•£*>£>. Fig. 2 1 ;&> ^fcfr-S J: o IC fl' (i neck cooler AD 

-e©&4J£ffiffilcia<tt50 » '=22 .6 (K) £«fc5£LT, 5t (6.4) ^b;J<«)/ct}J]|Sfo Fig. 23 IC=<LT;&£#, 

H®i<h ©-&!*&<< ^ Fig. 24"c-(±. KP= 14.65. Ki = 0.25. KD= 1 ( T I = 8SBC . TD=2sec . Ts=2sec) 

T\ 3.26 ( a t a ) (=25 .1 K) *>&3.76 ( a t a ) (=25 .8 K) I c i m ^ £ £ E L r . : £ § . # a * - G £ £ B a L 

fcftProSHMfllBfcAO. 3.76 (a t a ) (=25 .8 K) (CiStiXfflrp. tt^TKJES-3.76 (ata ) *>t>3.26 ( 

a t a ) I c M L j t i S . # # £ B g . £Efl©ffe. PID $iJ^(C«t £ 3. 26 ( ata ) l t ^ t t < £ H ^ f c | c E £ u S o PID 

«!lSPIcAofciaQ:-a:59TT?j±. H K f i K g B l l i + » / h 3 <. i B e t t ± T f « S S t t e i l » # t L * » » b n r ^ t t 

f o ^SlESffift (VPT) © t l ^ i c j c ^ r , # f t f i f f i ( i±0 .02 (K) ©fallrt-TfiftjeffiiegcJElcftJffil 5 n x ^ 

StchjMbifrofc. E^SOaKiaLTfc . t t t5Z{i f i f f i» i :£< |a] LJ-CJB«0"C@IS1-So 

§ 7. IS It 

DDC ^ X T A £ $ A * a e : £ K J : ^ T f § f c - # © i F i J j S l » i . ftSUHRStp. ^ « K * @ B W K 3 V I - D - * ^ 

£ £ # " £ § * : £ <ht?&50 C©fl&K. 2Nfc-tT©fiffig£—Src&-3«fc'5rc. ftJPJiffiS-3 V h- • -jiff ZJjfe 

&%;x.Z>n, Appendix 2\Zjfiir£?r£&tit>t£$n'Cgtz&. ^fP^*V,£<||®|-e§yS!6>-ofco 

S€«IJ8|ICo^TI±. $ * © T : > - a </$ij®l£!§]#«£. jaffiKol->TW±0.02(K) . ffi^JICo^T h± 0.02 
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<.->#. $®<mLtzWi^'f<< vTfij. ia«EJ5SB#ic TONJ . roFFj Mst/so-cL*^. piD^aiorsijffli 
ttj ico^xiilfti;se:44*Ts«i:^. TONJ, roFF J siaiKo^Tii. @&$#o££*£ft>&$&ns 

DIKSffi&Jgllcj: &&&!£»:, » 1 iSIBI?f tt*>n. tOffllc r P - P R E J © ? R (*RWfflHK»^E 

62) #aji&LT. LA»fcSS»C«i^3nA:o DDCfflxX hASffttfrnft: 1981 f£®5 E *>& 7£ oaliSoaMffit. 

KEK 1 m *^rSfalCho-Cffl&Oii*ET:fe*o^:0 C f f l r X h f i b n M S , gg&<fcfi£JH£. KEKl m 

7k*faffio^a»ciS»ffiA»-j-e: tI±T?S a ^ t LTt>. flh®filB*>ffifitt8^a>JSJBKfiHftWfcKsrcseta* 

Ut)0ic. #W5£££ffiLTT3ofcajl|iJr&. WKaffi. ©*£«•. ftflg (32-) «Slcj?<fflltt.* L±tf f 
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Appendix 1 

•fcWm&Wf'i V ko 14, i£ ( 3 . 1 4) &<0 

k o = - _1_ 
A. m Cp 

m2 Cp mi C p 
+ m2 Cp v ' Cp ' k 2 + m , C p V ' Cp J 

tikiStlZo 5t (3.3) (4, teifcoaiEiaa* m, © £ # © ¥ « & f f i - 6 1 CO T * 5 A » 6 , 

mi Cp 

k 2 + m , Cp ( " ' ~ C p " ) _ " 6 1 

T & 9 , l o t 0, = - 2 5 0 C O , a = 4 5 2 ( J / g ) . Cp= 14.19 ( J /g . t ; ) i ^ S i 

miCp = 0.276 k2 

zfmCp = 30k2 - 0.276k2 - 29.7k2 

4 t t 4 . —#8teffi m 2 C p = 30k2 © £ # © j i , » t t © s p » f f l f f i £ . ± 3 E 0 , , a , Cp fctt-aTtttM-Si 

m2 Cp 
( f l i - T r - ) = - 2 7 3 CO 

k2 -Hn2Cp v Cp 

i a 4 4 > 6 , * (3. 1 4 ) ©StUc-*-.5iJ?li#8&©«f3SHb JmCp iett^5##©Sffi8?{fc J* . t f t t fc t 

*(*@Woy-f y i / j l j , k2 = 0.1976 ( J / K • sec) (Appendix 4 ( O #Jf.) «t»? 

k0 = 
A 8 i—• ( - 2 7 3 + 6 1 ) = - ^ - = 10.03 X 10"3 ( ° ) 

A mCp 29.7 k2 v — - / k 2 

- ?**„ CC-eff l l ' t , CC -i?ftflaft©y< y KT (4 - 6 1 (°C) fi-jffi-ei4 

' J / C - h 

KT = 32.7 x 10"3 ( m V / "C ) 

-e&So £fc mv gg&ggoy-f >- Kmv , £«ggftn©y'f v KEP (*, -et ien 

Km V=1.44 ( m A / m V ) 

Ki 
kg /cm ! 

, = 0 . 0 5 0 0 ( K g /
A

c m ) 
v mA ' 

T"&<5„ # P C V-3 ©#1#tt (4 3 - * A ' - f e y h ) *>t>, #SSffi*(0.2~ 1.0 ( k ^ ) ) £#© Cv 

©Raotstfeji. d (Cv)/dx =4 .3 ic v ©««**** ) , »«t©«am** c v fiicjtfj^-siigs-rsi^ 

dQnCp) 
d x 

4. 31 mCp 

<h tt-5.'3\ m 2 C p = 3 0 k a ZKAtZt, '•Ouy'tDYJ v KCv 14, ifcO&ttfiftlCttS. 
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K„.-JtaQd_„„„_„„,,„. (-JggiL, 

$fflL/= CPUoy-fv Kp It, 

Kp = 14.65 

*: o tzoTitmrnmio^^cDJu- -r<D—m&mmwt, 

G ( 4 ) = - K T « KmV « K P - K E P - K cv ' (1 + T W ) ( l+T>-s) 

3 L 8 ( l + 0.6765) ( 1+81 .7* ) ( A " ° 

i « S 0 tztcL, Ta = - 4 " = 0.676h , T> = - 4 - = 81.7h T & S o (6. 1 fljJ#JS) 

S ( A . l ) OBode *SE]£ Fig. A. 1 IC^-Tc 

Appendix 2 

L - C ^ C ^ i f - ' S i , neck cooler JP-&nfCfit-''^CC3 (Dfiffili, CC 1 l t i t /<T-f o<fcffi< «<3, ftipfiffi 

g J0 = 0 , - 0 2 <D±£-&tf?g.1Sy xoS^iLti 'LffPa'ilSlcnilSo 

at ,fl 
ftifl+fHmit 40 ©«H*iH;tTL4"3:i3*n;&<*5©-e. - ^ ' £*»tt»)t>!M.BK:a^*i*»tftfftH:tt 

at ,fl 

dt 

* * • , 40 = 0 , - 02 * t t » T ? * J 6 S i , SC (3. 9) rf»S 

40 ( t ) = C-i/ ma Cp _ imCp \ / _ a _ \ <tp I t _ / t \ 
U ; k A k i + m C p k 2 + m i C p M f f ' C p / f - t f V * C / 

S (6. 2) SfgfflLT 

C1 / m z C p m 1Cp \(a a \ ap _ _ f i 9 c / r - v 
k A k , + m,Cp k i + n n C p A " Cp) p-cc <>*&^; 

T*5ri»&, 40 ©*£?<* Fig. A. 2 ©.fc-plCttSo 

— 1 6 -



F (s) t-r&t 

do (D = X " ' [ F Q )
 J™Cp ] 

s 

= Ci / m2 Cp __ miCp \ / a \ cc p 
k A k 2 + m 2 C p k2 + m i C p A Cp/ 0 - t f * 

x ( - ^ + 1 \ * 
V 1+ T a * 1+ 1 > s / 5 

v s ; J m C p ki Vk2 + m2Cp k2 + m,Cp/V CpJ p-<£ 

x / _ ! L__\ 
\ l + Ta-5 l+Tf-S / 

= k o U + T S . J ~ 1 + T > 5 J 

k o = ~ * 
. ._C_i ( m2Cp miCp V a \ tf/? 

4mCp ki \ kz+m2Cp k 2 +m-iCpA ' Cp Ip - a 

ttiZo -ftiy^m F ig . A . 3 ICfct^T, J mCp = 29.7k2 = 21.14 X 10"3 ( J / ° c . h ) (Appendix 1 

k 0 = _ 6 ^ 5 _ = . 6 * 5 = 6 2.5 (°C) 3 / _ J L _ ^ 
JmCp m2Cp-m,Cp 21.14 x 103 (J/°Oh) M / O h ' 

KT = 32. 7 x 10"3 (mV/°C) 

KmV= 1. 44 ( m A / m V ) 

KP = KP ( m A / m A ) 

K E P = 0. 05 (K0/dD / ( m A ) 

Kcv= 92. 0 x 103 (J /°C • h V ( K p / a f i 

K=KT 'Kmv'Kp'KEP 'Kcv'ko = 0. 639 Kp 

t-fzt c P u *^tr—jseaBaa G ( O tt&w.fcsicas,, 
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G C, ) =o.639Kp-( lTl-77- TTT7T7 X 1 + T^7 + TD* ' ) 

Ztz*T-;7Atl A© set lzMtZM®m$& A®h) ItfroJiUzUZ 

A(BHs) = _ G _ k i _ . i _ 
A© set 1+GU) "s 

cct^aiaiB-ett, aaEttaaSKjt-s-cS&frtt^o-e, flPiK £©»&©#&£&*£&, &mY4v 

Ttf = 0.676(h), T , = 81.7(h) t i t 

Ti = 1(h) ~Cit 

A0{t) _ p-l( A®[s) 
dOset 

= <£-"(7§^]=a98Cl-a68c"0-<9 ,-0-32^M ' ] 

T t = 0.5(h) r-it 

•= 0.991 + 1.073e"1,m sin (0.65 t + </>) 
A0 (t ) _ „ „ „ , , , „„„ -1.221 

Ad set 

4> = - 112.6' 

Ti = 0.1(h) TT-li 

= 1.00 + 1.00* " " " sin ( 2.8t + <t> ) Jllll 1 nn J. i nn.-l!ll 

J0set 

* = - 95.6 ° 

£ « • ? , Fig . A. 4 © J : ^ i c t t 5 . Sff i*#©?&aici i , Ti = 0.1(h) ©WiW»SlWe*So 

Appendix 3 

j a 

C J Y = k (flp - ( ? ) - q„« ( A - f t » ) + Q , = 0 

"Cab-So #:*:<££ k = 88.1 ( A J / K . h > "?*t>, <?p = 27.1(K) (4.8ata) Tab-So Q: <* T&ffirtT^SMlc 

S6£*4j». ta*>-6ffl»KJ:-3T3!f9x3SJ;»)A-9T*5«l«*ll&20(«f)* I B S ' £*§£ '£© Carnot Cycle ic 
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•fc4*l!MI&125{W)T?&W-Qi =145(W)= 522 (AJ A ) i M i i ^ t l S o fflflr, f a i g ^ S l i T K ^ E f f i t S i ^ k S 

^^foT^Sfi6^ffl^^aORrrT-i3I$ELr*l9, *©tH#tt:*:{*250{W)T?*S,, £ f t £ 2 # L T neck cooler 

<h gas cooler icffiffl LTVSo j£oTC©C£r i> t . Carnot Cycle lc,fcS£&fflJi,a£-3W--S£ t &UH*S 

JH B«B-EE&Se.*£©?&*&rt©m IH^jBfls, i^ft«>S PVitttti6»&fi8*ttie4>«:©gK©li»<»Sivc 

CCT, # P C V - 3 ©#BBffix icfcHSLfc Cv f i f i l c . k^ r t* ^?#ftK®fitcia q =77 Cv (7 f*5£&) 

t, *oaEfflT?¥«icaLfcaas, xtt¥»»ca*s<fcffi£aft5^0*3s«tfiw>s»&<.\ ±sicAnrA-
A, * * & 5 i Table A. 1 i t t O , A -ft,- li— 5 £ i t t 3 „ # l c , S^ lcaf f i spf f i l caLfcCi* ffllSlLfcfc 

© (*EP) 3ft»6*»fc«[lifi<-ScLT*5»). * o ¥ ^ f f l » 2 6 7 ( * J / ' * g ) - e * S o S » ! ? = q / ' C v tt, 

x - 21. 4(SB) , Cv -0.042 © £ £ M £ L fctt&OflftLl q = 2.22 (Ag/li) * / f l l 'T 5 = 52. 9 U g / h ) £ 

Xf i l lCxE^fc t t J i 'C^Ai^arJ i l i a i - rS i , #ttt-<i Fig. A. 5 ICi3t>X, 0, _h© enthalpy A.. (D&V 

mXt, fiffi5o±Ao ©^T?gEtB1-So #J«ffl7jfcHI;W><, neck cooler £®5ligic3c£IC&£ft;Sft. &!£ 

#©7gf i#x-f t£ t i , $&ic* 'x ( i , fafa*f*©fflffii|Hlt;i&ffilcttoTSEHi1-Sfcrat-rSo ft&fflflEffi**, 

qo t? iPaittJg»C*-,fcfc©iU ^•X^.y^ t t l tS tH^- q . * ^ q ' l C i £ { b L f c i ^ 5 t , neck cooler 'N 

A - S # $ © enthalpy It, * f t l t # - ? T hi0 frl> A,'»c^«3, Sfcjffitttfx© enthalpy &${*Sffi©<£T 

i i f c lCA ri>£T<3, -P^T A' ICttoTSZJ^PWfcJS-f*. 3" q» A>6> q' ICgg-ftLT^, B#fig t £ig*:B$ 

C d~t = k ( Bv~6 )~q'(h - * » ' ) + Q « 

k O P - 0 ' ) + ( 0 ' - 0 ) - q ' ( A - A ' ) + ( A ' -A,-') • + Q i 

ft&oAniSffifl, litcJfl&ffiric-jgrtfifflLTuso-p, ["0 - s J »H*»6 re -A J © w ^ a r * * 
<fcfc©B80fo&**s. 

0 - 0 ' = 0.0702 (A - A 0 

££lcT-iU.£ -j-f = OTIi, 8r©«fc-5ic/x5 d t 

k ( 0 P - 0 ' ) - q ' ( A ' - A , ' ) + Q, = 0 

£1±©3S:A»&, A-A' , A ' - A , ' £ f g £ - f 5 £ 

£ t t £ c 
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Appendix 4 

( a ) neck cooler An®s£»Eri>£>, #4&©&BM22 - 2 3 (K) TabSOTr, d> = -250 (°C) t L 

(b ) - 252.8 CC) T- a = 107.8 (cal /g) = 452 ( J / g ) 13) i««0 

(c) 0°C, 1 atmT?Cp = 14.191 ( J /g°C) , 2 H ^ » ? T ? l i - S K l c 4 . * Dtftff Lttl^CQT:-, C©fjfi£ft 

( d ) #ft©&Sffi<±, ffi^S^-ei-Sx^yuxgU^iA'^xcDSB^tlc^^r^-^-So x ^ u x S B t f 

© 1 1 = 2236 (£g) T-, ik«i= 0.11 (cal/g-"C) = 0.462 (J/g'°C) ( 18 Cr 8Ni , 20 °C) I4), 

J£*t=0.10 (cal/g-k) ( * - ^ x ^ - ^ h ^ x x X U x 2 0 0 K ) I9 (SMlcLr, A'7 x ( B K - 7 ) 

SJ5^CDf*ia= 109.6 x 103 (cm3), Jtffl= 2.53, J t&= 0.67 (J/g«K) ( 1 0 - 5 0 °C) . {SL, ? 

vivify *<D5-'-f$:pmifz13)
0 J±&= 0.132 (cai/g'K) =0.55 (J /g«K) (200 K, '*<< \*-»j 

> * ) * 

( e ) nmt- neck cooler O j » « a « , JBlT©fllfi8S**>€»*i6 6*18. 

x ^ v u ^ S i J ^ O S f i ^ , i*gf= 11.80 x 103 (cm3) , itffi= 7.82 ( 18Cr 8 N i , 20°C)14), m^>9i 

OKiSli. Hft=21.8 (kg), J£&=0.0915 (cal/g°C) = 0.384 ( J / g ° C ) (20°C) , M ) J t&= 

0.380 (J /g 'K) (0.°C) I 3 ; J t ^ = 0 . 3 5 (J/g«K) (200K),16) J t&= 0.350 (J /g 'K) (200 

K) 2 0 , itM= 0. 0854 (cal / g 'BO = 0.359 ( J /g «K) ( 200 K> ffi) 

(f ) fSlB*(*raSE^ 20 (10 , top plate j&ffi£ 273 (K) £ U BfcA&ffi 50 (W) t L T l t » ^ 5 

(Reference 5) #fl3) i , 

k ; =273(K)°-W20(K) - ^ " ( J / K - e c ) 

(g) m2Cp= 3 0 * 2 ^ 6 rre = 0.418 ( g / s e c ) , ^ipttffi-efi 16.7 (N M 3 /h) i t t - 5 . 

(h ) ( d ) <h|5]$lcL-C, *x^U<xg|$#©ft&= 2328 U g ) , Jt*fc=0.004 ( ca l / g 'K) = 0.017 

0 / g ' K ) 1 5 ) , a ^ K o K T U , Hf i= 21.8 (*g), J t&= 0.016 ( J / g ' K ) (25K)1? lt.%= 

0.015 ( J / g ' K ) ( -250 "C)13? # 7 x§!$#»£ o ^ T f i , K S = 2 7 7 ( * g ) , Jt i»= 0.027 ( J / g ' K ) 

(20 K. ffiL'M U y ? x -ffy^CDy-'-f) 16? Jtjfe= 0.0055 (cal /g 'K) = 0.023 ( J / g • K ) (20 

K ) 2 2 ^ * * ) , * f l3k*lco l>Tt t , # » = 4 2 0 ( < ) , 8ffi= 0.0646 (g/cm3) (25K, ISftttffl)1? 

i t$ i= 2.991 ( c a l / g ' K ) = 12.53 ( J / g - K) ( 2 5 K , gafattJS) 19)*>S>, {£fi-£©?frfS#{£© & 
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Figure Captions 

Fig. 1 Cross-sectional view of the bubble chamber. 

Fig. 2 Cooling loops for the DDC of the bubble chamber. 

Fig. 3 Cooling model of the chamber. 

Fig. 4 Control loop for the chamber cooling. 

Fig. 5 Model for a constant operation. 

Fig. 6 Overview of the computer system. 

Fig. 7 Conceptional diagram of the DDC. 

Fig. 8 Actual DDC diagram. 

Fig. 9 Photograph of the Manual Station (M/S) controller. 

Fig. 10 Flow-chart of the MODE-I & II. 

Fig. 11 DDC software system. 

Fig. 12 Diagram of the DDCSYS. 

Fig. 13 General flow-chart of the main control program DDCBC 

A symbol mark (r I) shows subroutine program; flows 

shown by dotted lines are not used in our system. 

Fig. 14 Correlation in LIST connection: 

(a) i-th TAG connection in LIST, 

(b) allocation of LIST group. 

Fig. 15 Typical hard-copy output from the CLM-3 in a cooling process. 

Fig. 16 Indicial response for the chamber cooling. 

Dotted lines show the results of the calculation, and solid 

ones experimental data. T is the time when (den/dt) has 
max i. 

the maximum and also at that time the difference (9-,-6,) nas 

the maximum. 

Fig. 17 Cooling of the bubble chamber in the MODE-I: 

(a) a cooling curve and corresponding valve opening, 

(b) temperature difference AQ between the lower (CCl) and the 

upper (CC3) thermo-couples of the chamber, and cooling rate. 
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Fig. 18 Difference between P control and PID control in the MODE-I. 

Fig. 19 Temperature indicial response in a constant operation. 

Fig. 20 Time constant T as a function of C value. 
v 

The figure also shows the correspondence between C and x 

(valve opening). 

Fig. 21 Equilibrium temperature of the bubble chamber versus amount 

of coolant flow. 

Fig. 22 Bubble chamber gain Kn versus C value of the valve PCV-3. 

Fig. 23 Temperature indicial response when the valve PCV-3 goes to 

full-open. 

Fig. 24 Examples of step response in the MODE-II temperature control. 

Fig. A.l Bode diagram of a round transfer function of the bubble chamber 

in cooling process. 

Fig. A.2 Time dependence of temperature difference A9 between the 

thermo-couples CC1 and CC3. 

Fig. A.3 Block diagram for the temperature difference control. 

Fig. A.4 Transient reponses in the temperature difference control 

for various values of the integral time T^. 

Fig. A.5 Temperature-Entropy diagram of hydrogen. 
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Table 1. Principal parameters for the KEK 1 m bubble chamber 

Body 

Material 
Expansion volume 
visible volume 
Inner diameter 
Inner depth 

Modified CK-20 (3.8% Mn stainless steel) 
430 I 
280 £ 
90 cm at front side and 105 cm at rear side 
38 cm 

2. Window glass 

Material 
Dimension 

Refractive index 

BK-7 optical glass 
92 cm front side and 100 cm rear side 
diameter, and 14.5 cm thickness 
1.516 

3. Cooling system 

Hydrogen liquefier 
Reservoir tank 
Cooling loop 

Simple Linde type, 60 £/hr 
4000 I volume 
Three cooling loops: a neck-cooler loop, 
a piston-cooler loop and a gas-cooler loop 

4. Hydraulic expansion system 

Cold piston 

Maximum stroke 
Stroke for 1% expansion 
Maximum piston velocity 
Expansion cycle time 

SUS316L stainless steel with Teflon piston 
ring of 45 cm diameter 
5 cm 
2.7 cm 
4 m/sec 
35 msec 

5. Optics 

Illumination 
Lens 

Camera 

Bright field type using Scotchlite SPR-1042 
Focal length and opening of 54.95 mm/8, field 
angle of 60 degrees and magnification of 1/27 
Three-eyed pulse-drive camera 

6. Magnet 

Central maximum field 
Maximum current 
Stored energy 
Power dissipation 
Magnet yoke 
Coil 
Coil gap 

18 kG 
6500 A 
5.3 MJ 
2.2 MW 
Iron SM41C of about 100 t 
Copper of about 15 t 
70 cm wide x 104 cm x 84 cm 



Fig. 1 Cross-sectional view of the bubble chamber 

(1) chamber body 

(2) neck cooler 

(3) gas cooler 

(4) vacuum tank 

(5) cold piston 

(6) viewing window 

(7) camera extension shield 

(8) cold valve 

(9) main coil 

(10) auxiliary coil 

(11) magnet yoke 

(12) carrier for front block of yoke 

(13) carrier for rear block of yoke 

(14) cameras and its panel 

(15) movable stage for camera panel 

(16) stage 

(17) actuator of hydraulic expander 

(18) servo valves 



Actuator 

PC04 Top plate 
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Gas cooler P C V - 5 
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# T Top plate 
/ S / / S / / S / S S / S / S S 

Fig. 3 
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/ / / / / / 

mV converter TAG:TR0 3 Electric to pressure 
converter 
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Fig. 4 
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Top plate 
/ / / / / / / / / / / S / / / / / / 

Gas cooler 

4X1 
PCV-5 

Neck cooler 

S 
PCV-3 

'N 

Fig. 5 

CPU 

(YODIC 100) 

A 

V 

c 

System I/O 

7\ 

V 

AIM 

A 

V 

DIM 

Process bus 
A 

V 

DOM 

7\ 

5Z 
ACM-D, 

7Y 

<^CLM-3> 

A 

V 

PTW 

^> 

AIM '. Analog input module 

DIM : Digital input module 

DOM: Digital output module 

ACM-D '. Analog output module 

C L M - 3 ! Operators console S data display 

PTW : Process type wri ter 

Fig. 6 
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55— 

(^) ". Pressure converter P/E'. Pressure to electric converter 

r^j I Control valve E/P! Electric to pressure converter 

Process line AIM: Analog input module 

Electrical line ACM-D! Analog output module 

Pressure line S '. Set value 

Fig. 7 

M/S 

5 0 i i fa2~i.ov 

0.2~ 1.0 Kg/cm* 

EMERGENCY 

DDC 
—M^:—iMvVok o Analog 
NO ' ' ' 9 

-IS 

A / D l Analog to Digital converter 

D/A : Digi ta l to Analog converter 

M /S '. Manual Station 

I . I I Input Indicator 

O . I '. Output Indicator 

MPLX: Multiplexer F i g . 8 

AS ! Air supply 

NC : Normal close 

NO : Normal open 

MV '. Magnetic valve 

RC : Record controller 

— 29 — 



Uttfe.^SSfc^Efefe. 

HI >i'SSS S-i-l 
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„l 

i 
i 
i 
i 

1 
1 
1 

A I M 

H h ~ 

READ/WRITE 
— 1 > 

— 1 > 
LOGSYS £---"--$ 

r 
DDCSYS 

GET/PUT 

Perlpr oral 

PRINT 

OPERATORS 
CONSOLE 

PROCESS I /O 
MODULE 

PROCESS 

A C M - D 
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Table A . l Enthalpy of coolant d i ss ipated through the neck cooler and 

charac ter i s t i c s of the control valve PCV-3 
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