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INTRODUCTION 

I.. P ine  S c i ~ z t i l l a t i o n  Dcttect.ors f o r  IIad.ro.i~ S t o r a ~ e  Acct:!.erators -- -.. - - - ----- - -- . - - - - 

\*?hen t h e  iu iu inos i ry  of t h e  J.S1::.'EEIdLE (400  :: 400 Gc'V) s t o r a g e  accc l . e r a to r  

32 -2 -1 7 
r e a c h e s  2 x 10 crri s e c  , t h e r e  w i l l '  be  10 pp ince rac ' i i ons  pe r  second ex- 

pec t ed  w i t h  an  ave rage  'of 20 charged sec0ndar: i .e~ going  mos t ly  for[-lard where 

12 -1 -1 
up t o  2 x 10 p a r t i c l e s  s e c  sr a r e  expec ted .  A t  rimst of t h e  p r o d u c t i . ~ : ~  

0 
a n g l e s  secondary  i n t e n s i t i e s  a r e  more t . o l e r a b l e .  Between 5.7 (100 m r a c l )  and 

0 - 1 45' 80 lfnz srS1 i s  expec ted  and b e i i ~ e e n  45 and 135' 2 I h z  sr is expec ted  [I]. 

Count r a t e  c a p a b i l i t y  and space  r e so l . u t i on  of p a r t i c l e  d e t e c t o r s  detern:ine 

t h e  g r o s s  s i z e  o f  a  magnet ic  spec t rome te r .  Fsne rr?so!.ut.i.on a 1 l o . r ~ ~  s110rt mag- 

6 

n e t i c  o r b i t s  and h i g h  r a t e  c a p a b i l i t y  permfits t r a c k i n g  t o  s t a r t  c l o s e  t o  t l ; ~  
. . 

o r i g i n .  The volume and t h e  t o t a l  c o s t  of a  spec t rome te r  s c a l e  up r a p i d l y  a s  

t h e  cube of  t i le l i n e a r  dimensi.ons r e q u i r e d .  Track chambers and scgneiltcd 

c a l o r i n e t e r s  f o r  u s e  i n  magnetic. f i e l d s  should  f a c i l i t a t z  e f f i c i e n t  u s e  of 

t h e s s  n:ore c o s t l y  volumes. 

High r a t e  p a r t i c l e  d e t e c t o r s  can be made £sox s c i n t i 1 l . r - ~ t i n g  o p t i c a l  f i b e r s  

and s i l i c o n  photodiodes .  They would be cornpact and unc1i.sturbed 'by rnagnetic 

f i e l d s .  A f i b e r  hodoscope n e a r  t h e  o r i g i n  could i n i t i a t e  p a r t i c l e  tra2ck:ii~g. 

Cooled .ava lanche  pho tod iodc?~  (APD's) a r e  promis ing  photon-counters  f o r  tlrc 

s c i x c i l l a t i n g  o p t i c a l  f i b e r s  t h a t  have t e en  deve loped .  

11. Scint i l1at i .n: :  O p t i c a l  -- F i b e r s :  E x c i t a t i o n  w i t h  3 . 5  i.fcV/c E l e c t r o n s  - 

The c o r e  of  a  round s c i n t i l l a t i n g  f i b e r  is ' 'dra . t .n  from a  hea ted  preform 

t h a t  js a p o l i s h e d ,  c i r c u l a r  c y l i n d e r  of PVT s c i n t i l l a t o r .  An o u t e r  c l a d d i n g  

is  a p p l i e d  t o  the opt ica1 l .y  smooth s u r f a c e  of t h e  c o r e  a s  i t  emt-rgcs froin 

1:he oven. The c l a d d i n g  has  a  lower incle:.: of r e f r a c t i o n  than  t h e  c o r e ,  



SO .Eo~i,irard and baclcward toiles of  pho tops  a r e  c a p t u r e d  by " ~ o t - 1 1 "  i n  t e r . l a l  

1:e:ilecz:ion. T h e  :l.oss of a s c ~ a l l  frai:c.i.oLl 9: t l lc  p : : c i - ~ ; ? ~  f 1 - 0 ~  th.2 lii;l-,c g u i d e  

i s  chnr;lc~e!:izzd by an a t t e n u n t i c ! n  leng:I~. ~1 il...;l;~:t,::-! o j  a  scitltil].a:;-n~ opt<-- 

c a l  E i b c r  a p p e a r s  i n  F i g u r e  1. 

Base . s c i n t i l . l . a t i n g  f i b e r s  c a p t ~ i r e  n o r e  Ij-gh'i b u t  t h e y  a c q l ~ i r e  a t  tell- 

u a t i n g  s u r f a c e  d e f e c t s  t h r o u g h  handI . i r~g  ar!d e x p o s u r e .  Clad f t b c x s  f i t  i l l t o  

s m i 3 l l  s p a c e s  w i t h o u t  e x t r a  m a t e r l s l  f o r  t h e i r  p r o t e c t i o n .  

BNL e n t e r e d  i n t o  a c o n t r a c t  w i t h  C a l i i e o  1Slectro-0ytj.c:al C c r p o r a t i o n  [ 2 j  

t o  PI-oduce o p t i c a l  f i b e r s  us$ng $iE102 and i < E l l O  s c j . n t i l l r ~ t o r  c o r e s  a.nd a pro-  

p r i e . t a r y  u l t r a - v i o l c t  cur3.n.g p o l p e r  a s  the  c l a r i d i n g .  'L'he NE102 and NFl.:LO a r z  

s c i n t  i . l l a  t o s s  p r o v i d e d  ,by  N u c l e a r  E t l t e r p r i s ? ~ ,  Inc . Since Piarch 1979 w e  h a v e  

been t e s t i n g  t h e  p e r f o r x a u c e  cf t h e s e  f i b e r s  a t  E3L .  

The tes!:s i n c l u d e  a t t a c h i n g  t h e  f i b e r  t o  a P:.T1', i r r a d i a t i n g  t h e  f i - b e r  ( a t  

so.ii!e d i s t a n c c  away f rom t l ie  PNT) r.?:ith a:i.nimum i o n i z i n g  e l e c t r o n s  f rom Ruthenikm 

100 snd a n a l y z i n g  the? r e s u l t a n t  p u l s e  s p e c t r u m .  I.!? r e f e r  t o  t h 5  pu:Lse t o  b e  

anaiyzzcl  a s  S.  T h e  a n a l y z e r  i s  gi?tcd by a co i .nc idence  p u l s e  f r o m  two s ~ n l . 1  

s c i n t i l l a t o r  c h i p s  ~,ohi.ch s a n d v i c h  t h e  f i b e r .  T h u s ,  t h e  two c h i p  c o u n . t e r s  

which s.Je r e f e r  t o  a s  T and T2 s e r v e  Lo d e f i n e  a!\ e l e c t r o l l  t r a j e c t o r y  r~hic!; 
1 

h2d 2 h:igh p r o b a b i l i t y  of  j . n t c r s e c t i n g  t h e  f i b s : [ .  T h e  e f f i c i e n c y  i s  de f ined  

as t h z  co inc . idence  r a t i o  S - T  *T /T -T 
1 2 1 2 -  

The d i s c l - i n i n a t o r  f o r  S i s  se t  be1o.i 

tkkc t l ? resho ld  f o r  s i n g l e  p h o t o e l e c t r o n s .  T h e  e.:cperi!nt-ntal. s c t u p  i s  S I - I O G ~  

~~.heii~:!ir icall .y i n  F i g u r e  2  (a) . F i g l ~ r e  2  (b )  s h o x s  somc p l a u s i b l e  e l e c  ti-cjn ts:i.- 
1 

j e c t o r i e s .  Due t:o coulolnb s c a t  L e r i n g  a s  ~.?el . l  a s  mj . sa l ignnen t  of the elerni:u?:s, 

i t  i s  p o s s i b l e  f o r  t h e  el.ecl:ron ' t o  go t l ~ ~ o u g h  T anc! T and n e v e r ~ i l c l 6 s s  nics I. 2  

t h e  f i b e r .  Thus we expecl: t h a t  t h e  e f f i c i e n c y  v i l . 1  have some upper- limit. 



The per forma~lce  of t h e  f i b e r  i s  g+ven by t h e  I..i.ght j7ie:td and Lhe efficiency 

a s  a  f u n c t i o n  of dis taz?ce from i o n i z i n g  el .ec%ron t o  FIT. The c!~a?--,qe s p c c ~ i - u n  

i s  c h a r a c t e r i z e d  by a  ve ry  sha rp  in i t : i . a l  peak, t h e  p e d e s t a l ,  foli-owed by a  

broad peak a t  t h e  meiln number of photoelectrons t imes t h e  sai l1  of t h e  PPlT. 

The p o s i t i o n  of t h e  peak r e l a t i v e  t o  t h e  p e d e s t ~ a l  is  a  measure of t h e  t o t a l  

charge  d e l i v e r e d  by t h e  anode of t h e  PFIT, which i s  i n  t u r n  a measure of' thst 

number of pho toe l ec t ro l l s  produced a t  t h e  ca thode .  A s  t h e  l i g h t  i n t e n s i t y  

i n c r e a s e s ,  t h e  mean i n c r e a s e s .  

The n e x t  s t e p  i s  t o  c a l i b r a t e  . the ana lyze r  i n  terl!!s 0 . E  channels  pe r  

. . 
pho toe l ec t ron .  A11 a c c u r a t e  de te rmi-na t ion  i s  ob ta ined  by us ing  a  p h o t o t u t ) ~  

wi th .  a  h igh  g a i n  f i r s t  dynode which r e s o l v e s  t h e  f i r s t ,  seconcl, e t c .  photo- 

e l e c t r o n  pealis. Our t e s t s  were.  performed wi th  an  E?,fI.. typc..  9843 or.. a R C A  ' 

t y p e  6350 p h o t o n ~ u l t i p l i e r  tube .  I n  F igu re  L(a) we. s e e  a c l e a r  s e p a r a t i ~ ? n  

between 1 and 2 p h o t o e l e c t r o n s  ob ta ined  froin a  low l e v e l  scii l t i l l .n.t . i .on s i g n a l .  

A s  expecLed, t h e " p o s i t i o n  of t h e  peaks i s  l i n e a r  i n  channels .  T h i s  nethod 

a l l c w s  u s  t o  c a l i b r a t e  our  s p e c t r a  i l l  p h c t o e l e c t r o n s ,  indcpendcnt ly  o.E t h e  

o p e r a t i n g  v o l t a g e  of t h e  P?IT o r  t h e  g a i n  of a l l  a s s o c i a t e d  e l e c t r o n i c s .  The 

most acc t l r a t e  d e t e r m i n a t i o n  i s  ob ta ined  frail: t h e  meen of the d i s t r i b u t i . o n .  

However, r a t i o s  'of . t h e  h e i g h t s  of t h e  pealcs a r e  a usefi;l. measure of t h e  
. . 

ave rage  number of p h o t o e l e c t r o n s .  

IJe analyzed s e v e r a l  l e n g t h s  of 1 nnldianietcl:  NF.I.10 f i b e r ,  and t h e  re- 

s u l t s  a r e  'shown i n  F ig .  3 ( a ) .  To e x p e d i t e  t h e  d a t a  taliirlg 1.1c. glued most 

f i b e r s  t o  t h e  PlfT .with quick  d ry ing  epoxy cement. P,o~.;ever, f o r  one sample, 

d a t a  W ~ S  t aken  us ing  o p t i c a l  cement. The e x t r a  d a t a  p o i n t  a t  40 cni sho1.7~ 

, t h a t .  WP may expect about  a 40% i-ncrease i t 1  p1lotc)clec'rron y i e l d  by proper i j l  

matcliing t h e  f i b e r  t o  t h e  PPTL'. 



.-. 
Tlle at-tlenuatj-on curve co i l s i sLs  o f  Cvo r-lg:icn!;. ii;e f i r s t  r e g i o n  o a t  20 

a b o u t  2 0 ' o r  30  c n  i s  c h e r a c t c r t z e d  by r a p i d  a t c e ~ u z t i o n  due t o  r a p i d  a b s o r p t i o n  

o f  u l t r a - v i o 1 . e ~  p h o t o n s  a n d  clue t o  a l a r g e  a c c r - p t a i . : ~  by t h e  c l a d d i n g  - a i r  

s~ . l rZace .  Beyond a l ~ o u t  30 c.111,' where t h e  v e r y  s h o r t  x.iavi phocons and t h e  e x t r a  

acccp t . ?nce  are no l o n z e r  c o n t ~ : i b u t . i n g ,  t h e  a t  t>iiuatioi.i i s  x*:c.LI described by a 

s i n g l e  a t t e n u a t i o n  l c n g t h  cf a b o u t  130 crn f o r  ~ ~ 1 1 . 0 .  

The v e r t i c a l  s c a l e  o f  F i g u r e  3 ( 3 )  i s  p i l o t c e l i c ' i r o n s .  h quantum eEfi.- 

c i e n c y  of a b o u t  20X i s  estimated by convolut:i.ng t i le  s:::isr;i.on spectru:n  of 

iL'T:110 . c ~ i t h  t l le  s p e c t r . ~ ? ~  e f f i c i e n c y  of t l ~ e  photocat'!loc!c. T l ~ u s  t h e  s c a l e  of 

Fli.gurc 3 ( a )  s l lould  be m u l t i p l i e d  by 5 t o  e s t i x a t e  t i t c ?  nunber of p h o t o n s  s u r -  

v i v i n g  a g ive ' i~  l e r i g t h ' o f  f ' i b e r .  . A s ' a n  exa.iiipi&; a  59 cri: l e n g t h  o f  f i b e r . p r 6 -  

duc.es a t  l e a s t  2 3  photorls , and perhaps  as. :::ail:: :is 3G i f  2r! opt i -cal .  c e x e n t  i s  

u s e d .  T h i s  i m p l i e s  a  d e t e c t i o n  e f . f i c i e n c y  of a t  l eas t  99%.  A t  o n e  m 2 t c . r  

I. t h e s e  f i g u r e s  nirc 15 and 21 p h o t o n s ,  r espec t : i~ :? ly ,  i . ~ a ; y i i ~ g  211 e f f i c i e n c y  

b n t x e e n  95 and. 93.5% 

As a f u r t l ~ e r  i n c l i c a t i o l l  t h a t  we h m e  corr-ec:!.y est<!cr? tc-?cl: r-he nurlite?: 01 

p!1otoei.c7c~Lro;~s, v?e. can c a l c u l . a t e  t l ~ c  p . r o b a b i l i r y  t l ! ~  t a s i z n a l  \.~hosc! a v e r a s e p  

v31u(? i s  <r.>, plm t o e l e c  t r o l l s ,  1.~i.13. ac  tual.1.y b?. 6etec: ted  by t h e  Pl\I'I'. T h i s  
'1 

-.<n> 
ab3.licy i s  j u s t  1 - e . The c-.f t icic?ncy d e s c r i b e d  e z r l i e l -  21:; t h e  ( :oii lcih, .~?ce 

r a t i o  S - T  - T  /T -'r h a s  i? n~a>::i.i:luni v a l u e  1-i?!.i.ci? 1.::. !?E:.; ca2.l. t h e  g e o i n c t r i c  l i . ~ n : i t : .  1 2 1 2  
, , 11i.i.s m a s i ~ ~ u r n  v?-lue,  a b o u t  S 5 X ,  :is t h e  v a l u e  ob'i2ine:i ;.:ilea t h e  f i b e r  is  s o  s1:osi: 

t h a t  t h e r e  i s  v i r t u a l l y  no c.llance t l l n t  L 1 1 c  7 2 c 2 t 3  p z ; - t i ~ I . e  CO::~:? go t.??r~:lzl~ LI-!c 

f : i b e r  r . ? i L - , ~ a i :  cr ivi . ,?~ a lai :gc s tgnrl l .  ~ h ?  t r u t .  effic<.-=:.:v i s  o5 ta : i~ :cd  froii! 
0 . . 

. . .  . t h e  r a t i o  of t h e  measured e f f  i c c e n c y  t:o t h e  gegrae t r l c  ~ x a l t .  



F i g u r e  3(b)  i s  a p l o t  of t he  t r u e  e f f i c i e n c y  v s .  f i b e r  l e n g t h .  The cu rve  

- < n  > 
i s  t h e  t h e o r e t i c a l  val.ue 1 - e , where < E >  has bzcn, ob ta ined  f rom Fi21-1::e 

3 ( a ) .  The agreeiiient beki~een  t:.:? curlre and t h e  e:.:perixental p o i n z s  corresponc!s 

t o  a n  u n c e r t a i n t y  of about  212% i n  t h e  pho , toe lcc t ron  s c a l e .  

F i g u r e  4 shows a s e r i e s  of  s p e c t r a  "Lalten vri th tr:lo f i b e r s ,  o:.:,e NE192 and t h e  

o t h e r  NE110, g lued  t o  t h e  same RCA t y p e  8350 PPX. The NE102 g m e  more l i g h t  a t  

l e s s  t h a n  40 cm and t h e  NE1_10 gave more l i g h t  a t  g r e a t e r  t han  40 cn.  

S e v e r a l  samples of N E l l O  : fFbe r  were t e s t e d .  '211~ d iameter  i s  1 . 2  : - 1  rcz.  

The a t r e n u a t i o n  l e i ~ g t h  i s  1..3 k . 2  m and t h e  a s s o c i a t e d  e E f e c t i v e  y i c l d  a,t t h -  

o r i g i n  is  8 t 2 p h o t o e l e c t r c n s .  

111.. ,Sc in t i l l a"L.ng .  Opti-cal. l?i.be'rs: E x c i t a t i o n  w i t h  3..0 GeV/c Nega.Civc: F i o n s  

To conlpara t h e  r c sponse  O F  a f i b e r  t o  p ions  w i t h  'ihe r e s p c n s e  t o  z l e c ~ r o n : r ; ,  

n e g a t i v e  p ions  from t h e  Brookhave-t A G S  and n e g a t i v e  e l & t r o n s  frolo '''h bere 

used t c  e x c i t e  t h e  same f i b e r  i n  t h e  same geomet.ry ~ ~ : i t h  t h e  same t r igge i r .  The 

r e s p e c t i v e  whole f i b e r  specti-:I i n  F i g u r e  5 both correspond t o  an  ave rage  nun-iber 

of 3 . 7  p h o t o e l e c t r o n s  a t  30 cm from t h e  beam. The o p t i c a l  g rcased  coup l ing  i s  

l e s s  e f f i c i e n t  t han  a ' g l u e d  coupl ing  tha - t  c o l l e c t s  an eve rage  of  7 .0  p: . to - ,  

e l e c t r o n s  a t  30 cm a s  shown i n  F i g u r s  5. The equ iva l ence  of e l e c t r o n  and p ion  

e x c i t a t i . o n  enab le s  u s  t o  continu.. mscny s t u d i e s  when acce:Lcrator t i inn i s  n o t  

a v a i l a b l e ,  and t o ,  u s e  .c~i.th more ci,:afj.dencc t h e  y i e l d s  ar,d a t t e n u a t i o n  l e n g t h s  

f r o n  e l e c t r o n s  i n  t h 6  s tudy  of p ion  e x c i t a t i o n s .  I 
A pion  is  'a much f i n e r  probe than  a  coulo~nb s c a t t e r e d  e l e c t r o n  t o  rneasure ~ 

I 

t11.e photon y i e l d  a s  a f u n c t i o n  of d i s t a n c e  froin t h e  edge of t h e  f i b e r .  A small. 
I 

, ! 



b e a ~ i ~  of p i o n s  ~ 7 2 s  t r i g g e r e d  by t h e  horizontz.1 ove~:!!ai) of t ~ o  sr?i3.11 sc.i .nti . l lr~.. t ic?~ 

couni-ers.  On2 of   chi.^ xrju..; !?ovec! 1.jiC.h 2: micri)riii.:'Lej: scr2:.7 s o  Che an!ount of o-vi:r- 

l a p  could  be  s e l e c t e d .  T b e  sing112 f i b e r  w a s  r:io~~nt.ed vcr t i c a l l y  i n  a lig:i: 

t ightr compr?r'iln?nt, \~ l : i ch  r..ie c a l l  t h e  tovj.cr, t h a t  [;as c a r r  i c d  on a mov:i-713 c t n o e  C> 

a s  s1~0';~rn i n  F i g u r e  6. S t a g e  c o o r d i n a t e s  wera obta.inei1 f rcm a p r e c i s e  l e a d  sc:rcx 

v r i t i ~  a p i % &  of one xm. Readout was from a I!and:ifieel c h a t  Itad 500 d: i \~is : ions.  

Eack la sh  i n  t h e  s t a g e  c o o r d i n a t e  w a s  e l i m . i ~ a t e d  w i t h  a r e t l ~ r n  spr-ing. 

E:c:ick e ~ c !  of t h e ' f i b e r  was coupled t o  a ?:iT ~ . ? i t h  o p t i c a l  gre3~e. Twa and 

one ha.lf cm beloti  t h e  f i n e  3 e a l ~  a one-half inch  F1a:~arn;itsu t y p e  ?:6L;7-l:P'i.iT was 

coupled .  Thi1i:y cia sSove a KCA t y p e  8859 J??.fT was u s e d .  Pho.iloelec t r o l ~  y i e l d s  

and eff i_ci .encies  were measureid ~.~:itl-l t h e  upper P 2 3 .  

. 'file t r igge l :  c o u n t e r s  v7ercl oveslappecl by 0.3  n!s.. They were p e e d  by u ; ~  

strezm c o u z t e r s  i n  t h e  besrr~ t r a n s p o r t  s::d by 2 axe mm : ~ i d e  ~lo:~mst~-.-eax CO~~i l t e r  

just af tez- t h e  ,tower. This  l a s t  coun te r  eli-inirlated r!::>st of thk  t:*;.o-pa::tj.clc 

t r i g g e r s  t h a t  ~ n i s s e d  t h e  f <.her.  Uilpstrea~n knock-on cls i :  !:.roils were suspectecl as  

a  major  cause  of cbese doubl.cts. The e f f i . c i cncy  of iiie f i b e r  a,!: t h e  u p p e r  ?>i?L' 

f o r  t h i s  t r i g g e r  w a s  measure:i. I11 F i g u r e  7 thz  pr-ofi . le :in s t a g e  c o o r d i n a t e s  

shows a peak e f f i c i e n c y  of 7G percen.L. T h i s  2 r o f i l c  implies t h a t  t h e  a c t i v e  

m:icrameter m e s s u r e r c e n c s  of t h e s e  wid ths  a r e  1 . 2 5  and 0.3 mi. 
, . 

Next,  t h e  two t r j .gges  c o u n t e r s  were s e p a r a t e d  by . 3  n m  clld thz  pi-i;Eil.e f o r  

t h i s  a c c i d e n t a l  t r l g g e r  w a s  ob ta ined  a s  sho1.m i n  F i g u r e  7 .  S ince  t h e  sxme 

types  of a c c i d e n t s 1  e v e n t s  a r e  p r e s e n t  i n  t h e  r e a l  t r i . z ,gers ,  the q u e l i t ~ t i v e  

c h a r a c t e r  of the r e a l  p r o f i l e  i s  confi.rmed. .:?.detai.lcc! unfold in^ of t h e  acct--  

d e n t a l  p r o f i l e  from t h e  observ.2d prof:i.le i s  compat:i.ble w i t h  1COX e f f  ic:lcn.cy a t  

t h s  t o p  of t1.w c o r r e c t e d  p r o f i l e .  



I n  o r d e r  t o  probe s e l e c t e d  ho r i zo r l t a l  :-.ge::tures 1.rithi.n ' t h e  f i b e r ,  tllc 

l o ~ c e r  PllT  as: incl-uded i n  t h e  t r i g g e r .  The enhe!n::~d yie1.C neur t h e  or ig : in  i n  

F i g u r e  3 all.owed t h e  lower P>lT t o  b e  an  ullbiased t r igger -  f o r  pllotons i n  t h e  

f i b e r .  Idhen tl lc f i b e r  was cen te red  on t h e  probe,  t h e  e f f i c i e n c y  was 98 p e r c c ~ ~ t .  

T h i s  cor responds  t o  ave rage  p u l s e s  of 3.9 pho toe l ec t ro i l s  2.t' t h e  upper PiTf. Ti'11i.s 

y i e l d  i s  confirmed by t h e  correspol lding p u l s e  h e i g h t  spectrum sho:.~n i n  F i g u r e  8 

t h a t  i i l d i c a t e s  a n  ave rage  p u l s e  of 3 . 7  p h o t o e l e c t r o n s .  A s  t h e  f i b e r  i s  rr,ovrc! 

away from t h e  c e n t e r  of t h e  probe,  the e f f i c i e i i c y  fa1l .s  2s  fever  p h o t o e l e c t r c ~ n s  

pe r  t r i g g e r  a r e  r ea l - i zed .  Th i s  reduced yie1.d i s  corifir:ned by t h c  p u l s e  hei.ght 

spectrum shor.rn i n  F i g u r e  8 v h e r e  an  average  of 3 .0  photoe lec . t rons  a r e  observed.  

The c e n t r a l  0 . 6  nLv of ho r , i zon ta l  a p e r t u r e  i s  s t u d i e d  t h i s  way. T h e  obse r~ rcd  

e f f i c i e n c y  p r o f i l e .  i s  conipat ible  w i t h  l i g h t  ylie1.d~ t h a t  a r e  propo-rcional  f o  

' t h e  lengeh  of t h e  p ion  t r a j e c t o r y  w.it11in t h e  f i 5 e r .  Hence we can  ca1c:ilate the 

amount of  o v e r l a p  r e q u i r e d  f o r  a  g iven  d e t e c t i o n  e f f i c i e n c y  i n  a two l e y e r  

hodoscone t h a t  i s  c o n s t r u c t e d  from t h e s e  round f i b e r s .  

I V .  Countin2 B u r s t s  - of Photons: Photomul.tipl:ier Tubes o r  P h o t o d i o d ~ s  

'The phc tcn  coun te r  c o n v e r t s  s i n g l e  photons i n t o  s j .ngle  e l e c t r o n s  x l t h  iLs 

c h a r a c t e r i s t i c  quantum e f f i c i e n c y  and d e t e c t s  b u r s c s  of p h o t o e l e c ' i r o i ~ . ~ ,  w i t h  

t h e  P o i s s o ~ l  e f f i c i e n c y .  S ince  we have measured t h e  y i e l d  ant1 a t t e n a a t i o n  char- 

a c t e r  of s c i n t j . l l a t i n g  f i b e r s ,  w e  call c a l c ~ ~ l a t e  t h e  p a r t i c l e  d e t e c t i o u  e f f i c i e n c y  

of a g iven  photon coun te r  w i t h  a g iven  l e n g t h  and f r a c t i o n a l  ~.r idt l i  of t h c  f i b e r .  

Arrays  of h a l f  i n c h  end-on PMr's such a s  t h e  Iial-nainatsu R647-04 :s~i t l l  t h e  h a l f  

i nch  b i a s  c i r c u ' i t  can s e r v i c e  f i b e r  l i g h t  gu ides  i f  adecluately sl;i.elclcil f r n ~ n  

n!agnetic f i e l d s .  Gordon [ 3 ]  h a s  shcjwn t h a t  t h i s  PXT i s  s u i t a b l e  f o r  a segr , i~ ;~ tcd  

c a l o r i n ~ e t e r .  A low-loss f i b e r  l i g h t  gui-de, t h a t  i s  as t o l e r a n t  of r z c l i ~ t i c r n  



as  scintilla to^:^, n e e d s  t o  he  r e a l i z e d .  

k e p t  aval::i:lchc pho todiode:; (APD's) [[I 'j i n  t h e  cojl lpcti : icn f o r  pha-c~Jr.tec_to?-~:. 

Al though  t h e y  have h igher  q u a n t u n  e f f i c i e n c i . e s  t h a n  ? > X ' s ,  t h e y  c a i . ~ u o t  c o u n t  

sing1.e photo:ls b e c a u s e  o f  the s p r e a d  in t h c i r  g a i n  d : i s t r i b u ; i o n .  1Jitl.l t h e  

sornewl-st more  g e n e r o u s  p h a t o n  y i e l d s ,  ca l -o r  ix?.ter s I.!e:r& r m a i n c i l  an aCtlraci . h e  

s o u r c e  f o r .  h P D f s ,  cool.ec1 - A P D ' s ;  o r  c o o l e d  FIN'S ( u n i t y  g a i n  photodiod: .~) ,  vj.lih 

u l t r a  q u i e t  - f a s t  prem!pli.f iel-s. 

Pho.tcd:iocle p:?clzges a r s  snjall encjugh t o  be  at tsc l - !ed t o  t h e  e n d s  o f  scint:i.:L- 

l a c i n g  f i ' b e r s  via t h e i r  e n t r s n c c  tiindoi.7~. 0 ; : ~  t h e  i n s i d 2  o f  t h e  pcicl:::-igc! L11e 

p i ~ o t o d i o d c  i s  atcached t o  t i le  e n t r a n c e  windo..:. . for maui i7u~  e f f  :ici.ency. 

T h e  e n t r a n c e  vindoer cou1.d be..a \!inston [ 5 ]  corze i n  o r d e r , . t o  red.ucc_ t h e  

di.amr:C.zr of t h e  rYPI>. A s m a l l c r  A'PD is l ess  ~ : < i > ; _ t l s i v f i ~  ~ j u i ~ ~ t ~ r ,  zrrcl f ? . s t c r .  

I t  has .  a higher:  i!?ar,ufactui-ing y ie : ld , .  a 101:rer. d s r k  c u r r e n t ,  and  a lo;.ier capac5.- 

Ti12 quantum e f f i c i e n c y  [GI of si:lic:or, dio.'. ?.s i s  2j.;hty peycel:t f o r  

enl-ission spectriliil  ~ f  .ME102 as sho;.nl i n  F i g u r e  .9. Th3-s i s  a b o u t  f o u r  time:< 

bee t e r  than t !I;. qurntui!! e f f i c i e n c y  o f  o u r  PITI' ' s . 
,-. l l l e  i n t e r n a l  e l e c t r i c  f i e l d  of a s i : l i c o n  rcach--Li:r-o~1gi.l I\PD (T2;PD) Ilas 

2 shal:p s p i l t e  at o n e  s i d e  of the c h i p  and ,a  l o n g  p la te ;n .~  t h a t  r e a c h e s  t h r o u g h  

t o  t h e  o t h e r  s i d e .  Iri t h e  RCA a r c h i t e c t u r e  [ 7 ]  of the I2,i>D, p h o t o n s  arc  a b - '  

s o r b e d  i n  t h e  i n t r i n s i c  s u b s t r a t e  where t h e  f i e l d  o f  t h z  re ,zch- through pl-atz:?.:.i 



sweeps t h e  p l lo toe lec t rons  through t o  t h e  na.rr0i.J avalenr-he gair.~, rcg:ion of t i l e  

e l e c t r i c  f le l -d  spike .  

These d e v i c e s  a r e  made by d i f f u s i n g  a t h i n  p- layer  on t h e  . e n t r a n c e  s i d e  

and a  cleep p- layer  fol lowed by a  sha l low n- layer  on  t h e  h i g h  f i e l d  s i d e  of  a 

t h i n  wafer  of i n t r i n s i c  s i l i c o n .  Photons e n t e r  througll t h e  t h i n  p- layer  and 

p h o t o e l e c t r o n s  a r r i s i n g  i n  t h e  i n t r i n s i c  r e g i o n  i n i t i a t e  avalancl ic  p i n  a t  t h e  

f i e l d  s p i k e  of  t h e  n-p j u n c t i o n .  R h D D ' s  up t o  5 r i  i n  d iameter  :lave been r;!ad..- 

3  
by RCA. Tile dirr.ens:ions of ' t h e  RLAFD package call b'e a s  snlal l  as (5  m:n) . 

The b e s t  s e n s i t i v i t y  i s  ob ta ined  when a charge  sensitive p r e a n p l i f i e x  

i s  p l aced  c l o s e  t o  t h e  M3D t o  miniini;:e s t r a y  capaciLclnc=., a t  t h e  inpar_. I 
S i g n a l s  from a  low n o i s e  preampl i  E ie r  were serit  t o  a  gaussi.a.n sliapitig emplj.Eie~: I 

. .  . 

t h a t  compS.etcd t h e  charge  measurement. The opt i ina l  shap iag  tiill.. was 0 . 5 n s c c .  

Noise  in t h 2  g a i n  of t h e  hVil i n c r e a s e s  w i ~ - h  g a i n  SO t h e r e ' s  a n  opLlnal. gaia 

f o r  each i n p u t  s i .gnal  l e v e l  t h a t  g i v e s  t h e  besc  s i g n a l  .to n o i s e  r a t i o .  For tu-  

n a t e l y ,  t h e  d a r k  n o i s e  h a s  a  broad m-ii~iinum a s  a  f u n c t i o n  of  g a i n  and t h e  

op t ima l  shaping  t ime changes s lowly  w i t h  g a i n .  

We have t e s t e d  one m and t h r e e  ma RCA dioclcs i n  t h e  l i n e a r  rnacle a t  

0 
t e n p e r a t x - e s  3etween 77  .and 300 I<. A r e v e r s e  b i a s  of a fe1.r hundred v o l t s  con- 

111-01s g a i n s  betweell 10 and 100 a t  room t empera tu re s .  11 modest amou1.1t of coolin;: 

t o  ze ro  deg rees  centigrade reduces  t h e  d a r k  n o i s e  t o  e i g h t  p h o t o e l e c t r o n  ms 
. . 

f o r  a  one mm W D  a s  s h o m  i n  F i g u r e  10. 

A t  BNL a  q u i e t e r  and f a s t e r  p r e a m p l i f i e r  i s  be ing  developed [ 8 ]  \~:i.!:h a  

].ow n o i s e  ga l l i um a r s e n i d e  f i e l d  e f f e c t  t r a n s i s t o r .  The A??D1s c a p a c i i ~ n c e  

v < - (  , 6 > ! 1 t ,  must be  coniparable t o  t h e  GaAs FET's c a p a c i t a n c e  t o  ach ieve  t h e  most .imgrow".:r 



Lhc  si.i;e 2.nd capac i t2 i icc  of t h e  !ZLl. ' lh~._ : : J S I . I . ~ ~  be ~ l c e d  t o  e:.:i.t of 

t h e  \J inston cone. The d i ame te r  of t h e  ex%t ~or!:icl be tl:ree timer; sg!s:Ller tl13.r: 

the d i s m e t e r  of t h e  en'iran.ce 1-rithout l o s s  of: photous becc?use ou r  scint iSl . l? . t : i i~g 

f i b e z s  have  a  l o x  nuixcrical  a p e r t u r e .  

V I .  count in^, Tho ton:; wi th  t h e  RCA Avc-1anc.h~ Pho t-.oclj.ode i n  t he  Brealcdo:.:~ Mod c -- - .--- 

T h i s  year  XCcl r e a l i z e d  [93 a photon coun'iing msde .c.~i'ih t h c i r  ss.Canc:r?rcl 3-APD. 

It i s  cooled  .to reduce  tile d a r k  c u r r e n t  and biased beyond .th? brcak.rlo~m voltr-lge. 

The g i ~ : i n  of an APD d i v e ~ g e s  as izs  breakdown v s l t a ~ e  i s  app~rcachr-d  f rom b21.0~. 7. 

The clif f e r e n c e  bc  tween t h e  operairing va l t r ige  aild t h e  b~:e:2kdown voltage i s  

.. . . . . ca1.lt.d t he  ove rvo l t age .  Upon e n t e r i n g  t h e  e l e c t r i c  fj.c:lcl s.pilcc a t  t11.2 np- 

j u n c t i o n ,  3 sing1.e fihotoelectyo:: o r  thcrrnol. 2S.e~ :roc t r i 2 , g e r s  a f a s t  d : i s i : ] > ~ i - g ~  

i f  t h e  o v e r v o l t a g e  is h i g h  enough.  The s i z e  of t h e  d i s c h a r g e  i s  p ropor t io r~s l .  

t o  t h c  c;vervoltag.. . T h e  clarli c0un.t r a t e  clepends c n  tile t r u e  coun'i:ing r a t e  ancl 

the. ove rvo l txge .  The d i s c h a r g e  seems t o  e x c i t e  soine mcztastab:l.e s t a t e s  t h a t  

decay some r2ndon tims l a t e r  and r e t r i g g e r  t h s  discllargr~.. . Low overvc~ltc?.:;cs 

which might  f i l l  fewer of  t l ~ s s e  e l e c t r o n  t r a p s  a l s o  iuight permit  some sirz2,le 

p h o t o c l e c t r o i ~ s  t o  p a s s  t h e  np- junbt ion  'r.?iti~ou t ir,i.ti:rlt:ing a d i s c h a r g e .  

We ha'\-e j u s t  begcn t o  o p e r a t e  or,c of our  R4PD1s . i n  t h e  brealcclcivrr: mod!?. a:: 

0 0 
t e x p e r a t u r e s  be:..j.cen -80 C and -130 C .  S c i n t i l l a t i o n  p u l s e s  and LED p u l s c s  

have  been observed .  I,?e w i l l  s eek  a combinat ion of te inperature and o v e r v o l t a g e  

t h a t  g e t s  a da rk  r a t e  which is  u s e f u l  f o r  a r e a l  hodoscope. 
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F'IGIJRE CAI?TIOWS 

Schema.tic cliagram f o r  a c,cint-illat<.:lg o .p t i ca l  f i b e r  . Fig. 1 

.Fig. '  2 ( a )  Appa.satus f o r  ana lyz ing  c h a r g e ,  spec t r u ~ r !  of s c i u t i l l a t i n g  

f i b e r s  (b)  D e t a i l  o:E a p p a r a t u s  showing el.ectr.on . t r a j e c t o r i e s .  

Eorh s c a t t e r i n g  and counter  misalignment: have bcen ,esagge;.:i~ed 

f o r  purpose of i l l u s t r a t i o n .  
. . 

' F i g .  3 A t t e n u a t i o i ~  cu rves  f o r  1 mm cliaineter NEllO f i b e r .  

F ig .  4 D i r e c t  ccmparison of s p e c t r a  of NE102 and KE110 fibers u s i n z  

RCAS 3 5 0  PllT. 

F ig .  5 Con~pr~ra t ive  cha rge  s p e c t r a  f o r  30 cm of a  1 nrin N E l l O  f2bc.r 'illat 

was coupled t o  a P3.r wit11 o p t i c a l  g r e a s e  a n d  e2:posed t o  

. (a)  . 3  GeV/c n e g a t i v e  p lons  
. . 1 0 6Ru 

(b)  3.5 MeV/c b e t a s  froin 

Charge. spectrum f o r  30 cm of ano the r  1 ilm ~ E l l c  : f iber  that: T.:~s 

coupled t o  a PITT 1wit:h g l u e  and exposed t o  

( c )  3.5 arev/c b e t a s  f r o n  1 0 G ~ u .  

F ig .  6 Photograph of a clevice f o r  t e s t i n g  s c i n t i l . l a t i n 2 ,  ~~~~~~~s i n  a pion 

beam. 

F i g .  7 E f f i c i e n c y  p r o f i l e  of a  1 mm HE110  f i b e r  a t  30 cnl f o r  3  GeV/c p ions  

acd a 0.3 mm probe:  

(a) Real  t r i g g e r s  

(.b) Acci.denta1 t r i g g e r s  



Fig. 8 C'hsrge spcc'ira f o r  a 1. n:n ME110 f i b e r  a t  39 crr: %or  3 GeV/c 

pions  and ,-; 0..3 n,x p:::~bc: 

(a) Fiber centered on the  prob=l 

(b)  F i b e r  edge cerlterecl ox the probe 

1 b i g .  9 ( a )  Qzan.i:l:;n e f f i c i e n c y  of  a RCA rec!ch th;ro:igh id'D tllat is 

opti.nlized f o r  s c i n ~ i l l a t o r  I.igl.1.C ' (b) J ~ i n i s ~ i o n  .spec..Lrui, of 

N R 1 0 2  s c i n t i l l a t o r .  

F i g .  10 2c!ir-~v'io.; of a 1 1.m 1?CA resch throu;ii A,PD at n g a i n  of :?5 as a ?tiiici:.lg.i.l 

of tenperature: 

(3) R n i ~  s i g n a l  r e s o l u t i o n  f 01- 70 phot:oe:Lzc:'ci:ons er.!cl 0 .  5 1:s-c. ' .  

(h)  @.IS ' da rk  . . ~ l o i s e  for 0.5 nsss gaus,sian sh21):iilg . . 

( c )  l)ark .curren'i. 
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APPARATUS FOR ANALYZING PULSE HE1GH.T SPECTRUM 
. . OF SCINTILLATING FIBER . . 
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Figure 2 
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DIRECT COMPARISON OF NEl02 AND NEllO 
USING RCA 8850 

FORL< 40,<n> OF NU02 IS HIGHER THAN <n> OF NE110 
F O R 1 > 4 0 , < n >  OF NEIIO IS HIGHER THAN en> OF NE102 

Figure 4 
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FIBER AND BEAM COMPARISONS FOR 30cm LENGTH 

SAME FIBER EXPOSED TO ELECTRONS 
UNDER IDENTICAL CONDlTlONS 

(n) = 7 

DIFFERENT FIBER EXPOSED TO ELECTRONS 
GLUED TO PMT 

Figure 5 
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CENTER OF FIBER 
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EDGE OF FIBER I (n) ~ 3 . 0  




