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SUbl!!L%RY 

I'te c o n s i d e r  t h e  p o s s i b i l i t y  of u s i n g  thc  ocean ac a ncutrirto 

d e t e c t o r ;  neu t r ino -p roduced  i n t e r a c t i o n s  r e s u l t  i n  charged IJU- 

t i c les  t h a t  ger lexate  Ccrenkov r a d i a t i o n  in the water, which can 

be 'etected by l i g h t - g a t h e r i n g  equipment an6 photomult ipl iers  .. 
The properties of t h e  ocean  as seen f r o m  this stanclppoint are 

c r i t i c a l l y  examined, and the advantages and d i s a d v a n t a g e s  polnted 

out. Possible uses for such  a n e u t r i n o  detector include 1) T h e  

d e t e c t i o n  of neutrinos e m i t t e d  in g r a v i t a t i o n a l  collapse of 

stars ( supe rnova  p r o d u c t i o n ) ,  not only  i n  our own galaxy, butt 

in o t h e r  gelaxics up t o  pe rhaps  t w e n t y - n i l l i o n  33.ght-yearr; 

away, 2 )  t h e  e x t e n s f o n  of high-energy n e u t r i n o  p h y s i c s ,  as 

c u r r e n t l y  p r a c t i c e d  up to 200 GeV a t  high-energy accelerators, 

to  energies  up t o  50  t i m e s  h i g h e r ,  using  neutrinos generatea in 

t h e  atmosphere by cosmic rays,  and 3) t h e  p o s s i b l e  dctectian 

of n e u t r i n o s  produced by cosmic-ray i n t e r a c t i o n s  outside the 

earth's atmosphcrc. 

seems t o  be w i t h i n  r e a c h .  

6 
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The t echno logy  €or such  an unde r t ak ing  
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A.  INTRODUCTION 

Ever s i n c e  Reincs and Cowon f i r s t  d e t e c t e d  t h e  n e u t r i n o  

e m i t t e d  i n  beta-decay,’  n e u t r i n o  d e t e c t i o n  has provcd t o  he a 

valuable and impor t ah t  t echn ique  i n  p a r t i c l e  phys i c s .  

The d e t e c t i o n  of p a r t i c 1 . e ~  v i a  t h e  veak i n t e r a c t i o n  is 

e x p e r i m e n t a l l y  d i f f i c u l t .  I n  a r e l a t i v e l y  f a v o r a b l e  c a s e ,  

t h a t  of a b s o r p t i o n  of an  e l e c t r o n  a n t i n e u t r i n o  (ce) by a pro- 

t o n ,  w i t h  a t h r e s h o l d  a t  1 .8  MeV, the c ross - sec t ion  is  only 

2.4 x 

such a low ene rgy  n e u t r i n o  is about  100 l i g h t - y e a r s  i n  l i q u i d  

hydrogen. The d e t e c t i o n  and s tudy  of such n e u t r i n o s  r e q u i r e  

a combinat ion of h igh  f l u x e s  a n d  very large d e t e c t o r s .  Anti-  

n e u t r i n o  f l u x e s  of 2 x 1013 c m c 2  sec-’ h:ve been achieved  at 

reactors. 

t h e  e a r t h  es t i rna ted  a s  6 x I O 1 *  c ~ I - ~  sec-l, e q u i v a l e n t  t o  2 5  

watts p e r  m . R. Davis and h i s  c o l l a b o r a t o r s  a t  t h e  Brookhchavcn 

N a t i o n a l  Labora to ry  have been sea rch ing  f o r  solar neut.rinos 

w i t h  a 100,000-ga l lon  pe rch lo re thy lene  d e t e c t o r  a t  a gold-mine 

i n  Homestake, S . D .  for: many y e a r s ,  so f a r  w i thou t  success .  

T h e i r  a b s e n c e  i s  proving  t o  be  somewhat ernbarassing to thcoret- 

Acal a s t r o p h y s i c i s t s . ’  

cin2 f o r  a 3 NeV ce. T h u s  t h e  mean f r e e  p a t h  for  

The nea res t  star, o u r  sun ,  prncluces a ve flux a t  

2 
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The d c t e c t i o n  mechanism is t h e  r e a c t i o n  

Th r a d i o a c t i v e  A r 3 7  i s  Col ' lccted and counted,  h deep under- 

ground  s i te  i s  n e c e s s a r y  t o  avoid  the  p r o d u c t i o n  of t h e  same 

end-p roduc t  by ( p ,  n)  r e a c t i o n s  induced by cosinic-ray muons. 

C o s m i c  r a y s  i n t e r a c t i n g  i n  t h e  e a r t h ' s  atmosphere produce 

mesons ( p i o n s  and kaons)  which decay i n t o  muons and  n e u t r i n o s ,  

T h e s e  n e u t r i n o s  have been obse rved  i n  a Sou th  African golCi-mlne  

by a c o l l a b o r a t i v e  g roup  f r o m  t he  U n i v e r s i t y  o f  California 

( I r v i n e )  , Case-'Western Rese rve  U n i v e r s i t y  and tho U n i v e r s t t y  o f  

t h e  1J i twatcrs rand .  ' The r e s u l t s  were c o r r o b o r a t e d  by an I n d i a n -  

J a p a n e s e - B r i t i s h  group working i n  t h e  Kolar g o l d  fields of 

I n d i a .  ' 

DUXAND - P r o j e c t  DUNAND, which is an acronym s t o n d i n g  for Deep 

Underwater  Kuon And I J e u t r i n o  Detector, is  i n t e n d e d  as a furtiler 

s tep i n  the d i r e c t i o n  of e s t a b l i s h i n g  e x p e r i m e n t a l  n e u t r i n o  

astronomy.  

g rowth  of i n f o r m 1  c o n v e r s a t i o n s  in the l a s t  few .years .among a 

number of cosmic-ray p h y s i c i s t s  i n t e r e s t e d  i n  muon an? n e u t r i n o  

d e t e c t i o n .  A t  f i r s t  the i d e a  of a l a r g e  unde rwa te r  Ccrenkov.  

d e t e c t o r ,  i n  which t h e  l i g h t  produced by f a s t  c h a r g e d  p a r t i c l e s  

i n  thc ocean p roduces  e l . e c t r i c a 1  p u l s e s  from p h o t o m u l t i p l i e r  

t u b e s ,  a r o s e  i n  c o n n e c t i o n  w i t 1 1  the problem of dc termir l ing  the 

muon depth- in tens i ty  curve  i n  a wcll-spcci f i c d  medilm. 

ing o n  thc c o n f i d c n c c  w i t h  which one hclicved e i t h e r  t h c  

S t i l l  i n  t h e  Zormative s t a g e ,  DUI~Atm i s  the-out- 

Depend- 
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spec’;rum or  t h  cncrgy-loss mechanj.sm, t h o  mcnsurrd cuzvc 

re1nt:iilg the two could be ucc?d t o  dcllucic? one or tho othcr. 

Having t h u s  Imagine6 an underwater clot.cctor it M ~ S  n a t u r a l  

t o  c o n s i d e r  u s i n g  it for neutrino d e t e c t i o n .  Three ways o f  

u s i n g  such a d e t e c t o r  have so ’ far  been  suggested: 1) the 

d e t e c t i o n  of n e u t r i n o s ,  from g r a v i t a t i o n a l  s t e l l a r  . c o l l a p s e  

(dsc), of ene rgy  soniewhere between 10  and 100 MeV ( the energy i s  

n o t  woll-kno\rn) ,  no t  o n l y  from OUT own galaxy’  b u t  from other 

galaxies  up t o  perhaps 2 x lo7 l i g h t - y e a r s  d i s t a n t ,  2) the 

d e t e c t i o n  and s tudy  of the hiyh-energy t a i l  of t h c . n g u t r i n o  

spectrum (above 1 TeY) produced i n  t h e  atmosphere by the 

i n t e r a c t i o n  of cosmic r a y s ;  and 3) t h e  a e t e c t i o n  o f  very htgh 

energy neut r inc is  prod;lceS by c o l l i s i o n s  of cosmic rays tr$Lh 

protons and photons i n  i n t e r s t e l l a r  ana  i n t e r g a l a c t i c  space. 

Th? f e a s i b i l i t y  of a c h i e v i n g  one o r  more of these exciting 

goals  has y e t  t o  be d e m m s t r a t e d ;  t h e  DUILRRD program is designed 

t o  ’ i d e n t i f y ,  and if p o s s i b l e ,  s o p e  the manifold problems 

associated w i t h  such  a d e n a n s t r a t i o n .  

F o r  the saka of ready reference, MF? have assicjned acronyms 

to these th ree  expe r imen t s  as  f o l l o v s :  
8 

1) UNDINE - UiJcierrlater D e t e c t i o n  of Intergalactic 

Neutrino Emission. 

2) 

3) UNICORN - UNdsrwater T n t c r s t e l l  as C O s m i c - R a y  

ATFIENE - ATnospheric High-Energy N e u t r i n o  Experiinclnt, 

lu’eutrinos. 
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B. UNDINE: 

THE DETECTION OF GRAVITATIONAL STEIJAR COLLAPSE 

I.  Neu t r ino  De tec t ion  Mechanisms 

The d e t e c t i o n  of a low-energy (10-100 MeV) n e u t r i n o  f l ux  . 
m u ; t  proceed e i t h e r  th rough t h e  s c a t t e r i n g  or a b s o r p t i o n  of 

n e u t r i n o s ,  w i t h  t h e  d e t e c t i o n  of a charged  secondary  par t ic le .  

The b e s t  r e a c t i o n ,  f o r  which t h e  c r o s s - s e c t i o n  i n c r e a s e s  as  

E2 i n  t h e  energy  r e g i o n  concerned ,  is t h e  c o n v e r s i o n  of 3, 
t o  e+ and Ve t o  e-, ( t h e  i n v e r s e  of e l e c t r o n  c a p t u r e )  a c c o r d i n g  

t o  t h e  u s u a l  cha rged-cu r ren t  weak i n t e r a c t i o n :  

and 

+ - 
ve + p.+  n + e (1.a) 

These r e a c t i o n s  can  o c c u r  w i t h  bound nuc leons  as well a# 

f r e e  ones ;  b u t  i n  t h a t  c a a e  t h e y  may be i n h i b i t e d  by t h e  l a c k  

of a v a i l a b l e  phase  space  for t h e  p roduc t  p a r t i c l e s .  Thus a 

t i g h t l y  bound nuc leus ,  such  a s  the abundant oxygen i s o t o p e  i n  

water, 0l6,  is a p a r t i c u l a r l y  un favorab le  target. The cross- 

s e c t i o n  i s  ext remely  l o w  u n t i l  t h e  energy is well above thresh- 

o l d ;  i n  t h e  case o f  0l6 it d o e s  n o t  approach  t h e  f r e e  n u c l e o n  

c r o s s - s e c t i o n  u n t i l  above 50 MeV.6 

The cohe ren t  s c a t t e r i n g  r e a c t i o n  
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whose c r o s s - s e c t i o n  i s  l a r g e  for  h i g h  A, a n d  which proceeds via 

the n e u t r a l  c u r r e n t  i n t e r a c t i o n ,  ' is inrportant  i n  star:; hc:c:~~l ;c  

it e n a b l e s  n e u t r i n o  momentum t o  be e f f i c i c n t 1 . y  t r a n s E c r r c d  t o  

t h e  t a r g e t  nucleus. '  However, a momentum of, say, 20 l.IeV[c 911 

a heavy n u c l e u s  c o r r e s p o n d s  t o  a k i n e t i c  ene rgy  i n  thckev range 

or less, and is w o r t h l e s s  i n  a Cerenkov Getoctdr: 

Thus .i?e see t h a t  e l e c t r d n  ' n e u t r i n o s ,  Ve, i n ' . t h e  energy 

r a n g e  below, s a y ,  30-50 MeV c a n  be d e t e c t e d  i n  water oiily 

t h r o u g h  s c a t t e r i n g  by e l e c t r o n s ,  9 for  which the c r o s s - s e c t i o n  

is sinal l :  0 crn'. A n t i n e u t r i n o s ,  on. the other hma, are 

a b s o r b e d  on p r o t o n s ,  'according to' Eq. la. The hydrogen i n  tho' 

water i s  t h u s  t h e  e f f e c t i v e  d e i e c t i n g  medium for lip to 50 

MeV or so; above t h i s  t h e  0 l 6  b e g i n s  t o  c o n t r i b u t e .  

Fo r  muon n e u t r i n o s  and a n t i n e u t r i n o s ,  the c h a r g e d - c u r r e n t  

i n t e r a c t i o n  c a n n o t  c o n t r i b u t e  u n t i l  t h e  n e u t r i n o  energy passes 

t h e  t h r e s h o l d  f o r  muon p r o d u c t i o n ,  105 MeV. B e l o w  that  oaly 

the s c n t t e r l ' n g  d u e ' t o  t h e  p u r e l y  l e p t o n i c  i n t e r a c t i o n  is 

e f f e c t i v e .  Though t h e  c r o s s - s e c t i o n  is much s m a l l e r  t h a n  the 

i n v e r s e - c a p t u r e  r e a c t i o n ,  t h i s  may hc more than compcnsdt.ec1 

by t h e  l a r g e r  number of e l e c t r o n s  t h a n  free p r o t o n s  (10 rather 

than 2 p e r  molecu le  of water) and t h e  larger flux of ue, 

and s,, viliich may be produced i n  GSC. 
% 

For  s i m p l i c i t y ,  vrc w i l l  c o n s i d e r  only the s i g n a l  f r o m  

abovc 2 KeV, via t h e  r c a c t i o n  la, which y i e l d s  a f a s t  p o s i t r o n  

c a p a b l e  o f  produc ing  Cerenkov l i g h t .  A 20 t leV p o s i t r o n  will 

have  a r a n g e  of about  1 2  cni i i i  w a t e r ,  and w i l l  proclucc about 

6000 q u a n t a  between 2 5 0  and 600 nm. 

e 



tie. i n q u i r e  next  as t o  t h c  flux and cwergy of the r i c u t r j n o s  

t o  be e x p c c t e s  from g r a v i t a t i o n a l  s t e l l a r  c o l l a p s e  (GSC) .  

X I .  N e u t r i n o  Emission from G r a v i t a t i o n a l l y  C o l l a p s i n g  stars 
( I n c l u d i n g  Supernovae)  

G r a v i t a t i o n a l  c o l l a p s e  ( s e e  F ig .  1) occurs when a massive 

star, of mass above t h e  s o - c a l l e d  Chandraselrhar l i m i t  (1.2 

s o l a r  masses) r u n s  o u t  Of n u c l e a r  f u e l .  The internal electron 

degene racy  p r e s s u r e  i s  t h e n  i n s u f f i c i e n t  to restrain the 

g r a v i t a t i o n a l  force, and a c o l l a p s e  ensues.  

C u r r e n t  p i c t u r e s  of GSC' a e n v i s i o n  t h e  p r o c e s s  as o c c u r r i n g  

i n  t w o  s t a g e s ,  i n v o l v i n g  d i f f e r e n t  n e u t r i n o  production mecha- 

nisms and l u m i n o s i t i e s ;  i n  a d d i t i o n  t h e r e  are numerous v a r i a -  

t i o n s  d u e  t o  d i f f e r i n g  i n i t i a l  composition and mass. The main 

f e a t u r e s  are c o n s t a n t  however, s i n c e  t h e y  refer to  the i n n c r -  

most core. 

When t h e  c o l l a p s i n g  s tar  r e a c h e s  a d e n s i t y  of about 2 x 

l o l l g  

d e g e n e r a t e  e l e c t r o n s ,  which is now f i l l e d  t o  a b o u t  25 I4eV, 

gives rise t o  a b u r s t  of about  lQ5* e r g s ,  c o m p r i s i n g  

t r o n  n e u t r i n o s  of mean energy about  10  !lev. T h i s  "neutronha- 

t i o n "  p r o c e s s ,  i n  which all the  nucleons a r e  c o n v e r t e d ' t o  

n e u t r o n s ,  lasts a t  most a few h u n d r e d t h s  of 

a second.  

t h e  s t e l l a r  radius, and t h e  ernitted n e u t r i n o s  u n d e r g o  elastic 

e l e c t r o n  c a p t u r e  by p r o t o n s  f r o m  t h e  Fermi sea of 

elec- 

(e- + p -+ n -t 

The mean free p a t h  of t h e  n e u t r i n o s  is comparable to 

c o h e r e n t  s c a t t e r i n g  f r o m  the heavy n u c l e i  i n  t h e  s te l la r  m a n t l e ,  

v i a  the n e u t r a l  c u r r e n t  i n t e r a c t i o n .  This may pcrlinpn be t h o  

long-sougl i t  mechanism wlicreby momentum 1s t r a n s E c r r e d  t.o the 



-7 - 
outer l a y e r s  of t h e  s t a r ,  producing  i n  a t  least  some cases t h e  

s p e c t a c u l a r  supernova exp los ion ,  l i k e  t h a t  r e spor l s ib l c  for the 

expanding envelope  sur rounding  t h e  Crab supernova of 1054 A.D.  

However, i t  i s  n o t  known whether a l l  g r a v i t a t i o n a l  c o l l a p s e  is 

accompanied by v i s i b l e  supernova explos ion;  c u r r e n t  ev idence  

seems t o  be a g a i n s t  it. 

Fol lowing t h e  i n i t i a l  n e u t r o n i z a t i o n ,  t h e  g r a v i t a t i o n a l  

c o l l a p s e  accelerates. Within a f e w  m i l l i s e c o n d s  t h e  s ta r  
c o l l a p s e s  t o  e s s e n t i a l l y  n u c l e a r  d e n s i t y ,  n e a r  1 0  14  g 

ending  e i t h e r  as a neu t ron  star or  a b l ack  hole .  

of t h e  collapse, t h e  t empera tu re  becomes ve ry  h igh  ( l o l o  K or 

h i g h e r ) ,  and abou t  e r g s ,  t e n  t i m e s  a s  much as i n  t h e  f i rs t  

stage, is l i b e r a t e d  a s  n e u t r i n o s ,  formed by the rma l  p rocesses .  

Thus t h e  e m i t t e d  n e u t r i n o s  a r e  produced i n  p a i r s ,  of an t ineu -  

t r i n o  and n e u t r i n o ,  of e l e c t r o n  and muon type ;  and the mean 

I energy  is  i n i t i a l l y  probably  h ighe r  t h a n  i n  the f i r s t  s t a g e  

A t  t h e  end 

(though depending c r i t i c a l l y  on t h e  t empera tu re  a t  format ion . )  

The i n i t i a t i o n  of n e u t r i n o  p roduc t ion  may h e  accompanied by 

c o r e  "bounce" i n  which t h e  sudden hardening of t h e  corc a t  

n u c l e a r  d e n s i t i e s  r e s u l t s  i n  t h e  incoming materia? bouncing 

b a c k ,  pe rhaps  s e v e r a l  t imes,  u n t i l  f i n a l l y  damped. F igu re  2 ,  

k i n d l y  provicicd t o  us by D r .  James E. Wilson,' * shows a r e c e n t  

c a l c u l a t i o n  of t h e  p r o g r e s s  of the co l l apse .  

There  i s  u n f o r t u n a t e l y  no  agreement among t h e o r e t i c a l  

a s t r o p h y s i c i s t s  a s  y e t ,  concerning t h e  spectrum and l u m i n o s i t y  

of the second n e u t r i n o  b u r s t .  For one t h i n g ,  i n  t h e  c o l l a p s e d  
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s t a t e  t h e  n e u t r i n o  mean f r e e  p a t h  is now much s h o r t e r  t h a n  t h e  

s t e l l a r  r a d i u s ,  and t h e  n e u t r i n o s  may lose much ene rgy  b e f o r e  

l e a k i n g  o u t ;  t h e  w a l l s  are always t h i n  a t  l o w  e n e r g i e s  because 

of t he  behav io r  of t h e  c r o s s - s e c t i o n  w i t h  e n e r g y .  

F i g u r e  3 shows a set  o f  n e u t r i n o  s p e c t r a  i n  t h e  l a t e r  stages‘ 

of c o l l a p s e .  

spectrum weighted by E* t o  give a p l o t  of t he  number of e v e n t s  

s e e n  v s .  energy .  

F i g u r e  4 shows t h e  5, spectrum, and  a l s o  t h e  f i a m e  

111. DUMAAND and G S C  

I€ one  c a l c u l a t e s  t h e  e f f i c i e n c y  for  d e t e c t i n g  1 0  MeV a n t i -  

n e u t r i n o s ,  one sees immediately t h a t  v e r y  large targets are 

n e c e s s a r y .  The d e t e c t i o n  e f f i c i e n c y  is p r o p o r t i o n a l  t o  t h e  

flux F ( n e u t r i n o s  ~ r n ’ ~ )  i n  t h e  GSC puI.se, t h e  p r o t o n  d e t e c t o r  

m a s s  hip and t h e  a n t i n e u t r i n o  c r o s s - s e c t i o n  0 ,  which for  f r e e  

n u c l e o n s  and e n e r g i e s  above 6 MeV or so is” 

2 u = 7.  x cm (31 

w i t h  E i n  MeV. The r e s u l t i n g  ave rage  number of a n t i n e u t r i n o  

i n t e r a c t i o n s ,  1 3 ,  i s  g iven  by 

ij = 6. x lo2’ F (I Mp 
2 = 4 . 2  x M~ F E 

where M i s  t h e  p r o t o n  d e t e c t o r  mass i n  rr .ctric tons.  I f  w e  t a k e  

N’ = 14, t h e n  t h e  Po i s son  d i s t r i b u t i o n  s t a t i s t i c s  t e l l  us t h a t  
P 
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the  p r o b a b i l i t y  o f  s e e i n g  an  even t  w i th  1.0 or m o r e . i n t e r n c t i o n s  

i s  0.89. Assuming t h a t  10  i n t e r a c t i o n s  provide  adcqua tc  idcn- 

t i f i c a t i o n ,  t h e  r e q u i r e d  d e t e c t o r  s i z e  f o r  fi - 14 w i l l  be g i v e n  

bY 

(4 )  
1 4  VZE2 = 3.3 x 10 

Expected N e u t r i n o  F luxes  - For a r e p r e s e n t a t i v e  GSC, l e t  us t a k e  

t h e  t o t a l  ene rgy  r a d i a t e d  as e l e c t r o n  a n t i n e u t r i n o s  t.o be  0 . 4  x 

ergs. The root mean squa re  energy of t h e  spectrum,from 

F i g .  4 ,  is abou t  20 MeV; from t h i s  we c a l c u l a t e  t h a t  t h e  flux 

of a t  a d i s t a n c e  of 2 x lo7 l i g h t - y e a r s  is 2 . 5  x l o 5  
Thus FF2 = 1 . 0  x lo*, corresponding  t o  a r e q u i r e d  p r o t o n . d e t e c -  

t o r  of 3.3 x l o 6  t o n s .  S i n c e  on ly  t h e  hydrogen is e f f e c t i v e  

below abou t  50 bleV, t h e  r equ i r ed  mass o f  w a t e r  is n i n e  t i m e s  

g r e a t e r  or 3.0 x lo7 t o n s  (see  Table  I). 

The flux of  t h e  o t h e r  kincls of n e u t r i n o s  may b e  much g r e a t e r ;  

u p  t o  n e a r l y  100 t i m e s  h ighe r ,  accord ing  to Fig. 2 . .  The scattcr- 

ing c r o s s - s e c t i o n  o f  t h e s e  n e u t r i n o s  on e l e c t r o n s  i s  i n  t h e  re- 

g i o n  of l o m c 3  c m 2 ,  wh i l e  t h e  ' a n t i n e u t r i n o  c ross -sec t i .on  o n  

p r o t o n s ,  from m. 3, is 2 . 8  x 

S i n c e  t h e r e  are t e n  e l e c t r o n s  p e r  water molecule  and  o n l y  t w o  

p r o t o n s ,  t he  t a r g e t  i s  e f f e c t i v e l y  f i v e  t i m e s  d e n s e r .  Thus 

t h e r e  s e e m s  to  be a p o s s i b i l i t y  t h a t  t h e r e  may be a p p r e c i a b l e  

c o n t r i b u t i o n s  t o  the d e t e c t i o n  p r o b a b i l i t y  front e l e c t r o n  scatter- 

i n g  of t h e  abundant neu t r inos :  

cm2 f o r  20-hIoV a n t i n e u t r i n o s .  

- 
V,,, V,, and ve. 
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TABLE I. 

Mass Pf Water Required t o  See 10 I n t e r a c t i o n s ,  

P e r  GSC Event,  w i t h  89% E f f i c i e n c y ,  w i t h  F lux  FE 2 

M (metric t o n s )  I 
-- 

F E ~  ( ~ r n - ~  M e V 2 )  

l o 4  
l o 6  
l o 8  

3.0 x 10l1 

3.0 x 1 0  ' 9  

3.0 l o 7  

D e t e c t i o n  of An t ima t t e r  G a l a x i e s  or S t a r s  - As w e  have no ted ,  

t h e  t w o  s t a g e s  of n e u t r i n o  emiss ion  a r e  d i s t i n g u i s h e d  both  by 

t h e  t y p e  of n e u t r i n o s  e m i t t e d  and by t h e i r  t i m e ,  and perhaps  

ene ryy ,  d i s t r i b u t i o n .  I n  s te l lar  c o l l a p s e  i n  o r d i n a r y  m a t t e r ,  

t h e  second s t a g e  e l e c t r o n  a n t i n e u t r i n o s  are t h e  pr imary  s i g n a l  

s o u r c e .  However, shou ld  any  GSC or supernova w i t h i n  t h e  20- 

m i l l i o n  l i g h t - y e a r  r a n g e . o f  t h e  d e t e c t o r  c o n s i s t  of a n t i m a t t e r ,  

t h e n  t h e  f i r s t  s t a g e  e m i s s i o n ,  due t o  a n t i n c u t r o n i z a t i o n  - i . e . ,  

positron c a p t u r e  by a n t i p r o t o n s  - would c o n s i s t  of a n t i n e u t r i n o s  

r a t h e r  t han  n e u t r i n o s ,  and  both s t a g e s  of t h e  c o l l a p s e  would 

be d e t e c t a b l e .  Provided t i l e  two s t a g e s  can  be d i s t i n g u i s h e d  

by d i f f e r e n t  t i m e  and/or  ene rgy  d i s t r i b u t i o n s ,  o u r  d e t e c t o r  t h u s  

p r o v i d e s  a method i n  p r i n c i p l e  of s ea rch ing  f o r  a n t i m a t t e r  i n  

ne ighbor ing  g a l a x i e s  (as well  a s  our  own). The method is  

un ique  i n  t h a t  i t  r e l i e s  on t h e  d e t e c t i o n  of d i s t i n g u i s h a b l c  

n e u t r a l  p a r t i c l e s .  
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If w e  t a k e  F i g .  2 as a gu ide  i n  excamining t h e  p o s s i b i l i t y  o f  

d i s t i n g u i s h i n g  a n t i s t e l l a r  c o l l a p s e  from s t e l l a r  c o l l a p s e ,  we 

note t h a t  t h e  i n i t i a l  n e u t r o n i z a t i o n  b u r s t  is q u i t e  i n t e n s e  com- 

p a r e d  t o  t h e  l a t e r  the rma l  a n t i n e u t r i n o  emission. P o s s i b l y  t h e  

ene rgy  spectra of t h e  t w o  d e t e c t i o n  mechanisms w i l l  a l l o w  a 

d i s t i n c t i o n .  I n  t h e  c a s e  of t h e  a n t i n e u t r i n o ,  all t h e  energy  

a p p e a r s  i n  t h e  p o s i t r o n  and t h e  c r o s s - s e c t i o n  is  weighted by 

the  s q u a r e  o f  t h e  n e u t r i n o  energy. I n  t h e  n e u t r i n o - e l e c t r o n  

s c a t t e r i n g ,  o n l y  h a l f  t h e  n e u t r i n o . e n e r g y  i s  imparted t o  tha .  elec- 

t r o n  on t h e  ave rage ,  and t h e  c r o s s - s e c t i o n  i n c r e a s e s  o n l y  as t h e  

n e u t r i n o  ene rgy .  Thus a s t e l l a r  c o l l a p s e  shows a n  i n r t i a l  phase  

of n e u t r i n o - e l e c t r o n  s c a t t e r i n g  on which l a t e r  Ge, V,, and 5,, are  

supe rposed ;  an  a n t i - s t e l l a r  c o l l a p s e  would show a very  s t r o n g  

i n i t i a l  n n t i n e u t r i n o  b u r s t ,  v i t k  2 l a t c r  cont r ibu t i . cn  frcm v - P 
e l e c t r o n  s c a t t e r i n g .  

The e x i s t i n g  (nega t ive )  ev idence  concern ing  t h e  e x i s t e n d e  of 

a n t i m a t t e r  i n  t h e  u n i v e r s e  i s  de r ived  f r o c  a )  c h a r g e d - p a r t i c l e  

s e a r c h e s  i n  the cosmic-ray p r i m a r i e s ,  which are i m p r a c t i c a l  

a t  h i g h  e n e r g i e s ;  or b) a n n i h i l a t i o n  p roduc t s  like yamma-rays; 

but t h e s e  have  so many p o s s i b l e  sou rces  t h a t  t h c i r  o r i g i n  is 

d i f f i c u l t  t o  de te rmine .  

I V .  Extraga1act.i.c GSC Event Rate  

I n  o r d e r  t o  e s t i r i a t e  t h e  number of GSC e v e n t s  t h a t  would 

be s e e n  j n  a d e t c c t o r  of the s i z e  envisaged ,  w e  nccd a n  estimate 

of t h e  ra te  of e v e n t s  w i t h i n  rariqe of o u r  d c t c c t o r .  T h i s  csti- 

mate is a t  b e s t  a v e r y  u n c e r t a i n  one; it contains  t h r e e  f a c t o r s  P 

http://contributi.cn
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none of which is  a c c u r a t e l y  known. They are  1) The number of 

g a l a x i e s  w i t h i n  ranoe;  2 )  t h e  ra te  a t  which supernovae  are 

obse rved  i n  ne ighbor ing  g a l a x i e s ;  and 3) t h e  r a t i o  of t h e  number _. 

of n e u t r i n o - e m i t t i n g  GSC e v e n t s  t o  v i s i b l e  supernovae. 

G a l t z t i c  D e n s i t x  - On examining t h e  a v a i l a b l e  e s t i m a t e s  of g a l a c -  

t i c  d e n s i t i e s  i n  spac‘e, w e  f i n d  a d i s t r e s s i n g  l a c k  of agreement.  

Al len’  * q u o t e s  t h e  mean v a l u e  0 . 0 2  galaxy/Mpc3, which t r a n s l a t e s  

t o  5 . 0  x gali~cy/hlLlLY~. Sandage” e s t ima ted  t h e  t o t a l  number 

o f  g a l a x i e s  i n  t h e  u n i v e r s e ,  o b t a i n i n g  a mean d e n s i t y  0.14/14LY . 
E s t i m a t e s  of t h e  l o c a l  d e n s i t y  p l a c e  it 2.5  t i m e s  h i g h e r  t h a n  

t h e  a v e r a g e  - w e  i n h a b i t  a croweed urban  a r e a ,  a p p a r e n t l y  - 
g i v i n g  0.35/MLY . F i n a l l y ,  Shapley e s t i m a t e s  an  ave rage  of 

1.0/MLY3.’* 

3 

3 

These e s t i m a t e s  d i f f e r  by a f a c t o r  as h i g h  as  1700. 

However, l i s t s  of ICCSI g a l a x i e s  have be011 litade.’ ’ Loca l  

g a l a x i e s  are t h e  easiest to  see; i f  t hey  a r e  nearby  and f a i n t ,  

t h e y  a r e  p robab ly  t o o  s m a l l  t o  be s i g n i f i c a n t .  Galact ic  su rveys  

are  s u b j e c t  t o  c o n s i d e r a b l e  errors i n  e s t i m a t i n g  d i s t a n c e ,  s i n c e  

i n  m o s t  c a s e s  t h e  estimmqtes a re  s t a t i s t i c a l  and based  o n l y  on  

t y p e  and a p p a r e n t  magnitude. Shapley, s t r i k i n g  an  average , ’  ‘ 
estimates 1250 v i s i b l e  g a l a x i e s  w i t h i n  20 m i l l i o n  l i g h t - y e a r s .  

The t e r m  “ v i s i b l e “  exc ludes  abou t  h a l f  t h e  sky ,  which is ’obscure& 

by the Milky Way and i t s  a s s o c i a t e d  d u s t  c louds .  

Applying t h i s  c o r r e c t i o n ,  w e  a r r i v e  a t  2500, g i v i n g  a d e n s i t y  

of 0 . 0 7 5  galaxy/MLY3. 

Frequency of Occurrence of E x t r a g a l a c t i c  Supernovae - I n  othcr 

g a l a x i e s ,  ratcs of supernova occurence  r ang ing  froin 3 i n  2 0  y e a r s  
I 
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to 1 i n  400 y e a r s  havc been observed  for type I1 supernovae, 

and 1 p e r  1000 y e a r s  t o  1 p e r  4 0 0 0  y e a r s  for the much rdrer 

t y p e  I supernovae .  There  i s  good ev idence  t h a t  d i f f e r e n t  g a l a c -  

t i c  t y p e s  have  s i g n i f i c a n t l y  d i f f e r e n t  supernova frequencies; 

s p i r a l  g a l a x i e s  have more t h a n  e l l i p t i c a l  g a l a x i e s ,  f o r  example; 

and  also t h a t  obse rved  f r e q u e n c i e s  a r e  o b s e r v a t i o n a l l y  b iased . '  ' 
Faced w i t h  w i d e l y  d i v e r g i n g  data, we adop t  a median v a l u e  

o f  one supe rnova  p e r  ga l axy  p e r  30 y e a r s ,  as sugges t ed ,  e.cJ. ,  

by Weekes. ' 
Rat io  of GSC t o  Supernovae - Beldovich and Novikov' 

t h a t  there s h o u l d  b e  many g r a v i t a t i o n a l  c o l l a p s e s  i n  which no 

m a n t l e  b lowof f ,  and t h u s  no  o p t i c a l  supernova d i s p l a y  occur s .  

Lacking any q u a n t i t a t i v e  estimate of t h e  ratio GSC/superQovae, 

we a d o p t  t h e  c o n s e r v a t i v e  (and minimum p o s s i b l e )  valaic of u n i t y .  

p o i n t  o u t  

To r e c a p i t u l a t e ,  t h e n ,  assuming t h e  f i g u r e  of 2 5 0 0  g a l a x i e s  

w i t h i n  2 x lo7 l i y h t  y e a r s ,  and one GSC p e r  ga l axy  per 30 y e a r s ,  

w e  o b t a i n  83/year as t h e  expec ted  r a t e  of o b s e r v a t i o n  of 

c o l l a p s e ,  o r  one  eve ry  4 . 4  days ,  i n  a d e t e c t o r  of 3. x 10 t o n s .  7 

V.  G r a v i t a t i o n a l  Co l l apse  i n  t h e  Loca l  Galaxy. . 
A supe rnova ,  or a g r a v i t a t i o n a l  c o l l a p s e  i n  our own ga laxy  

would p roduce  a far s t r o n g e r  s i g n a l  t han  t h e  ones  w e  have been 

d i s c u s s i n g  at a d i s t a n c e  of twenty-mi l l ion  l i g h t - y e a r s .  Our 

g a l a c t i c  c e n t e r  is  only  30,000 l i g h t - y e a r s  away, and r educ ing  

t h e  r e q u i x c d  sizc of t h e  d e t e c t o r  t o  a s  l i t t l e  ns s i x t y  t o n s  

would allow o n e  t o  sec GSC e v e n t s  from t h e  g a l a c t i c  celiter. 

Such "small" d e t e c t o r s  arc bc ing  planned or b u i l t  by s e v e r a l  
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g r o u p s , 2 o  and a t  l e a s t  one ve ry  i n t e r e s t i n g  e v e n t  h a s  bceri 

observed."  

of GSC i n  o u r  ga l axy :  one  i n  30 y e a r s  i f  it i s  s imilar  t o  i t s  

n e i g h b o r s .  Only 7 v i s u a l  supernovae have been observed  i n  t h e  

l a .  t 1500  y e a r s ;  2 2  a l l  b u t  one of t h e s e  were i n  t h e  immediate 

The one  worn\ i n  t h i s  app le  is t h e  a n t i c i p a t e d  r a t e  

g a l a c t i c  v i c i n i t y  o f  t h e  sun ,  most o f  t h e  ga l axy  be ing  obscured  

by d u s t .  

GSC rate.  

VI. The Ocean as a N e u t r i n o  Detector 

There a r e  consequen t ly  grounds f o r  hoping f o r  a h i g h e r  

A s  soon a s  one  i s  s e v e r a l  hundred meteqs below t h e  s u r f a c e  

t h e  l i g h t  i n t e n s i t y  h a s  dec reased  t o  t h e  background value,: . 
the l i g h t  a t t e n u a t i o n  l e n g t h  nea r  t h e  surface i s  less  t h a n  t h e  

20  meters we hope for a t  g r e a t  dep ths ;  so t h a t  a t  1 km, t h e  

l i g h t  a t t e n u a t i o n  w i l l  exceed 1 0  . 2 2  

Counting backgrounds i n  t h e  ocean w i l l  i n c l u d e  cosmic r a y s ,  

t h e  r a d i o a c t i v i t y  of t h e  seawater ,  and b io luminescen t  l i g h t  due  

t o  t h e  ocean  f l o r a  and f auna ,  T o  dec rease  t h e  f i r s t ,  w e  need a 

d e p t h  of a t  Icnst 5 km; F igu re  3 shows t h e  a t t e n u a t x o n  of t h e  

muon r a t e  with d c p t h  for d e t e c t o r s  w i th  a r e a s  i n  t h e  r a n g e  

lo3 - l o 6  m2. 

cosmic-ray mdon background of abou t  0 . 4  sec", a comfor t ab le  

c a l i b r a t i o n  r a t c .  

- 

A t  G km, a 3 x lo7 t o n  d e t e c t o r  would have a 

Bioluminescence e x i s t s  a t  all d e p t h s  a t  which it h a s  been 

s t u d i e d ;  and though it d imin i shes  wi th  dep th  it undoubtedly W i l l  

be p r e s e n t  a t  !I - G kin as w e l l .  W e  propose t o  make s t u d i e s  of 

i t  a s  part of t h e  s i t e  selectjon procedure ;  b u t  s i n c e  t h e  t i m e  
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d i s k r i h u t i o n  of t h e  l i c j h t  from bio luminesccnt  sou rces  i s  

e n t i r e l y  d i f f e r e n t  f r o ?  t h a t  f r o m  cosmic r a y s ,  ee do n o t  a n t i -  

c i p a t e  d i f f i c u l t i e s  i n  d i s t i n g u i s h i n g  t h e  t v o  sources .  

Ocean R a d i o a c t i v i t y  - F i n a l l y ,  t h e  r a d i o a c t i v i t y  of seawater  

p r o v i d e s  a n  i r r e d u c i b l e  minimum t o  t h e  count ing  r a t e  of a 

p h o t o m u l t i p l i e r .  24 

ground coun t s :  t h e  f i r s t  is t h e  b e t a - r a d i o a c t i v i t y  of t h e  

water, which is p r i m a r i l y  due  t o  K4', which has  a n  i n t e n s i t y  of 

13 d i s i n t e g r a t i o n s  sec-' p e r  l i t e r .  The o t h e r  i s  t h e  gama- ray  

There  are  two independent sou rces  o f  back- 

background (man i fe s t ing  i t s e l f  as Compton e l e c t r o n s )  due t o  

n e u t r o n  c a p t u r e  i n  seawater, p r i m a r i l y  t h e  f r a c t i o n  cap tu red  by 

C135. The neu t rons  (and a l s o  some prompt, or n e a r l y  so, gamma- 

r a y s )  a r i se  from t h e  minute  amount of uranium found i n  seawa te r ,  

namely 3 micrograms p e r  l i t e r .  Most of t h e s e  neu t rnas  a r i se  

from spontaneous  f i s s i o n ;  some come f r o 3  t h e  ( a , n )  r e a c t i o n s  

induced  i n  a few n u c l i d e s  p r e s e n t  i n  seawater ,  by a sma l l  high- 

ene rgy  f r a c t i o n  of t h e  a l p h a - e m i t t e r s  of t h e  uranium decay cha in .  

The e f f e c t  of t h e  r a t h e r  h i g h  count ing  r a t e  due t o  K4* is 

t o  make mandatory t h e  u s e  of co inc idence  t echn iques .  The p o t a s -  

s ium b e t a - r a y s  produce o n l y  a few photons; so t h e  e f f i c i e n c y  

of d e t e c t i n g  thein i s  low, and on ly  ve ry  r a r e l y  would two co in -  
4 0  c i d e n t  d e t e c t o r s  d e t e c t  t h e  same decay. Even withouC t h e  K 

decay ,  t h e  v e r y  low rates needed in i n d i v i d u a l  modules, a s  we 

w i l l  show, would clemapd co inc idence  techniques  - 
The e f f e c t  of t h e  neutron-induced gamd-ray a c t i v i t y  (and 

a l s o  g a m a - r a y s  from r:pontsncous f i s s i o n )  i s  t o  impose a n  energy  
35 t h r e s h o l d  on d c t e c t c d  c1ectro.n p u l s e s .  Thc e n e r g i e s  of the. C1 



c a p t u r e  gamma-rays r ange  up t o  about  8 MeV, and a t h r e s h o l d  i n  

t h a t  neighborhood w i l l  be  r e q u i r e d  to keep t h e  background r a t e  

i n  e a c h  module t o  a l o w  enough va lue .  Thus w e  see t h a t  ocean  

r a d i o - a c t i v i t y  p r e v e n t s  u s  f r o m  d e t e c t i n g  n e u t r i n o s  below 1 0  

Me1’ or so. 

Detector Logic  - We e n v i s i o n  t h e  3 x l o 7  t o n s  of ocean  subd iv ided  

i n t o  a large number J of s i m i l a r  modules, each  of d imens ions  

l i m i t e d  by t h e  l i g h t  a t t e n u a t i o n  t o  b e  of t h e  order of t h e  

a t t e n u a t i o n  l e n g t h ,  2 0  m. A s i n g l e  module might  t h e n  b e  a 20 m 

cube ,  or ca l o 4  t o n s ,  and t h e  number of modules J abou t  3000. 

I n  o r d e r  t o  o b t a i n  a n  unequivoca l  s i g n a l  from a GSC, w e  shou ld  

r e q u i r e  a minimum number of n e u t r i n o  i n t e r a c t i o n s  - say 10,  for  

- 

each e v e n t .  AS noted  above, t h e  mean number r e q u i r e d  t o  y i e l d  

a d e t e c t i o n  efficiency of .9 for 1 0  o r  xo re  cvcn to  is 1 4 .  Tha 

e s t i m a t e d  d u r a t i o n  of n e u t r i n o  e scape  frorn t h e  t h e r m a l  s t a g e  of 

t h e  GSC is 0 .1  sec (a value which, as one might su rmise ,  is  also 

open  t o  q u e s t i o n . )  I f  we now requi re -  t h a t  any 1 0  of J modules 

f i r e  w i t h i n  a t i m e  t ,  t h e  random background r a t e  af 10- fo ld  

c o i n c i d e n c e s  w i l l  be (JNt)”;  i n  which w e  have  a l r e a d y  f i x e d  J 

as 3000 and  t a s  0.1 sec. 

s ~ c ’ ~ ,  w e  f i n d  t h a t  J N t  must b e  0.16 sec-l, g i v i n g  N = 5 .  x 

sec-l. T h i s  ra te  is remarkably  independent  of t h e  o r d e r  of 

c o i n c i d e n c e  and of t h e  r e q u i r e d  background rate. Thus i n d i v i -  

d u a l  module coun t ing  rates n e a r  

c a n  o n l y  be o b t a i n e d  by co inc idence  methods; a t  l ea s t  3 - fo ld  

c o i n c i d e n c e s  arc  r e q u i r e d .  

I f  w e  set  t h e  background r a t e  a t  lo‘* 

sec” are needed ,  and t h e s e  ’ 



Optical Collection Efficiency - The toti:? number of Cerenkov 

quanta profuced between 250 and 600 rim by a 20 14eV positron 

(created by antineutrino absorption] is only about. 5500. Of 

these two-thirds are below 400 nm, in the ultraviolct; and 

without them the prospects of detecting the positron simultan- 

eously by at least three photomultipliers, each of which should 

receive at least 20-30 quanta, would be even more dismal. The 

probability of seeing zero photoelectrons if the average number 

produced is 6 is given by exp(-n) for a Poisson distribution. 
If = 3 (which happens with about 20 quanta only if the photo- 

cathode efficiency i s  as high as 15%)  the probability of detect- 

ing at least one photoelectron in each tube is only . 9 5 ,  yield- 

ing - 8 5  as the Chreefold coincidence efficiency. We dare not 

go niuch Geio." L i i i s .  

The achievement of a quantum collection efficiency of 

sever51 percent, using only a few phototubes, in a volume of 

8 0 0 0  m3 - a 20 m cube - will be no small feat. 
the most promising idea is to multiply the effective collecting 

area of the photocaChode sever21 hundredfold, by using wave- 

length shifters dissolved in plastic light guides for trapping 

the incident light." 

range, a11 the W should he converted to the blue-green. We 

thus envision a two-stage process: first, a wavelenqCti-shifter 

transforming to the blue-green ( 4 7 5  nm) , uniformly dispersed 

through the water, either in solution if the module is enclosed, 

or on a plastic backing, if not. Second, a trapping system of 

At the moment 

To give the Cerenkov light the maximum 
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l i g h t - g u i d e s  t h a t  a c c e p t s  t h e  4 1 5  nm and r e - r a d r n t e s  it a t  a 

somewhat l o n g e r  wavelength e f f i c i e n t l y  t r a n s m i t t e d  by t h e  l i g h t -  

gu ide ,  t o  which t h e  photocathode c f f i c i e n c y  is s t i l l  h igh  - 
perhaps  5 5 0  nm. The f e a s i b i l i t y  of t h i s  p r o c e s s  h a s  y e t  t o  be 

demc8 i s t r a t cd .  F i g u r e  5 is a schemat ic  r e p r e s e n t a t i o n  of such  

an a r r a y  of w a v e l e n g t h - s h i f t e r s  and l i g h t - t r a p s .  

The u s e  of wavelength s h i f t e r s  does  n o t  p r e c l u d e  t h e  need €or 

l a r g e - a r e a  pho to tubes ;  it makes it a l i t t l e  more t r a c t a b l e .  A 

l o 4  t o n  module will d i s t r i b u t e  Cerenkov l i g h t  o v e r  an  area o f  

about 2500 n . Without wavelength s h i f t i n g  w e  would need a mini-  

mum photocathode area of 50 m . L e t  u s  suppose w e  need to  sub- 

t end  209 of t h e  area wi th  l i g h t - t r a p s  t o  end up  w i t h  2% of t h e  

l i g h t ;  w e  t h e n  need 500 m2 of l i g h t - t r a p s .  
3 t r a p p i 2 9  gi-.7cr 21) a r c 2  g a i n  of 10 , ve Fee3 0.5 m2 of photocnthndr ;  

2 

2 

If t h e  u s e  of l i g h t -  

2 of t h e  g a i n  i s  on ly  100, w e  need 5 .  m . Even i n  t h e  l a t t e r  

case, t h i s  co r re sponds  t o  t h e  a r e a  of 3 s p h e r e s  of 51 c m  r a d i u s  

( s e e  F ig .  7 ) .  



C .  ATZIENE: HIGH ENERGY MEUTRINO PHYSICS 

From o u r  knowledge of t h e  cosmic r a y  muon spzctrum, w e  can 

p r e d i c t  w i t h  f a i r  a c c u r a c y  t h e  n e u t r i n o  f l u x  due t o  irrteractions 

of cosmic  r a y s  w i t h  t h e  atmosphere.  The ene rgy  spectrum e x t e n d s  

to v e r y  h i g h  v a l u e s ;  b u t  t h e  f l u x  f a l l s  off v e r y  r a p i d l y  w i t h  

i n c r e a s i n g  energy." 

The a d v e n t  of t h e  Pe rmi l ab  500-GeV accelerator has given 

us accelerator based n e u t r i n o  data t o  over 200  GeV. The a c c u r a c y  

and  d e t a i l  of a c c e l e r a t o r  measurements, whenever t h e y  are 

p o s s i b l e ,  far exceed t h a t  o b t a i n a b l e  w i t h  any c o n c e i v a b l e  cosmic 

ray expe r imen t .  I n  p l a n n i n g  a cosmic-ray measurement on neu- 

t r i n o s ,  o n e  would do well t o  c o n s i d e r  only energies which appear 

to be i n a c c e s s i b l e  t o  a c c e l e r a t o r s .  

In the irnrnapiste f>rtirra t h e  Fcnnflah ?rce?pra+or rPn  he 

r a i s e d  t o  a b o u t  1000 G e V ,  o r  1 TeV, by t h e  u s e  of s u p e r c o n d u c t i n g  

magnets .  The f o l l o w i n g  s t a g e  a t  Fe rmi l ab  is undoub ted ly  some 

a p p l i c a t i o n  of t h e  a c c e l e r a t o r  to t h e  p r o a u c t i o n  and use of 

c o l l i d i n g  beams; bet c o l l i d i n g  beams, though they raise the 

center-of-maqs ene rgy  o f  a c o l l i s i o n ,  do n o t  produce n e u t r i n o s  

of h i g h e r  ene rgy  i n  t h e  l a b o r a t o r y  t h a n  t h e  c o l l i d i n g  p a r t i c l e s .  

To g e t  n e u t r i n o s  above 1 TeV, a still l a r g e r  a c c e l e r a t o r  w i l l  

hzve t o  be b u i l t .  Fe rmi l ab  Director, R. R. Wilson, has p r o p o s e d  

a n  i n t e r n a t i o n a l l y  sponsored 10 TeV accelerator; "it will cost  

a b i l l i o n - d o l . l a r s ,  t e n  t r i l l i o n  volts ' t w i l l  g i v e . "  I f  p a s t  

h i s t o r y  i s  a g u i d e ,  t h e  g e s t a t i o n  p e r i o d  of such  a s u g g e s t i o n  



after t h e  p h y s i c s  community l i n e s  up beh ind  it, w i l l  be  a t  

l e a s t  5 t o  1 0  y e a r s  - even more i f  economic c o n d i t i o n s  remain 

unfavorable .  

Thus, a high-energy n e u t r i n o  experiment  i n  cosmic r a y s  

woulr have t o  o f f e r  v a l u a b l e  i n f o r m a t i o n  i n  t h e  r a n g e  w e l l  

above 1 TeV, and p r e f e r a b l y  above 3 TeV i n  o r d e r  n o t  t o  be . 
over t aken  i n  t h e  n e x t  20 y e a r s .  There is i m p o r t a n t  knowledge 

to be o b t a i n e d  i n  t h i s  energy range.  I f ,  f o r  Example, t h e  t o t a l  

c r o s s - s e c t i o n  f o r  n e u t r i n o s  i n  t h e  1-10 TeV range  could  b e  

measured, one c o u l d  te l l ’  whether  t h e  proposed 37-GeV charged 

i n t e r m e d i a t e  boson e x i s t s ;  i f  it does ,  the cross s e c t i o n  would 

s t o p  i n c r e a s i n g  l i n e a r l y  w i t h  energy a t  about  2 TeV. Another 

parameter  w e l l  wor th  measuring would b e  t h e  r e l a t i v e  abundance 

of n m i t r i n o  absorptions i n  which zero, a m ,  nnS more t h a n  one 

muon are e m i t t e d .  

charged c u r r e n t s  and g i v e  d a t a  a t  h i g h e r  e n e r g i e s  o n  t h e  r e c e n t l y  

observed e v e n t s  i n  which t w o  muons a r e  produced, and c u r r e n t l y  

t e n t a t i v e l y  a s c r i b e d  t o  charmed hadrons.26 

T h i s  would g i v e  t h e  ratio of n e u t r a l  t o  

I. Neu t r ino  F l u x  

The d e t e c t i o n  of h i g h  energy n e u t r i n o s  is  v e r y  e a s y  compared 

t o  supernova neut r inOs ,  b u t  u n f o r t u n a t e l y ,  t h e  f l u x  is  l o w .  

F i g u r e  8 shows t h e  number of i n t e r a c t i o n s  t o  b e  expec ted  p e r  

y e a r ”  from cosmic r a y  n e u t r i n o s  i n  d e t e c t o r s  of 2 x l o 7  and 

10 t o n s .  The c r o s s - s e c t i o n  is assumed to  be 9 
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2 a n 0.8 x E, cm /nucleon 

w i t h  E, im G ~ v " .  

15) 

Each e v e n t  produces a hadronic  shower of perhaps  l o 9  q u a n t a  

or  more, so t h a t  t h e r e  i s  no problem of d e t e c t i n g  i n d i v i d u a l  

e v e n t s ;  on ly  t h e  q u e s t i o n  how t o  e x t r a c t  s u f f i c i e n t  i n f o r m a t i o n  

from a n  event .  There is no s e r i o u s  background f o r  such e v e n t s ;  

b io luminescen t  l i g h t  sources  g i v e  comparable amounts of l i g h t ,  

b u t  ex tended  over  per iods .approaching  one second. Good t i m e  

resolut ion among many d e t e c t o r s  i s  t h e  key t o  s e l e c t i n g  h i g h  

ene rgy  n e u t r i n o  e v e n t s .  An exper fmenta l  arrangement t o  g i v e  

t h e  d e s i r e d  i n f o r m a t i o n  s t i l l  remains t o  be des igned .  

11. Measurements Required for Athene 

I f  w e  examine t h e  d e t e c t o r s  used by t h e  two high-energy neu- 

t r i n o  c o u n t e r  g roups  t h a t  have been working a t  Fc rmi l ab  on 

d e t e c t i n g  and measuring n e u t r i n o s  i n  t h e  10-200 GeV r a n g e  f o r  

t h e  las t  few y e a r s ,  it becomes c l e a r  t h a t  t h e  r equ i r emen t s  for 

g e t t i n g  good d a t a  i n c l u d e  t h e  fo l lowing:  

1) Knowledge of t h e  n e u t r i n o  momentum and d i r e c t i o n .  

2) Measurement of t h e  energy and d i r e c t i o n  of t h e  

had ron ic  cascade  produced by t h e  n e u t r i n o .  

3) I d e n t i f i c a t i o n  of t h e  outgoing muon (or muons), and 

exper imenta l  c e r t a i n t y  of t h e  absence of an outgoing  

muon when it does not  appear.  Only when t h i s  is 

a t t a i n e d  can  n e u t r a l  c u r r e n t  e v e n t s  be i d e n t i f i e d  

c o r r e c t l y  . 
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4 )  Observat ion o f  the s i g n ,  d i r e c t i o n ,  and momenta of 

t h e  outgoing muon(s) . 
It i s  p o s s i b l e  to  do  experiments  without  a l l  t h e s e  d a t a ;  

b u t  t h e  g r e a t e r  t h e  f r a c t i o n  o b t a i n e . ,  t h e  muore u s e f u l  the 

inforinaion becomes. 

In t h e  ocean,  which of t h e s e  must w e  abandon, and which 

c a n  w e  hope t o  achieve?  We c o n s i d e r  them i n  t u r n .  

1) We c a n n o t  have for cosmic r a y s  t h e  a p r i o r i  informa- 

t i o n  o n  n e u t r i n o  d i r e c t i o n  o r  energy given b y . t h e  a c c e l e r a t o r  

beam. However, a downward-directed n e u t r i n o  o r i g i n a t i n g  i n  

p i o n  o x  kaon decay above 1 TeV or so, w i l l  f r e q u e n t l y  he 

accompanied by t h e  muon w i t h  which it was born.  

e n e r g i e s  t h a t  s ister muon w i l l  s c a t t e r  so l i t t l e  t h a t  cven a t  

5 km d e p t h  it w i l l  be only  a few meters  away. 

t h e  n e u t r i n o  d i r e c t i o n  w i l l  be t h a t  of t h e  muon w i t h i n  a m i l l i -  

r a d i a n  or so. 

A t  t h e s e  h i g h  

In t h a t  c a s e ,  

2)  The d i r e c t i o n  of t h e  hadronic  shower c o r e  i s  most impor- 

tant. We must collect s u f f i c i e n t  d a t a  on t h e  Cerenkov l i g h t  

cone t o  o b t a i n  its a x i s .  

t h e r e f o r e  necessary :  See F ig .  9. 

M u l t i p l e  sampling of  t h e  cone  i s  

3) The outgoing  muon (or muons) can be i d e n t i f i e d  as such  

by its g r e a t  range.  Its s i g n  is  i n a c c e s s i b l e  t o  measurement; 

i t s  energy may n o t  be.  T r a n s i t i o n  r a d i a t i o n  d e t e c t o r s  have  

shown themselves  u s e f u l  i n  t h e  a p p r o p r i a t e  range of qamma, f o r  

e l e c t r o n s .  A s a t  of foam r a d i a t o r s  ( f i l l e d  w i t h  He a t  ambient  

p r e s s u r e ) ,  and v e r y  t h i n  s c i n t i l l a t i o n  c r y s t a l  x-ray d e t e c t o r s  

(NaI or C s l )  d e p o s i t e d  on t r a n s p a r e n t  p l a s t i c  s h e e t s  p r o v i d e  a 

conceptua l  d e t e c t o r  p o t e n t i a l l y  capable  of 10 ox 20$ accuracy .  
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From t h i s  w e  see t h a t  for ATHENE it i s  important to leave 

t h e  d i r e c t i o n  of t h e  primary Cerenkov cone undisturbed; W wave- 

l e n g t h  s h i f t e r ’ s  a r e  out. On t h e  other hand, wavelength s h i f t i n g  

i n  a l i ght - t rapping  p l a s t i c  l i ght -gu ide  collector i s  sti l l  both 

permiss ib le  and des i rab le .  

It thus appears t h a t  t h e  requirements of UNDINE and ATIIENE 

may be d i f f i c u l t  i f  not impossible to reconc i l e .  

necessary to use d i f f e r e n t  arrays.  

I t  may be 
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D. UNTCORN: H I G H  ENERGY EXTRATERRESTRIAL NEUTRINO EVENTS 

As p o i n t e d  o u t  by B e r e z i n s k i i  and Srnirnov,” h i g h  energy 

n e u t r i n o s  (> 1 0 l 2  ev )  a r e  produced by p-p c o l l i s i o n s  i n  i n t e r -  

stellar or i n t e r g a l a c t i c  space.  

eV) n e u t r i n o s  are produced by t h e  decay of p i o n s  from t h e  

c o l 3 i s i o n  of p r o t o n s  w i t h  t h e  3O K re l ic t  r a d i a t i o n  from the 

b i g  bang. Even t s  of such p rod ig ious  energy are r e l a t i v e l y  easy  

Even h ighe r  e n e r g i e s  (> 1017 

t o  d e t e c t ,  b u t  t hey  are ve ry  rare, and would r e q u i r e  a d e t e c t o r  

m a s s  i n  t h e  v i c i n i t y  of 1.0’ t o n s  or more t o  y i e l d  a r a t e  of 

s e v e r a l  e v e n t s  p e r  year .”  We are s t i l l  a t  t h e  ve ry  beginning  

of c o n s i d e z a t i o n  of t h i s  problem; we ao n o t  know whether  t h e s e  

even t s  a r e  d i s t i n g u i s h a b l e  f r o m  hTHENE events .  
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E. OCEANOGRAPHIC CONSIDERATIONS 

The 1 9 7 5  DUMAND Summer Workshop" c o n s i d e r e d  a t  l e n g t h  t h e  

problem of i n s t a l l i n g ,  supplying,  and c o l l e c t i n g  d a t a  from a 

d e t e c t o r  a r r a y  a t  a depth  of 20 ,000  f t ;  it also c o n s i d e r e d  

possible sites.  Among t h e  s i tes  s e l e c t e d  as most promising (sub- 

j e c t  to v e r i f i c a t i o n  by measurements and soundings)  is one i n  

t h e  v i c i n i t y  of  t h e  Hawaiian i s l a n d s ,  where an a b y s s a l  p l a i n  

a t  20,000 f t .  i s  close o f f s h o r e .  Apparatus  h a s  been o p e r a t e d  at 

such d e p t h s ,  b u t  never  so much of it. f o r  so long a t i m e  (a ' 

d u r a t i o n  of 5 y e a r s  was p o s t u l a t e d . )  X t  was t h e  consensus of 

t h e  oceanographic  e x p e r t s  t h a t ,  though it e n t a i l e d  a c o n s i d e r a b l e  

c h a l l e n g e ,  there is  no reason one cannot  d e s i g n  and b u i l d  an  a r r a y  

to work una t t ended  a t  t h e s e  d e p t h s  f o r  s e v e r a l  y e a r s ,  w i t h  power 

s u p p l i e d  hy a cable t n  a land baser rhSch w o v l d  also carry back 

t h e  d a t a .  
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F. STATUS AND PLANS OF DUMAND 

I n t e r e s t :  i n  t h e  DUMAND i d e a  was evidenced by d i s c u s s i o n s  a t  

t h e  XIV I n t e r n a t i o n a l  Conference on Cosmic Rays a t  

t h e  summer of 1975 and a t  t h e  p r e s e n t  Conference. 

may : - e s u l t  i n  t h e  e s t a b l i s h m e n t  of a c o l l a b o r a t i v e  

e f f o r t  . 

Munich, i n  

Such i n t e r e s t  

i n t e r n a t i o n a l  

1976  Summer Workshoe - A t  p r e s e n t  t h e  DUMAND p r o j e c t  is  an i n f o r m a l  

v o l u n t a r y  a s s o c i a t i o n  of  s c i e n t i s t s  and engineers  i n t e r e s t e d  i n  t h e  

aims and methodology of  t h e  p r o j e c t .  Only t h e  U.S. p a r t  of t h e  

p r o j e c t  has been f o r m a l l y  o r g a n i z e d ,  t o  the e x t e n t  of adopt ing  a 

c o n s t i t u t i o n ,  e l e c t i n g  a s t e e r i n g  committee,” ho ld ing  r e g u l a r  

mee t ings ,  and p l ann ing  and e x e c u t i n g  experimental  work. The pro-  

j e c t  h a s  a t  p r e s e n t  no e x p l i c i t  funding;  i t s  members a r e  suppor t ed  

by o t h e r  means. However, a second Summer Workshop is planned,  t o  

be h e l d  a t  t h e  U n i v e r s i t y  of  Hawaii ,  i n  Honolulu, September G-19 

1976. It is  expec ted  tha t  t h i s  Workshop w i l l  advance t h e  aims 

c o n s i d e r a b l y ,  s i n c e  it w i l l  be l a r g e r  than  t h e  f i r s t ,  and w i l l  be 

i n t e r n a t i o n a l  i n  scope.  It i s  expected t h a t  it w i l l  b e  suppor ted  

i n  p a r t  by s e v e r a l  government a g e n c i e s .  

The major purpose of t h e  Workshop w i l l  be to e s t a b l i s h  t h e  

f e a s i b i l i t y  of a t  least  one of t h e  t h r e e  p r o j e c t s  i d e n t i f i e d  t o  

date. Dy t h i s  w e  mean t h e  fol lo1i ing:  

1) For WDINE: w e  hope t o  make s u f f i c i e n t  p r o g r e s s  to 

I d e c i d e  whethcr  a supernova d e t e c t o r  is t e c h n i c a l l y  f e a s i b l e ;  

f a i l i n g  t h a t ,  to  i d e n t i f y  t h e  a d d i t i o n a l  in format ion  needed t o  

make t h a t  d e c i s i o n .  I n  t h i s  c a s e  t h e r e  is no  q u e s t i o n  conce rn ing  
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the d e s i r a b i l i t y  of t h e  s c i e n t i f i c  o b j e c t i v e ,  but on ly  abou t  

the t e c h n i q u e s .  

2 )  For ATHCNE: Here there is no problem i n  p r i n c i p l e  i n  - 
o b s e r v i n g  t h e  e v e n t s .  I n s t e a d ,  can we d e s i g n  an exper iment  

t h a t  w i l l  y i e l d  d a t a  s u f f i c i e n t l y  i n t e r e s t i n g  and unique  t o  

make the e f f o r t  worthwhile? 

3) For U N I C O L V :  The problems combine t h o s e  of tlNDIME and 

ATKENEt w e  know n e i t h e r  the source  no r  t h e  t echn iques .  

I n  any  e v e n t ,  it i s  evident t h a t  t h e s e  p r o j e c t s  s h a r e  many 

common f e a t u r e s  and problems,  and t h a t  progress i n  any one area 

will b e n e f i t  all t h r e e .  

I n  a d d i t i o n ,  t h e r e  w i l l  of course b e  f u r t h e r  c o n s i d c r a t i o n a  

of t he  o c e a n o l o g i c a l  and mar ine  eng inee r ing  a s p e c t s  o f  t h e  

p r o j e c t .  X t  i s  hopcd t h a t  i;nderwztar^ I;ieasuremrnts i iawaii  

of water  t r a n s p a r e n c y  and bioluminescence w i l l  be in progress 

sometime t h i s  yea r .  

* * * * * * * * * * * * e * * * * * * * * * * * *  

The 1975 DUMAND.Summer Workshop was supported i n  p a r t  by 

g r a n t s  from t h e  N a t i o n a l  Sc ience  Foundation and from t h e  MUST 

(Manned Underwater Sc ience  and Technology) Off ice of NOOA. 

The 1976 DUMAND Workshop is enjoying  support  from both  t h e s e  

a g e n c i e s ,  and i n  a d d i t i o n  from t h e  O f f i c e  of Naval Research 

and The Energy Research and Development Adminis t ra t ion .  
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FIGURE CAPTIONS 

F i g u r e  1: Schematic  r e p r e s e n t a t i o n  of t h e  s u c c e s s i v e  s t a g e s  o f  

n u c l e a r  burn ing  l e a d i n g  e v e n t u a l l y  to g r a v i t a t i o n a l  

c o l l a p s e  i n  a star of mass about  7 solar masses.  The 

v a l u e s  of  t, which d i f f e r  by a f a c t o r  of l o 3  from o n e  

s t a g e  t o  t h e  n e x t ,  i n d i c a t e  t h e  o r d e r  of magnitude 

of  t h e  d u r a t i o n  of each s t a g e  of t h e  burn ing .  The 

g r a v i t a t i o n a l  c o l l a p s e  f o l l o w s  on  the e x h a u s t i o n  of 

the n u c l e a r  f u e l ,  and i n v o l v c s  o n l y  t h e  i n n e r  core 

p o r t i o n  of t h e  star; t h e  o u t e r  man t l e  does  not p a r t i c i -  

p a t e  i n  t h e  c o l l a p s e ,  being t o o  f a r  away. 

F i g u r e  2: Neut r ino  l u m i n o s i t y  curves  f o r  GSC, p l o t t e d  s e p a r a t e l y  

f o r  d i f f e r e n t  n e u t r i n o  t y p e s .  

r e f e r  t o  t h e  s t e l l a r  i n t e r i o r ,  Lout t o  t h e  l u m i n o s i t y  

on t h e  s t e l l a r  s u r f a c e ;  t h e  d e l a y  is  due  t o  t h e  t i m e  

r e q u i r e d  f o r  t h e  n e u t r o n s  t o  d i f f u s e  outward. Neutron- 

i z a t i o n  cor responds  t o  t h e  s h a r p  rise a t  0.665 seconds;  

t h e  subsequent  c o l l a p s e  i s  10-20 m i l l i s e c o n d s  later.  

The a p p a r e n t  decay p e r i o d  of t h e  n e u t r i n o  l u m i n o s i t y  

is of o r d e r  0.1 sec. 

appear .  (Curves by c o u r t e s y  of D r .  J a m e s  R. Wilson,  

from unpubl ished c a l c u l a t i o n s ,  Ref. 1 0 ) .  

Curves marked hax 

Note t h a t  je is t h e  l a s t  t o  

F i g u r e  3: The n e u t r i n o  s p e c t r a  p r e d i c t e d  by t h e  same c a l c u l a t i o n s ,  

f o r  t h e  later s t a g e s  of c o l l a p s e .  

F i g u r e  4:  The spectrum r e p l o t t e d  on a l i n e a r  scale, and a l s o  

weighted by t h e  s q u a r e  of t h c  n e u t r i n o  energy;  t h e  

la t ter  curve  g i v e s  t h e  p r o b a b i l i t y  of i n t e r a c t i o n  i n  
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the  d e t e c t o r .  Mote t h a t  l i t t l e  o f  t h e  spectrum w i l l  

be l o s t  by a 10-MeV c u t o f f  i n  d e t e c t i o n .  

F i g u r e  5 :  Depth - in t ens i ty  c u r v e s  f o r  muons i n  the ocean ,  for 

s e v e r a l  d i f f e r e n t  areas of d e t e c t o r .  D a t a  f o r  muon 

i n t e n s i t i e s  from R e f .  23. 

F i g u r e  6: Gene ra l  p r i n c i p l e s  of e f f i c i e n t  l i g h t  c o l l e c t i o n  from 

a weak p u l s e  o f  Cerenkov l i g h t  emitted by c\ low-energy 

p o s i t r o n  produced by a n t i n e u t r i n o  r e a c t i o n  w i t h  a 

p r o t o n .  A d e t e c t o r  module, abou t  20 rn o n  a s i d e ,  

c o n s i s t s  of an  a r r a y  of streamers of ve ry  t h i n  p l a s t i c  

(mylar,  c e l l u l o s e  a c e t a t e ,  e t c . )  , coa ted  w i t h  a 

l a y e r  of wave-length s h i f t e r  (MLS) which a b s o r b s  W 

and f l u o r e s c e s  n e a r  4 7 0  nrn, where t h e  w a t e r  t r a n s m i s s i o n  

is best. The V L S  i s  s e a l e d  t o  p reven t  d i s s o l v i n g  it. 

The r e s u l t a n t  i s o t r o p i c  b l u e  l i g h t  is p i c k e d  up  by 

the l i g h t - t r a p p i n g  p l a s t i c  (LT) which once  a g a i n  re- 

r a d i a t e s  t h e  l i g h t  a t  a l o n g e r  wavelength,  pe rhaps  

500 t o  550 nm, t h u s  t r a p p i n g  a good f r a c t i o n  of it 

w i t h i n  t h e  l i g h t - p i p e  which is a d i a b a t i c a l l y  connec ted  

t o  t h e  pho to tube  ca thode .  Thus a m u l t i p l i c a t i o n  of 

e f f e c t i v e  photocathode area by a factor  from 100 t o  

1000 c a n  h o p e f u l l y  be  a t b a i n e d .  

F i g u r e  7: Schematic  r e p r e s e n t a t i o n  of a l a r g e  d u a l  s p h e r i c a l  

p h o t o m u l t i p l i c r  i n  a h igh-pressure  g l a s s  envelope .  

E l e c t r o n s  from t h e  s p h e r i c a l  i n n e r  s u r f a c e  are f o c u s s e d  

o n t o  a s m a l l  channel  e l e c t r o n  m u l t i p l i e r  p la te ;  the 
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e l e c t r o n i c s  are s e a l e d  i n t o  t h e  p r e s s u r e  vessel. 

After E. Sternglaom, Ref. 31. 

F igure  8 :  Expectcd cosmic-ray n e u t r i n o  c o u n t i n g  r a t e s ;  t h e s e  

are i n t e g r a l  s p e c t r a ,  showing t h e  total  r a t e  f o r  a l l  

p a r t i c l e s  of g iven  energy and above. Curves A and B 

show t h e  rates i n  d e t e c t o r s  of 2. x lo7 and 1 0  t o n s ,  

r e s p e c t i v e l y .  Data  from Ref. 21, w i t h  c r o s s - s e c t i o n s  

from Eq. 5 .  

9 

F i g u r e  9: Schemat i c  r e p r e s e n t a t i o n  of a cosmic-ray n e u t r i n o  

e v e n t .  The incoming n e u t r i n o  is  o f t e n  accompanied by 

i t s  muon Cwin; a t  t h e  e n e r g i e s  i n  q u e s t i o n  t h e  t w o  

h a v e  t h e  same spectrum and p r a c t i c a l l y  t h e  s a m e  

d i r e c t i o n ,  and t h e  muon s c a t t e r i n g  Ln 5-6 km of ocean  

is o n l y  of t h e  o r d e r  1 0  meters a t  3 TeV. The cascefie 

produced by t h e  n e u t r i n o  c o n t a i n s  perhaps  10  q u a n t a ,  

whose d i r e c t i o n s  a r e  de t e rmined  by Q Cerenkov cone 

a round  t h e  shower a x i s ,  most p a r t i c l e s  be ing  c l o s e l y  

a x i a l  u n t i l  they  a r e  q d t e  s l o w .  

r e p r e s e n t s  t h e  i n t e r s e c t i o n  of t h i s  cone  w i t h  a d e t e c t o r  

p l a n e  of a r b i t r a r y  o r i e n t a t i o n  w i t h  r e s p e c t  t o  it c a n  

bc d e t e c t e d  f o r  40-50 meters ;  enough d a t a  are r e q u i r e d  

to d e f i n e  t h e  c a s c a d e  adequate ly .  I n  a d d i t i o n  muons 

produced i n  t h e  n c u t r i n o  i n t e r a c t i o n  (v2, etc.)  must be 

counted ,  i d e n t i f i e d ,  and i f  p o s s i b l e ,  measured i n  

energy .  A s i g n  d e t e r m i n a t i o n  d o e s  n o t  seem p o s s i b l e .  

9 

The e l l i p s e  which 
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