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HXTICHAttiCL PtiLCG TO DIGITAL CCJIVEPTER WD P-EAOOUT STSTEH FOP. THE TIH£ PROJECTION CHAM2EB-

HlchacJ R. Halcr, Stanley fl. Qljon, Htcftlyukl fiakisrun jnd Frederick 5. Gculding 

Abstract 

The Tli^e Project ion Charier (TPC) project in 
volves the cha rac t e r i za t i on of s ignals a r r iv ing a t 
approximately 20.GGO sepa ra t e de tec tor wires and pad 
e l e c t r o n s . Tr.e c h a r a c t e r i z a t i o n require;: r e a s u r e -
nent of the signal a r p l i t u C t s in 100 ns t i r e s l i c e s 
over a to t a l t i r e of 20 ^s fUie to t a l char ter d r i f t 
t i r e ) . Chargt Coupled devices (CCD'si ere useo to 
s t o r e an tr.sge = f t n e 2Q ^s span of s ignals and the 
(cage is ~p!ay*-3 fc-jct" a t a ! c r a t e (50 ;.» ti.-<e 
s l i c e s , i . e . , a tie*; e/pansiGn of 5 0 3 : l j . D ig i t i za 
t ion of the 23,000 p a r a l l e l s ignals a t the output 
of the CCD's - u s t the re fo re be accomplished 'u 50 _s 
and readout of d i g i t a l data into the co-^uter system 
r*jst also be acccrrplished in tn i s tune, Many zeros 
occur in the da ta , a f a c t whicn r.-ojeet t«e cata 
handling ds^sands en the ••FddO'jt ' .y ' . te^. Sut d'aes nat 
reduce th t s tr i r .^tr- t re^^i r ^ r . - . ; v. *re Gigit*.zer. 
Tfierefore, the r t ' j u i r e - w . s an t re d i g i t i z e r are 
highl ightec by the need for low cos t , leu power con
sumption end by the need to perforn S-bit d i g i t i z i n g 
in l ess than 50 „ s . F u r t n e r r a r e , a double buffer ing 
schere cu/sr t e use-a to permit in ter leaving d i g i t i z 
ing and d ig i t a l readout c y c l e s . 

Ue descr ibe our i cp leeen ta t ion of t h i s concept 
and soce ocss ih le a p p l i c a t i o n s for otner exper i ren t s 
which require cany Analog to Digital Converter (ADCJ 
channels. 

In t roduct ion 

The central d e c e n t of the PEP-a d e t t c t o r a t the 
PEP s torage r ing a t S tanford , Ca l i fo rn ia , i s the 
TPC. I t i s a large volume drift chamber, a cylinder 
of 2 a diameter and 2 o long , which provides i n t r i n s i 
ca l ly three dicensional s p a t i a l da ta . The chas&er i s 
shown schematical ly in F ig . 1. I t i s in a 1.5 t e s l a 
solir.oidal magnetic field, and is filled with a nix-
tu re of 80- argon and 201 tstftane a t a pressure of 
10 atmospheres. A vo l t age of approxinately 150 kV 
i s applied to the cen te r plane to produce an e l e c t r i c 
f i e ld which d r i f t s the e l ec t rons produced by p a r t i c l e 
t racks in the chamber to tne posi t ion sens i t ive p ro 
por t ional-wire de t ec to r s a t t r e twu end caps. Each 
end cap is equipped with s i i sectors • • pos i t ion 
sensing ce tec tc r s—wires a t s o s i t i . e vol tage, which 
serve as propor t ional counters to a=p]jfy the charge 
reaching the wires b> a factor of about 1000. The 
wire s i g n s ! ; give infoi-ratinn en the radial d i s tance 
( r ) of a track, frca the c e n t e r l i n e - There are 192 
of these "dE/dx-wires" per sec to r . In addi t ion the re 
are 12 wires d i s t r i b u t e d over the s ec to r , which c ive 
the azin-jthal angle {:) of the t racks . 

Tnis angle information ceriaed frcra a row of 
s r a l l (7 m x 7 irr.) pads placed under these w i r e s , 
en which the svalanche en the wirs induces s i g n a l s . 
These s ignals can be used to determine the cent ro id 
of the avalanche. Tne coordinate aleng tne 
bean axis (Z) i s derived f rx i the t i r e of a r r iva l 
o* the charge fron th= t r aces following a s t a r t 
s ignal derived fro= th= ?Er bean s igna l s . 

The s ignal amplitudes on the dE/dx wire de te r 
mine t h e energy-loss pa t t e rn along t h e t r a c k . The 
c a g n e t i c f i e ld serv ies p r i r e n l y to cetenr.ir.e tne 
reirentus! of the p a r t i c l e , by reasurer-ent of the 

Siirply s t a t e d , TPC r equ i r e s a s y s t e r caoaole of 
providing 20 \S cf cats sa ro lec on the fcasu ~' Yfi ns 
t i r e i n t e r v a l s , the input S i g n i 1 : ceding :rr,r !-JI€H 
sou rce s . This t r an s l a t e s to a t o t a l of tnree r . i l l ion 
9 - b i t words of poss ible information. Tne s i s a l s f r c -
the wires feed Icw-noise-charge-sensi t i *e 3 r e i r c T J * i e ' ' s , 
then go to snaping a m p l i f i e r s , -n&re tne p-' .ses ars 
amplif ied ana shaped to e p t i r i z e = i ^ n i l - i c - ' C ^ e 
r a t i o s . The r e su l t ing s igna l s a re t - en s i - 'p 'ed ans 
s to red in CCD's wnich are n n r r a ' l y o e m c clcc-ed at 
13 MHz.1 Operating in t n i s code , tr.e CCL's contain a 
"*lasn p ic tu re" of tne pas t 20 - s of s i g n a l s s p l i t 
i n to 100 ns t i r e segments. When an event 15 detected 
by s u i t a b l e t r i g g e r e l e c t r o n i c s , the CCD clocV r a t e 
i s slowed down, and the e=3l i tude information new 
r e s i d i n g in the CCD's i s s h i f t e c to t h e i r o-JtPJt a t a 
20 kHz r a t e . Dig i t i za t ion of s i g n a l s and t r ans fe r 
of the d ig i t i z ed s ignals to the computer processing 
s y s t e n r u s t therefore he a c c c r s H s h e d fn less than 
50 us ( i . e . , one CC0 slow clcclr c y c l e ) . This pacer 
descr ibes the A-D-ccnvertor design used in tn is 
a p p l i c a t i o n . I t a l so d iscusses the n=thod employed to 
readout only the i n t e r e s t i n g i n f o r s a t i o n which i s 
es t imated t o he ahaut 10,000 words p e r event cut of 
the th ree c i l l i o n poss ib le words. Fo r tuna te ly , t h i s 
d n s t i c a l l y reduces the requirements on the readout 
a m processing system. 

Systec Ccns idgra t icns 

The o r ig ina l TPC proposal descr ibed the use of 
121 f a s t A0C*5 (I us c i c i t i z i n ^ t i - e j assicr-,ec tnese 
d y - i - i c a l l y via p r i o r i t y encccer i t c cn^r.nell contain-
in'! va l id ( i . e . , non-zero) info— a t i c n . TM= c-ice:-". 
required a discr iminator and a Z-A-converter for eacn 
c t u n n e l . To avoid s a t u r a t i n g a p a r t i c u l a r s e t cf 
mult iplexed channels , i t would be necessary to s c r a p i e 
chaingl to address r e l a t i o n s h i p s , so t h a t s ignals in 
p h y . i c a l l y aajacent channels would 50 to d i f fe ren t 
nulliplexer-ADC co^bina t iens . This would h»ve r e 
qu i red an addi t ional "unscraimling' ' s t e p in the read
out 5ysten and tnerefore an c - d i t i o n a l s e t of data 
b u f f e r s . This corplexi ty r e s u l t e d in the s t jcy of 
a l t e r a t i v e schere ; . 

Since the outputs fro^ the CCD's "re constant 
v o l t a j e levels for 50 us > an obvio-.-^ way to d i g i t i z e 
t h e i r values is to use Ui l t inson ryr.ickr. A r c s . This 
i s very s i m i l a r t o tne Large Scale D i g i t i z e r (LSD} 
concept , which has been used Successful ly at LSI !*~ 
and elsewhere. Since the rarn g e n e r a t o r and tne 
assoc ia ted logic can be shareo bet«eer. rranv cnannel i . 

Lawrence Eerkelsy CiMTtirnU 
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Berkeley, Cal i fornia 54720 
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each fiOC channel c o n s i s t l e s sen t i a l l y only of one 
c o r p i r i t o r and D«C r e g i s t e r . The s t s o I i c i t y of t h i s 
approach—the part*, c iun t l i - i n i l a r to the C0*"3"ratar 
•BflC par t of the c u l u p l e * c r itfi ' .^e--«a*e r . i t ' e a s t b l e 
to supply one ADC per s igna l channel and to d i g i t i z e 
a l l s igna l s free the CCO's. Detection of va l id i n f o r 
mation ( i . e . - amplitude > threshold) then cons i s t s 
of comparing two d i g i t a l mer.be r s , one from the ADC 
reg'«Lter and the o ther frcx a preset threshold 
r e g i s t e r , , 'alid i n f o r m tier, is then placed in an o u t 
put buf fer , whicn can be readout, while the next 
d i g i t i z a t i o n tai"*. p lace . 

The reso lu t ion requirements ("• fait) for the ADC 
are d i c t a t ed by the ret.es-.tty for p a r t i c l e i d e n t i 
f ica t ion and t r ac* -cen te r finding. 

Configuration 

We decided to put 16 ADC channels on one board, 
and put Ic ACC Lr.i'-ir. anc erf; c - ^ t n l bmrd into i 
s ing le racii---*j'J*"*S': t i r . . > e r.r:*itr-:l soars cor. te 'ns 
the razp genera to r , tne cloci d r w e r . , and a l so tne 
l ine d r ive r s and rece ivers wr.ich receive the ADC data 
iron the ADC boards =r-d provide the connection to tne 
computer. AilO, t r r ^ sno ld i n f aTa t t on for the 
indivi&'al ADC channel i s d i s t r ibu ted frc*- tne CGTISU-
t e r to the KC boards via the central oaard. The 
rxthods used to d i s t r i b u t e the racp and the clock 
pulses have beer, d iscussed in e a r l i e r papers . ' ** 

Sines t h i s vers ion of the LSD concept r e l i e s 
heavily on r e g i s t e r s , cos t effect iveness d i c t a t e s the 
use of Itr.;-C05t r e g i s t e r s . Since the lowest cos t 
per b i t i s offered by Randan Access denary (RAM) 
Chips, the f i r s t vers ion of the design (snewn in 
f i g . 2) was based or t h e i r use-

The vol tage level frcn the CCD i s compared to a 
41 ys long l i n e a r raxp . spanning the ful l s igna l 
amplitude range. A change of s t a t e in the compara
to r output i s synchronized to the clock, and shaped 
to one clock, pulse width . In th i s clock p u l s e , a b i t 
i s wr i t t en in the data l ine of the p a r t i c u l a r channel 
of the " h i t - l i s t " RAM (16 wore * 16 b i t ) end s i c u l -
taneously the s t a t e of the c lod , tounter i s w r i t t e n 
into 3 "pu l se -he icn t" RAJ? (16 worn x 12 bit, only 5 
b i t s are used h e r e ) . After th is operation a -1-bit 
event counter i s increr^n ten , whose output generates 
the address far these RAM's. 

After a l l channels have f i r ed , the h i t l i s t 
RAM contains a sequent ia l l i s t of h i t pa t te rns ( n o t e : 
core than one channel can r e g i ' t e i the sa=e 
amplitude) and the pulse-heie. i t RAM contains tne 
associa ted pu l se -ne ig^ t n u a s n . The information in 
the RAM's i s not ordered in channel nu^cer sequence, 
b J t r a the r in an amplitude sequence. For readout 
the data r u s t be reorcered according to channel 
nir^oer. This can* in the ? _s period a f t e r tne end 
of the r a r o . 

The reorder ing i s done by looting with a maskable 
p r i o r i t y encoder a t the outputs of tne b i t l i s t RAM 
to der ive the cnannel nurcer o? tne f i red channels . 
This channel n u t t e r i s men used to address a RAM 
•Rich contains tn = threshold information. If the 
pulse height i s l a rge r than the th reshola , i t is 
w i r t t e n i n to Che output RAM, and the l ine correspond
ing to the channel nuclier fired is cashed. Then 
e i t h e r the next channel is checked, or i f there a™ 
no core unraskes b i t s a t the pa r t i cu l a r pulse he ight 
ths event counter i s decremented, the cask is r e s e t , 

and the procedure continued u n t i l a l l events have been 
processed. The Output BAM then contain-, c r ly valid 
infcrKj t ion . wnich can be nradayt Curing t i e nc»t 
41 „ i c ig i t i . -* t lon cyc l e . In in i s sen*™ tne sir*; 
nuraer of in tegra ted c i r c u i t s is, used for resolut ions 
between 9 and 12 b i t s , the d i f f e r ence oeing only tr.e 
number of outputs used in the pu l se h e i g h t , threshold , 
and output RAM's Also, t h i s c i r c u i t can nsn i te n u l -
t i p l e h i t s in one s igna l channe l , wrich can happen, 
e . g . , in t i c e d i g i t i z e r s , as long as tney are sepa
ra ted by one or core clock, p u l s e s . 

The disadvantage of the retr .cd i s tne cc^o le / i ty 
a s soc ia te s with tre. r eo rde r ing , s*nce tne data = r._-
i n i t i a l l y ordered according to ampl i tude. For readout 
purposes na*sv»r an order ing i c e o r e m g to channel 
nurber is needed. This could be dang e i t h e r by using 
another p r i o r i t y encoder tc c e r i s e tr.e locati&r. t f 
va l id data in the output RAM or by another re i rce ing 
s t e p . £otn p o s s i b i l i t i e s i n r e a s e :ne n ^ n e r ,-jf tr.e 
in tegra ted c i r c u i t s needed. Another problem i s . tha t 
tn order to r e e t Lie doc'* ' p^ed r e c ^ i r e r e n t s (12 ."HzJ. 
Scnottty RAfs r . i / t c ha*e t» be used, ^ i tn tr.e *s"ic-
c i i t e d nigner pc*er a i s s i p a ; i c n . 

Therefore in our fin*" c e s v - i ; -;e nave cnosen to 
use 8-b i t lew po«er Schct t -y r e g i s t e r , I C ' s . wncn 
have fcecore ava i l ab le r e c e i t l y , and to use one acci -
t iona l f l i p flop per ADC cnannel to achieve the 9 -b i t 
reso lu t ion needed. The c i r c u i t i s given in Figs . 3 
and 4 . Again as an input comparator cnanges s t a t e , 
t h i s change i s synchronized to the d e c k , and the 
cur ren t s t a t e of the c l a d pu lse counter i s x r i t t e r . 
in to a r e g i s t e r enns i s t inc of an 3 - b i t t r i - s t = " e -
autput r e g i s t e r and an a d d i t i o n a l f l i p f lcp . -i the 
end of the ra-^p. a l l Channels, wnicn -isire not 
changed are forced to change, %o t h a t "overflew** 
appear a t as-plitude channel 5 1 1 . 

Here no reordering i s nece s sa ry , the control 
log ic s teps through the contents of the ADC reg i s t e r 
in a sequence of descending channel nu=cer, compares 
then with the appropr ia te t h r e s h o l d , and wri tes them 
in to the output RAM, i f they were > thresnc ld . If 
there was a va l id e v e n t , i t increments a val id event 
counter . This cc-^pressicn c r c t e s s occurs en a l l A*JC 
beards in p a r a l l e l , so tha t tne c-derea and ccrsreSiea 
data is ava i lab le a f t e r 15 r r ad /co -~a re /« ' - i t e cyc les . 
2ata in the Output =.-"'5 can then he read Out in an 
already ordered rasnicn by t m ccnt ' t i l fcca'd. "he 
control board sequences t h r o w n a l l ADC blares in 
i t s b i n , s l ipping the ones which have no valid data 
( i . e . , when the va l id event counter i s z e r o ) . A 
fas t b in-skip feature i s a l so provided to permit 
s l ipping a bin in one readout c y c l e , i f i t contains 
no val id da ta . 

The threshold RAM's on the ADC board cust be 
loaded frocs the c - s^u t e r . This can be dc-ne by d i g i t i z 
ing the input levels witn no s i g n a l s p resen t , and then 
by wri t ing a nu.-rij=r g r e a t e r than t . i i s measured "*erc 
leve l" into the threshold RAM's. The information frc= 
a p a r t i c u l a r channel can be Suspres-.ed by se t t ing 
b i t 5 in the cc-responding t h r e s n a l c RAM, tn i s prevents 
the t r ans fe r frc.-: the ADC r e g i s t e r t s the cutput ?A.v. 

The advantage of the r e g i s t e r version i s the 
s impl ic i ty of the data reduct ion l o g i c , s ince a l l 
operat ions can te done by d i r e c t l y addressing a p a r t i 
cu la r channel, wn=re, in the RA." v e r s i c i , p r i o r i t y 
encoders snjst be used. However, tne reso lu t icn of the 
" reg i s t e r " AEC i's e s s e n t i a l l y U n i t e d to 3 b i t s , 
because care b i t ; would r equ i r e ^ore IC p;clcaces than 
the "RAM" ACC with a r e s o l u t i o n of 12 b i t s . 
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In a d d i t i o n , the r e g i s t e r i cp lc rcn ta t lon cannot 
t o l e r a t e caj l t lp le hi ts in one channel. iucn as n l g n t 
be r equ i r e s In t i c e d i g i t i z e r s . 

We use a d i g i t i z e r clock frequency of 12.5 R)z , 
which gives a san'oura d ig i t i z ing t i c e of il us far 
9 h i t s . Since the CCD slew clock ra te i s 10 kHz 
( i . e . , 50 u s / s t e p ) 9 us retrain to reduce and r e o r d e r 
the da ta . 0-jHng the f i r s t 40 -̂ s of the next CCO 
slew clock c y c l e , valid data frcs the previous clock 
cycle are p re sen te r to trie readout bus. Since only 
va l l a data i s c r e s e n t , the requirements on the read
out syster . are c^nicAita. 

Conclusion 

Ue have designed a low-cost, nu l t i channe l AOC 
and readout system, whicn i^eets a l l the requirements 
Icposed by the TPC de tec tor . All s ignals in every 
chenr.el are e i g i t i i = s , ine^eby avoiaing tn^ c i f f i -
c u l t i e s a s s o c i a t e s wit;, f .e =ul t ip lexing ef cany 
analog s ignal i n t s ens cenzen AUC. Since the 
amplitude information is d ig i t i zed h^ the sar.e c e v i c e , 
regara less of i t s arrrJlituce, there i s Only one c a l i 
b ra t ion necessary for e s o channel. The d i g i t a l 
i n f a r c t i o n i s ava i lab le a f te r a reasonably s h o r t 
t i r e (41 v s ) , ane a l l further data processing can be 
done with d i g i t a l numbers. This allows e l i c r ina t ion 
of inva l id i n f o r r s t i c n , i . e . , ze ros , very e a r l y in 
the s igna l process ing , and therefore reduces the 
demands on the readout Systee. I t should be p o s s i b l e 
then, to do " rea l t i c e " data processing with c i c r o -
orocessors on the s t r eaa of reduced da t a . 

I f f a s t e r in tegra ted c i r c u i t s ( >ke ECL) a r e used 
the nu=ier of b i t s can be increased, or the d i g i t i z 
ing t i c e can be shortened. 

This c l a s s of ADC and readout sys t ea i s wel l 
cvatched t o the cadern generation of d e t e c t o r s , where 
cany s igna l channel have to be inspected in a s h o r t 
t i c e , but only a few produce va l id in format ion . 
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Fin. 1. Schenatic picture of the Tine Projection 
Chamber. Charaed aar t ic les nrnduced in-Mza-
tion in the hiah pressure nas of the TPC. 
The ionization electrons dr i f t toward the 
end-caps under the influence of the axial 
magnetic and e lec t r ic f ie lds . Sense wires 
then multinlv this chame and the detector 
e lectronics are used to measure the charn« 
and i t s time of a r r iva l . 
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Fin. 2. Partial schematic of the f i r s t version of the d ln l t lzor . 
The levels from the CCS's are comnared to a cormon ra.HD. 
The crossinn tinr of the rami and the level 1s synchrorrzed 
to the conmon c lod ' , and the d1n1t1ze control stores, at 
the a"nroor1ate nulse holnht, the h i t 11st RAH. After the 
end of the ramn the readout control cnnmares the information 
frnn the different channels to the corresnondlnn lower level, 
and writes It Into the outnut buffer RAM, The further read
out Is s!r,1lar to Fin. A. 
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Fin. 3. Partial schematic of the rei ister version of the 
d i i i t i ze r . The crossinn o^ the cordon ram with 
with levels from the CC'J's ^re synchronized to 
the clock, and the nulse heiiht nunber is written 
into the renisters. 'Vfter the end of the rann t we 
readout control senuences through a l l I f r»ni«it ors. 
and writes their content into the outnut buffer 
memory. This buffer is then read out un-1er the 
control board of Fin. &. 
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Fin. 4. Partial schematic of t*ie control board of the second 
verision of kie d in i t i ze r . This bnard neneratps the 
conmon ramp, conr.on clock and the ^ulses which control 
the reordering and read out. The 'data present ' lines 
from the d ig i t i z e r board are used ta se lec t only the 
boards which have non-zero data for readout. 
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