
STUDIES OF MEUTRON D I  SSOCI ATIOi i  AT FERMl LAB ENERGIES 

BY 

T, FERBEL 

THE UNIVERSITY OF ROCHESTER 

DEPARTMENT OF PHYSICS A N D  ASTRONOMY 

ROCHESTER, NEW YORK 

FERMILAB-CONF-75-103-E



STUDIES OF NEUTRON DISSOCIATION AT FERMILAB ENERGIES* 

T. Ferbel 

U n i v e r s i t y  o f  ~ochester', Rochester, New York 14627 

June 20, 1975 

I n  t h i s  r e p o r t  I w i l l  summarize the  l a t e s t  r e s u l t s  obta ined i n  a  

cont inu ing  i n v e s t i g a t i o n  o f  neutron d i s s o c i a t i o n  i n t o  (pa-) systems i n  

neutron-nuclear co l  1  i s i o i ~ s  between 50 GeV/c and 300 GeVIc. The ex- 

periment i s  a  c o l l a b o r a t i v e  e f f o r t  i n v o l v i n g  p h y s i c i s t s  from Fermilab, 

Northwestern Un ive rs i t y ,  U n i v e r s i t y  of Rochester and SLAC (see Table I ) .  
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study. I w i l l  f i r s t  b r i e f l y  discuss ou r  nuc lear  coherent d i s s o c i a t i o n  

data; subsequently I w i l l  present  new measurements o f  t o t a l  cross sec t ions  

o f  neutrons on n u c l e i  i n  t h e  Fermi lab momentum range; f i n a l l y  I w i l l  r e -  

p o r t  on neutron d i s s o c i a t i o n  us ing  a hydrogen t a r g e t  and compare the  

hydrogen data w i t h  expectat ions from s imple Deck models. 

DISSOCIATION USING NUCLEAR TARGETS 

The apparatus, which i s  sketched i n  F ig.  1, cons is ts  o f  a l a r g e  

aper tu re  wire-plane spark chamber V-spectrometer. The nuc lea r - ta rge t  box 

i s  l oca ted  400 meters downstream o f  t h e  neutron-beam product ion  t a r g e t .  

Nuclear ta rge ts ,  t y p i c a l l y  0.1 r a d i a t i o n  lengths  i n  thickness, were used 

t o  s tudy  coherent p roduct ion  of  pn- systems. The t a r g e t  box was sur -  

rounded w i t h  s c i n t i l l a t o r / l e a d  sandwich ve to  counters so as t o  de tec t  

nuc lear  break up processes and thus reduce the  t r i g g e r  l e v e l  f o r  the  

experiment. The t r i g g e r  requirements were designed t o  suppress incoherent  

p roduct ion  as w e l l  as t h e  product ion  o f  more than two charged p a r t i c l e s  

w i t h i n  t h e  t a r g e t  box. S p e c i f i c a l l y ,  t h e  l o g i c  c o n d i t i o n  A.s.H~ was re -  

qu i red  t o  be s a t i s f i e d  f o r  an acceptable t r i g g e r .  Here, A represents t h e  

l o g i c a l  OR o f  a l l  the  ve to  counters, i .e .  t h e  counters surrounding t h e  

1 t a r g e t  box, the i n c h  t h i c k  s c i n t i l l a t i o n  ve to  counter a t  the  e n t r y  t o  

the t a r g e t  box ( i n d i c a t i n g  t h a t  t h e  p a r t i c l e  i n i t i a t i n g  the  c o l l i s i o n  was 

charged r a t h e r  than n e u t r a l ) ,  and the  var ious  b a f f l e  counters surrounding 

t h e  magnet aper tu re  ( i n d i c a t i n g  presence o f  charged o r  neu t ra l  p a r t i c l e s  

i n  a d d i t i o n  t o  those e n t e r i n g  t h e  magnetic f i e l d  volume); S represents a 

1 - inch  s c i n t i l l a t i o n  t r i g g e r  counter  l oca ted  2 inches downstream o f  t h e  32 

nuclear  t a r g e t  sample. Two and o n l y  two o f  t h e  s i x  H1 hodoscope elements 

( i m d i a t e l y  downstream o f  t h e  magnet) were requ i red  t o  have s igna ls  be fore  

t h e  acceptance requirement was f u l f i l l e d .  The spark chambers were capable 
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o f  being pulsed 15 t imes dur ing  t h e  -1 sec beam s p i l l .  A t y p i c a l  run  con- 

s i s t e d  o f  10,000 t r i g g e r s  taken over  a s i x  hour per iod.  Q u a l i t y  of t h e  

performance o f  the  apparatus was moni tored us ing  an o n l i n e  PDP-15 DEC com- 

puter ;  recons t ruc t i on  o f  events and ana lys is  was performed o f f - l i n e .  

Approximately 80% o f  t h e  600,000 t r i g g e r s  y i e l d e d  success fu l l y  recon- 

s t ruc ted  events. 

The coherent d i s s o c i a t i o n  o f  neutrons can proceed e i t h e r  through the  

hadronic d i f f r a c t i v e  d i s s o c i a t i o n ( 2 )  process ( o f t e n  r e f e r r ~ d  t o  as 

Pomeranchukon exchange) o r  through the  e lect romagnet ic  e x c i t a t i o n  o f  the 

neutron i n  the  coulomb f i e l d  o f  t h e  t a r g e t  nucleus (Pr imakof f  e f f e c t ,  o r  

photon exchange). (3 )  The d i s s o c i a t i o n  o f  neutrons has been s tud ied  a t  

lower e n e r g i e ~ , ' ~ )  where k inemat ic  r e s t r i c t i o n s  cause 2 severe suppression 

o f  the  coherent cross sect ion,  p a r t i c u l a r l y  a t  l a r g e  values o f  pn- mass 

(M). I n  t h i s  r e p o r t  1 w i l l  present  the  general c h a r a c t e r i s t i c s  o f  the  

pa- mass spectra and the  momentum-transfer d i s t r i b u t i o n s  obta ined i n  t h e  

coherent d i s s o c i a t i o n  of n -+ pa- f o r  Pb, Cu, C and Be t a r g e t s  i n  the 

120 GeV/c - 300 GeV/c mom:ntum band. 

F igure 2 d isp lays  d i s t r i b u t i o n s  of t h e  square o f  t h e  four-momentum 

t rans fe r  ( t )  between t h e  i n c i d e n t  neutron a ~ d  the  produced pa- systems 

f o r  three regions of M: ( 7 )  The A(1236) mass region, de f ined as M4.28 GeV; 

( 2 )  The ~ * ( 1 4 0 0 )  region, def ioed as 1.35cMc1.45 GeV; and (3)  The ~ * ( 1 6 8 8 )  

region, defined as 1.55<M<1.80 GeV. (We use t h e  v a r i a b l e  t l = l t - t o t ,  where 

to i s  t h e  k inemat i ca l l y  a l lowed minimum value o f  t f o r  the  product ion o f  

a pa- system having mass F1 a t  a g iven value of t h e  i n c i d e n t  n~omentum f o r  

the  neutron.) Correct ions f o r  target-empty measurements and f o r  smal l  

v a r i a t i o n s  i n  t h e  geometr ical  acceptance o f  the apparatus have been c a l -  

cu la ted  us ing  a Monte Car jo  prograrn and were app l i ed  t o  the  data. The 

steep peaks observed a t  sriiall t '  , k i t h  values o f  d i f f r a c t i v e  slopes 



c h a r a c t e r i s t i c  o f  t h e  s izes  o f  t h e  nuc lea r  t a rge ts ,  g i v e  us f u l l  c o n f i -  

dence t h a t  t h e  i n e l a s t i c  p roduct ion  process takes p lace coherent ly  over 

the  e n t i r e  nucleus. ( I t  should be r e c a l l e d  t h a t  we do n o t  measure t h e  

momentum o f  t h e  r e c o i l  nucleus and consequently t h e  r e a c t i o n  n+A+(pa-)+A1 

has no cons t ra in t s .  We bel ieve,  however, t h a t  background from o the r  co- 

herent  o r  incoherent  channels i s  n o t  impor tan t  f o r  t h e  data which we pre- 

sent i n  t h i s  paper. (5)) 

The d i s t r i b u t i o n s  i n  t ' , f o r  each t a r g e t ,  appear t o  show s i m i l a r  de- 

pendences on M. Namely, f o r  the  A(1236) reg ion  a l l  t h e  d i s t r i b u t i o n s  d i s -  

p l a y  a sharpening o f  t h e  t '  spectrum a t  tl<O.OO1 G ~ v ~ .  Th is  excess con- 

t r i b u t i o n  can be a t t r i b u t e d  t o  coulomb product ion  o f  pa- systems, which 

because o f  t h e  known l a r g e  Any coup l ing  i s  dominated by A0(1236) produc- 

t i o n .  Taking ou r  experimental  r e s o l u t i o n  i n t o  account, t h e  i n i t i a l  f a l l  

o f f  o f  t h e  cross sec t i on  i n  t '  i s  cons i s ten t  w i t h  t h e  t h e o r e t i c a l l y  ex- 

pected form f o r  coulomb product ion.  (6) 

The smooth curves drawn on t h e  f i g u r e  are superposi t ions o f  t h e  con- 

t r i b u t i o n s  from coulomb(6) and from d i f f r a c t i v e  coherent product ion.  The 

l a t t e r  i s  based on an o p t i c a l  model d e s c r i p t i o n  f o r  the  product ion pro-  

cess descr ibed by Kol b i g  and Margo1 i s .  (8) Standard Woods-Saxon parameters 

were used t o  descr ibe t h e  nuc lear  shapes. The t o t a l  cross sec t i on  o f  

a neutron on a nucleon was taken t o  be a constant  39mb and the  e l a s t i c  

forward s c a t t e r i n g  ampli tude f o r  n-nucleon and (pa-)-nucleon was taken t o  

be imaginary. Our experimental  r e s o l u t i o n  was fo lded  i n t o  the  o v e r a l l  

p r e d i c t i o n  f o r  t h e  shape o f  t h e  t '  spectrum. The value f o r  the  (pa-)- 

nucleon t o t a l  cross sec t i on  was a l s o  taken t o  be 39mb, a value cons i s ten t  

w i t h  t h e  shape observed f o r  the  t '  d i s t r i b u t i o n  and cons is ten t  w i t h  s i m i l a r  

measurements made a t  i n c i d e n t  neutron momenta o f  -12 GeV/c. ( 4 )  

F igure  3 d i sp lays  t h e  M spec t ra  f o r  two regions o f  t ' :  
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2 
(1 )  t '<0.001 GeV , a reg ion  where coulomb product ion i s  important ;  and 

(2)  0.005<t1<0.03 G ~ v ' ,  where d i f f r a c t i v e  product ion  dominates. The data 

i n  F ig .  3 i n d i c a t e  subs tan t i a l  fi(1236) product ion,  p a r t i c u l a r l y  a t  small 

t ' ;  a shoulder i s  ev ident  a t  the ~ * ( 1 5 2 0 )  and a smal l  enhancement i s  ob- 

served a t  t h e  NR(1688), bo th  main ly  a t  the  l a r g e r  t '  values. The d i f f e r -  

ence i n  t h e  var ious M-spectra can be a t t r i b u t e d  l a r g e l y  t o  t h e  known de- 

pendence of t h e  coulomb product ion  process on t '  and Z ( t h e  nuc lear  

charge). The cross sec t i on  f o r  ~ " ( 1 2 3 6 )  product ion,  i n  p a r t i c u l a r ,  i s  

approximately p ropo r t i ona l  t o  zL f o r  tl<O.OO1 G ~ v ~ .  The curve superim- 

posed on t h e  Pb data i s  t h e  p red i c ted  shape of t h e  mass spectrum expected 

on the bas i s  o f  coulomb product ion.  (The absolute norn ia l i za t ion  i s  a l s o  

cons is ten t  w i t h  the data.) The curve d isp layed on the Be data i s  based 

on a c a l c u l a t i o n  o f  t h e  reggeSzed Deck e f f e c t .  ( l o )  The shape o f  the  pre-  

d i c t e d  mass d i s t r i b u t i o n  i s  i n  reasonable agreement w i t h  t h e  data. 

We have used t h e  dominance o f  t h e  coulomb cross sec t i on  f o r  produc- 

t i o n  on Pb t o  e x t r a c t  t h e  momentum spectrum o f  the  i n c i d e n t  neutron beam. 

The observed p ~ -  momentum spectrum i n  Ph f o r  Mc1.28 arid t '<0.001 was 

f i r s t  cor rec ted  f o r  d i f f r a c t i v e  event background. The subsequent unfo ld-  

i n g  o f  the r e s o l u t i o n  and of t h e  known coulomb product ion process(6) pro- 

v ided t h e  cor rec ted  mon~entum spectruni, (F ig.  4 )  which i s  cons i s ten t  w i t h  

t h e  d i r e c t l y  measured neutron spectrum using ca lo r imet ry .  (7)  

The energy dependence o f  t h e  cross sec t i on  f o r  several mass i n t e r v a l s  

f o r  Be, C, Cu and Pb ta rge ts  i s  d isp layed i n  F ig .  5. Only Pb appears t o  

show an increase of t h e  cross sec t i on  w i t h  momentum. This r i s e  i s  con- 

s i s t e n t  w i t h  t h e  dominance of t h e  coulomb process i n  Pb (even f o r  l a r g e  

M-values). The cross sect ions f o r  product ion us ing  the  o the r  elements 

are constant  t o  w i t h i n  10% poss ib le  systematic u n c e r t s i n t i e s .  
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NEUTRON-NUCLEAR TOTAL CROSS SECTIONS 

The cross sec t i on  f o r  neutron d i s s o c i a t i o n  i n t o  pn- systems on Pb i s  

-1% o f  t h e  t o t a l  n-Pb cross sec t ion .  Therefore, our  V spectrometer can 

be considered as a neutron de tec to r  having e x c e l l e n t  p o s i t i o n a l  and energy 

reso lu t i on .  We have u t i l i z e d  t h i s  aspect o f  the  spectrometer t o  per form 

a p r e c i s i o n  measurement ( l i m i t e d  on l y  by s t a t i s t i c s )  of neutron-nuclear 

t o t a l  cross sect ions.  Using nuclear  t ransmiss ion t a r g e t s  l oca ted  -200 

meters upstream o f  t h e  spectrometer Pb t a r g e t ,  we measured cross sec t ions  

as a f u n c t i o n  of  momentum. The t ransmiss ion t a r g e t s  were cyc led  auto- 

ma t i ca l l y ,  t y p i c a l l y  every ten  minutes (a t a r g e t  empty p o s i t i o n  was i n -  

c luded i n  t h e  cyc l i ng ) .  Counter telescopes were used t o  mon i to r  t h e  

neutron f l u x  throughout  the  data tak ing .  Small ( ~ 0 . 5 % )  co r rec t i ons  f o r  

e l a s t i c  s c a t t e r i n g  of t h e  neutrons i n  t h e  t ransn~ iss ion  t a r g e t  were a l s o  

measured and app l i ed  t o  t h e  data. 

I n  Fig. 6 we d i s p l a y  our  measurements o f  the  t o t a l  cross sec t ions  o f  

neutrons on C, A l ,  Cu and Pb t a r g e t s  as a f u n c t i o n  of beam momentum. These 

measurements connect up very smoothly w i t h  measurements a t  lower energies 

bu t  appear t o  be somewhat i ncons i s ten t  w i t h  o the r  recent  measurements a t  

Fermilab. (11) 

DIFFRACTIVE PRODUCTION ON HYDROGEN 

I w i l l  now discuss our  r e s u l t s  p e r t a i n i n g  t o  neutron d i s s o c i a t i o n  

from hydrogen i n  t h e  50 GeV/c t o  300 GeV/c momentum range, t h e  s p e c i f i c  

r e a c t i o n  i s :  

n + P + (pa-) + P (1 

The apparatus, except f o r  the  s u b s t i t u t i o n  of a hydrogen t a r g e t  f o r  the  

nuclear-sample t a r g e t  box, i s  i d e n t i c a l  t o  t h a t  a l ready described. The 

hydrogen t a r g e t  cons is ts  o f  a high-pressure vessel capable o f  w i ths tand ing  
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gas pressures o f  5100 atmospheres. The a c t i v e  t a r g e t  reg ion  i s  20 inches 

i n  length;  t h i s  reg ion  i s  de f ined by a t h i n  veto-counter a t  t h e  upstream 

end, and by a t r i g g e r  counter a t  the  downstreale end o f  t h e  high-pressure 

volume. A s e t  o f  15 p l a s t i c  s c i n t i l l a t o r  s t r i p s ,  each 114 i n c h  th i ck ,  

11/16 inches wide and 20 inches lonq, surround az imutha l ly  the  a c t i v e  

3 .  
t a r g e t  reg ion  a t  a d is tance o f  1- lnches from t.he neutron beam a x i s  (see 4 

F ig .  7).  The s i x teen  s c i n t i l l a t o r  elements are  each viewed a t  both ends, 

w i t h  t h e  a i d  o f  p l a s t i c  l i g h t  pipes, us ing p h o t o m u l t i p l i e r  tubes located 

outs ide  o f  t h e  high-pressure vessel.  ( I 2 )  The t r i g g e r  requirement f o r  an 

acceptable np -+ (pa-)p event cons is ts  o f  t h e  fo l l ow ing :  no s i g n a l  i n  the  

upstream veto-counter contained w i t h i n  t h e  t a r g e t  vessel,  a s igna l  i n  t h e  

downstream t r i g g e r  counter, two and on l y  two charged p a r t i c l e s  e x i t i n g  

the  spectrometer mgne t ,  and a s igna l  i n  on ly  one o f  the  16 azimuthal 

counters. 

Fol lowing the  s p a t i a l  recons t ruc t i on  o f  the  forward PIT- system ( V )  

a check i s  made 07 t h e  c o r r e l a t i o n  between the  t ransverse d i r e c t i o n  o f  the  

V system and t h e  p o s i t i o n  of the  a c t i v a t e d  az i~ l iu th  counter f o r  t h a t  event. 

The d i s t r i b u t ' o n  i n  t h e  angle ( @ )  between the  t ransverse d i r e c t i o n  o f  the  

forward pa- system and the t ransverse d i r e c t i o n  o f  t h e  r e c o i l  proton, as 

s p e c i f i e d  by the  center  of the  a c t i v a t e d  azimuthal counter,  i s  peaked a t  

180' (see Fig.  7).  This  peak, which s i g n i f i e s  t h e  presence o f  our s igna l ,  

has t h e  expected w id th  of -22.5"; t h e  peak t o  background r a t i o  i s  -511. 

I n  t h e  data t o  be presented we have imposed a ~ u t - o f f  band on 0 centered 

a t  180' ( i .e. ,  180' + 15"). To account f o r  contaminat ion o f  our  ppn- 

f i n a l  s ta te ,  we have subtracted from t h e  data i n  the  s igna l  band o f  

0 = 180' t 15" the  data i n  t h e  sum o f  t h e  background bands: 0 = 195" t o  

210' ail4 0 = 150" t o  165". A si l la l l  sub t rac t i on  (-2%) f o r  target-empty 

was a l so  app l ied  t o  the  daxa. I n e  present sa~nple o f  reac t i on  ( 1 )  i s  



der ived from a t o t a l  o f  -180,000 t r i g g e r s  o f  which -60,000 passed a l l  

geometric and kinematic acceptance c r i t e r i a .  The l a r g e s t  background i s  

from neutron d i s s o c i a t i o n  i n t o  (pr-aO) systems. We be l i eve  t h i s  source 

o f  background t o  be a t  a l e v e l  of ~ 1 0 %  o f  the  (pa-) s igna l .  (Lackground 

from (natr-)  systems i s  g r e a t l y  suppressed by removing events i n  which a 

neutron s igna l  i s  detected i n  a small  ca lo r ime te r  downstream o f  the 

apparatus. The ca lo r ime te r  subtends an anqle o f  about +2 mrad.) 

F igure  8 d isp lays  t h e  mass spectrum of t h e  forward-produced plr- 

system i n  r e a c t i o n  (I), correc ted  f o r  acceptance o f  the spectrometer. 

Data are  shown f o r  th ree  t 1  i n t e r v a l s :  (a )  0.02 t o  0.08 G ~ v ' ,  (b )  0.08 

t o  0.20 G ~ v ~ ,  and ( c )  0.20 t o  1.0 G~v ' .  (The c u t - o f f  a t  t1= t=0.02 GeV 2 

was chosen t o  assure an unbiased sample o f  events. The losses below 

2 
tz0.015 GeV are  q u i t e  severe because, under ou r  t y p i c a l  running condi- 

t i o n s  of 50 atmospheres of pressure f o r  t h e  hydrogen gas ta rge t ,  r e c o i l  

protons do n o t  have s u f f i c i e n t  energy t o  reach one o f  the  azimuthal 

counters t o  t r i g g e r  t h e  i n t e r a c t i o n . )  I gno r ing  the  ~ o i ~ t r i b u t i o n  from 

coulomb product ion  i n  t h e  nuclear  data, we note t h a t  the  mass spectrum 

2 f o r  t1<0.08 GeV i s  s i m i l a r  t o  those observed f o r  nuclear  ta rge ts .  A l l  

mass d i s t r i b u t i o n s  appear t o  d i s p l a y  f i n e  s t r u c t u r e  a t  -1.7 GeV nidss 

values and poss ib le  r a p i d  changes near 1.5 GeV. Cross sect ions f o r  the  

1.7 GeV enhancement are more prominent a t  1 a rger  mor~ientum t rans fe rs .  

To i n v e s t i g a t e  i n  more d e t a i l  t h e  c o r r e l a t i o n  between t '  and M f o r  

p roduct ion  i n  hydrogen we d i s p l a y  i n  F ig .  9 the  cross sec t i on  i n  t '  f o r  

var ious regions o f  M. A s t r c n g  dependence on M i s  observed f o r  the  t '  

spectrum, p a r t i c u l a r l y  f o r  M 4 . 4  GeV. (13) I n  Table I 1  we d i s p l a y  t h e  

2 r e s u l t s  o f  f i t s  o f  t h e  form e x p ( - b t ' )  t o  t h e  data a t  0.04<t1<0.16 GeV . 
It i s  observed t h a t  the  t '  spectra have s t rong  curvature ( o r  "breaks") 

2 2 near t1=0.2 GeV a t  smal l  M values. For t 'XJ .4  GeV the  datd appear t o  
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take on a un iversa l  form [ -exp(-4.5t1) ] ,  e s s e n t i a l l y  independent o f  M. 

The change of s lope near t ' -0 .2 G ~ v ~ ,  and t h e  disappearance o f  t h i s  e f f e c t  

a t  l a r g e  M, has been i n t e r p r e t e d  i n  ternis o f  t h e  dominance o f  n o n - f l i p  

amplitudes f o r  M51.4 GeV and s p i n - f l  i p  c o n t r i b u t i o n s  f o r  M>1.4 GeV. (14) 

As w i l l  be discussed i n  t he  f o l l o w i n g  sec t ions  our data i n d i c a t e  t he  

presence o f  l a r g e  f l i p  as w e l l  as n o n - f l i p  h e l i c i t y  ampl i tudes f o r  

M 4 . 4  GeV. 

To den~onstrate t h e  r i chness  o f  t h e  angular  d i s t r i b u t i o n s  we present  

i n  F ig.  10 a s c a t t e r  p l o t  o f  t h e  ~ 0 ~ 3  vs $ decay angles o f  t h e  proton i n  

t he  Got t f r ied-Jackson (GJ) frame. We note a severe dep le t i on  i n  t he  re -  

g ion  o f  cos6 = 0.6 and $ : 0". It i s  i n t e r e s t i n g  t h a t  a suppression o f  

a  s i m i l a r  nature i s  expected i n  t h i s  reg ion  of (cos0,b) space i f  pro-  

duc t ion  i s  dominated by t h e  T-exchange Deck mechanism (see F ig .  11 f o r  

the Deck diagram i n  ques t ion)  . ( l o )  I n  f a c t ,  as w i l l  be shown, t he  law- 

o rder  decay moments i n  t h e  Got t f r ied-Jackson frame d i sp lay  a mass de- 

pendence which can be reproduced by the  Ueck model. 

The f a c t  t h a t  t h e  c u n t r i b u t i o n  f rom Deck processes i s  expected t o  

peak near cos8=+1 has prompted a group a t  t h e  I S R  t o  examine t h e  dependence 

o f  t h e  d i f f r a c t i v e l y  produced two-body mass on cosR. ( I 5 )  As d isp layed 

p rev ious l y  i n  F ig.  8, a t  Fermi lab energies there  does no t  appear t o  be 

as dramatic a dependence o f  t h e  pa- mass on cos0 as was observed a t  t he  

I S R .  I n  F ig .  (12) we present  t d i s t r i b u t i o n s  f o r  Mc1.35 GeV, separate ly  

f o r  negat ive  and f o r  p o s i t i v e  values o f  cosR. The d i s t r i b u t i o n s  a re  ob- 

served t o  d i sp lay  a s t ronq dependence on cos0, q u a l i t a t i v e l y  s i m i l a r  t o  

t h a t  expected from a Deck   nod el. 

1: t he  Deck e f f e c t  con t r i bu tes  t o  our  reac t i on ,  i t  i s  expected t h a t  

t h e  azimuth 9, o f  t h e  pro ton  i n  t h e  h e l i c i t y  frame o f  t he  pa- system 

w i l l  be p a r t i c u l a r l y  use fu l  i n  d i s t i n g u i 5 h i n y  t h e  Deck c o n t r i b u t i o n  from 
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o the r  (perhaps resonant) p roduct ion  channels. ( I 6 )  I n  F ig.  (13) we d i s -  

p l a y  d i s t r i b u t i o n s  i n  p ~ -  mass f o r  t h e  p ro ton ' s  cos$ >0.9 and c o s ~  <-0.9 
H 

( the  non-resonant n-exchange Deck c o n t r i b u t i o n  occurs main ly  f o r  ~ o s $ ~ < O ) .  

A c l e a r  d i f f e rence  i s  apparent between the  two mass spectra, p a r t i c u l a r l y  

a t  l a r g e  M. A  poss ib le  c o n c l ~ ~ s i o n  one rilay draw from these data i s  t h a t  

two separate product ion  processes c o n t r i b u t e  t o  r e a c t i o n  (1 ) .  

I n  F ig.  (14) we present t h e  energy dependence o f  the  cross sec t i on  

f o r  pa- p roduct ion  a t  smal l  M ( i n t e g r a t e d  over t ) .  We observe t h a t  j u s t  

as i n  t h e  case o f  p roduct ion  from nuc lear  ta rge ts ,  the  cross sec t ions  are  

energy independent between 50 and 300 GeVIc. Consequently, i t  appears 

t h a t  t h e  gross p rope r t i es  o f  reac t i on  (1) f o r  low M-values are  those ex- 

pected f o r  a  d i f f r a c t i v e  product ion  process o f  the k i n d  i nd i ca ted  i n  

F ig .  11. 

COMPARISON WITH DECK MODEL 

I w i l l  now present  the  decay a n ~ u l a r  d i s t r i b u t i o n s  ~f the  (PIT-)  sys- 

tem i n  o rde r  t o  compare ou r  data a t  smal l  M w i t h  t h e  Deck-production 111odel 

i nd i ca ted  i n  F ig .  11. The square o f  a  simple Deck-type m a t r i x  element 

can be w r i t t e n  as 

where tl and t a r e  four-momentum t rans fe rs  squdred; s and s2 are squares 
TP 

o f  the  sp i n v a r i a n t  masses as i nd i ca ted  i n  F ig .  11; u, and ui are r e -  

s p e c t i v e l y  t h e  squares o f  t h e  four-momentum t r a n s f e r r e d  t o  the  p ion  from 
2 .  

t h e  i n c i d e n t  neutron and t a r g e t  proton; 017T=0.3(tl-jl ) i s  t h e  p ion  Hegge 

t r a j e c t o r y ,  and i s  t h e  p ion  mass. The a-p e l a s t i c  d i f f e r e n t i a l  cross 

sec t i on  i s  taken p ropo r t i ona l  t o  e x p ( l 0 t ) .  The decay moments o f  t h e  



-11- 

(ps-) system were ex t rac ted  by numerical i n t e g r a t i o n  o f  t h e  above expres- 

sion. I n  add i t i on ,  a  v a r i a n t  o f  the  Deck model was examined. This v a r i -  

an t  consis ted o f  expression (2)  bu t  w i t h  t h e  f i r s t  bracketed omit ted.  

This can be regarded as a  Deck model w i t h  a d d i t i o n a l  absorpt ion. 

F igure  15 d isp lays  t h e  normal ized low-order moments <YRm> versus t 

f o r  f i x e d  mass i n  t h e  Got t f r ied-Jackson (GJ) frame and i n  t h e  h e l i c i t y  

frame. The data a r e  i n  rough agreement w i t h  t h e  t rend  o f  the  Deck c a l -  

cu la t i on .  A s i m i l a r  l e v e l  o f  agreement i s  a v a i l a b l e  f o r  o the r  (pv-) 

mass values. I n  F ig.  3 we d i s p l a y  t h e  v a r i a t i o n  o f  the  same <YRm> versus 

mass a t  f i x e d  t i n  the  GJ frame. Again, t h e  data on ly  rough ly  f o l l o w  the  

Deck ca l cu la t i ons .  

Although t h e  p red i c t i ons  from expression ( 2 )  do n o t  agree i n  d e t a i l  

w i t h  t h e  r e s u l t s  o f  r e a c t i o n  ( I ) ,  t h i s  i s  no t  s u r p r i s i n g  i n  view o f  t h e  

f a c t  t h a t  expression ( 2 )  can o n l y  be expected t o  dezcr ibe t h e  data i n  a  

r a t h e r  r e s t r i c t e d  kinematic domain o f  reac t i on  (1 ) .  The regime i n  which 

the a-exchange Deck mechanism i s  expected t o  dominate i s  character ized 

by small tl (10) , l a r g e  coseGJ ( I 5 )  , o r  as emphasized most recen t l y ,  nega- 

t i v e  coQH. ( I 6 )  To examine whether t h e  Deck diagram o f  F ig .  11 can 

account f o r  the  data i n  t h e  r e g i o n  cos1$~<-0.9 we have compared the  pre-  

d i c t i o n s  o f  expression ( 2 )  w i t h  our  r e s u l t s  app ly ing  t h i s  r e s t r i c t i o n  on 

c o ~ @ ~  t o  both the  model and data. 

The r e s u l t s  o f  t h e  comparison are d isp layed i n  F igs.  17 and 18. It 

i s  c l e a r  t h a t  i n  the  reg ion  o f  expected a p p l i c a b i l i t y  the  sp in  s t r u c t u r e  

o f  t h e  Deck ampli tude i s  i n  very  c lose  agreement w i t h  the  data. (A 

s i m i l a r  coniparison o f  r e s u l t s  f o r  cos+ N.9 w i t h  a  proton-exchange Deck H 

c a l c u l a t i o n  i nd i ca tes  a  comparable l e v e l  o f  agreement between model and 

data. (17) This  agreement i s  p a r t i c u l a r l y  remarkable i n  view o f  the  un- 

c e r t a i n t y  i n  the o r i g i n  o f  t h e  M - t  c o r r e l a t i o n  i n  t h e  data. (18) 
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HELICITY AMPLITUDES AT LOW MASS 

The o r i g i n  o f  t h e  observed c o r r e l a t i o n  between t h e  mass M o f  an i n -  

e l a s t i c  system produced i n  d i f f r a c t i o n  d i s s o c i a t i o n  and t h s  square o f  

the  four-momentum t r a n s f e r r e d  t o  t h a t  system ( t )  has been t ! ie  ob jec t  o f  

extensive i nves t i ga t i on . (13 )  One a t t r a c t i v e  model f o r  understanding the  

t - M  interdependence i n  these h i g h l y  pe r iphe ra l  reac t ions  i s  based on the  

assumption t h a t  s-channel h e l i c i t y  amp1 i t udes  f o r  smal l  masses (M51.3 GeV) 

are  dominant ly h e l i c i t y  non - f l i p . (14 )  Consequently one expects a steep 

d i f f e r e n t i a l  cross sec t i on  f o r  smal: t and a d i p  oi- sharp break near 

-t-0.2-0.3 i f  the  h e l i c i t y  n o n - f l i p  system i s  produced p e r i p h e r a l l y  

( i .e. ,  near an impact parameter b-1 Fermi).  The c o n t r i b u t i o n s  from t h e  

h e l i c i t y  f l i p  ampl i tudes a r e  hypothesized t o  become more important  as t h e  

mass and sp in  o f  the  d i f f r a c t i v e l y  produced system increases, thus lead-  

i n g  t o  a subs tan t i a l  broadening o f  t h e  t - d i s t r i b u t i o n s  w i t h  increas ing  M 

values. (14) The <Yll> moment i n  t h e  h e l i c i t y - f r a m e  cons is ts  o f  i n t e r -  

ference terms p ropo r t i ona l  t o  an h e l i c i  t y  n o n - f l i p  ampl i tude and a u n i t  

he1 i c i t y - f l i p  ampl i tude. I n  terms o f  t h e  s-channel pe r iphe ra l  model d i s -  

cussed above, (14) one the re fo re  expects Y i n  t h e  h e l i c i t y  frame t o  

pass through zero a t  t h e  t va lue  where a d i p  appears i n  the  d i f f e r e n t i a l  

cross sec t ion .  S i m i l a r l y ,  one a l s o  expects a zero i n  <Yll' near -t-0.6 

where t h e  s i n g l e  h e l i c i t y - f l i p  ampl i tudes are  p red i c ted  t o  have a zero. 

The absence o f  these p red i c ted  zeroes i n  <Yll> o f  F ig.  15 imp l i es  t h a t  

the  s-channel pe r iphe ra l  model cannot be t h e  dominant p roduct ion  process. 

I t i s  expected t h a t  t h e  s p i n  s t r u c t u r e  f o r  ps- masses below -1.5 GeV 

i s  s u f f i c i e n t l y  simple t o  a l l o w  an e x t r a c t i o n  o f  the  product ion  amplitudes. 

I n  F ig .  19 we d i s p l a y  t h e  pre l i r l l i nary  r e s u l t s  o f  an ampli tude ana lys is  o f  

the  data. <YRm > are n e g l i g i b l e  f o r  f>4  and ( i n  t h e  GJ frame) f o r  m>2. 

Therefore spins up t o  J=5/2 and h e l i c i t y - f l i p s  21 sa tura te  the  moments. 



-13- 

(The m52 cutoff i n  <YE,,> i s  a  consequence o f  Pomeranchukon exchange i n  the  

s2 subsystem o f  F ig .  11.) It should be r e c a l l e d  t h a t  there  i s  an ambigui ty  

i n  t h e  o v e r a l l  s i gn  o f  t h e  ampli tudes. There i s  a l s o  an o v e r a l l  ambigui ty  

i n  t h e  r e l a t i v e  p a r i t i e s  o f  a l l  even and odd s ta tes :  t h e  amplitudes 

1  5  labe led  s', D ~ ,  F~ can be re labe led  r e s p e c t i v e l y  as P , p3, D  and v i c e  

versa. 

The t-channel h e l i c i t y  ampl i tudes shown i n  F ig .  19 i n d i c a t e  t h a t  

bo th  h e l i c i t y  f l i p  and n o n - f l i p  terms are o f  comparable s i z e  and o f  com- 

parable degree o f  p e r i p h e r a l i t y .  I n  add i t i on ,  t h e  presence o f  l a r g e  S 1  

3 1  3  and P s ta tes  ( o r  a l t e r n a t e l y  P and D  s ta tes  i f  a l l  p a r i t i e s  are r e -  

versed) speaks aga ins t  t h e  v a l i d i t y  o f  t h e  Morr ison s e l e c t i o n  r u l e  i n  

d i f f r a c t i o n  product ion. (19) 

SUMMARY 

I n  summary, we have examined the  c h a r a c t e r i s t i c s  o f  d i f f r a c t i o n  d i s -  

s o c i a t i o n  o f  neutrons i n t o  pa- systems a t  h igh  energies. A subs tan t i a l  

c o r r e l a t i o n  i s  cbserved between t h e  mass and t h e  t o f  the  produced sys- 

tem. The s p i n  s t r u c t u r e  o f  t h e  PIT- ampl i tudes a t  low mass i s  described 

s u r p r i s i n g l y  w e l l  by t h e  simple Deck mechanisn~. The t-channel h e l i c i t y  

amp1 i tudes conta in  comparable c o n t r i b u t i o n s  from f l i p  and n o n - f l i p  terms 

and t h e  produced s ta tes  are  n o t  r e s t r i c t e d  t o  those expected on the bas is  

o f  t h e  Morr ison r 3 l e .  
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tens ive  discussions p e r t a i n i n g  t o  t h e  ana lys is  o f  the  r e s u l t s  presented 

i n  t h i s  repo r t .  F i n a l l y ,  I wish t o  acknowledge he lp fu l  conversat ions 

w i t h  E. Berger and 6. Fox. 
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Table I1 

Slope Parameter Values 

Mass I n t e r v a l  
(GeV) 

Slope (a 
( G ~ v - ~ )  

( a ) ~ a l u e  o f  t h e  parameter b from1 a f i t  o f  the  data t o  t h e  form exp (b t ) .  
The range o f  It1 i n  t h e  f i t  was 0.04 t o  0.16 GeV2 f o r  t h e  f i r s t  f o u r  
mass bands and .04 t o  0.5 GeVZ f o r  t h e  l a s t  t h ree  mass regions. 
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Fig.  2. D i s t r i b u t i o n s  i n  momentum t r a n s f e r  f o r  neutron d i s s o c i a t i o n  o f f  Be, C, 
Cu and Pb nuc le i .  I n  each case we d i s p l a y  the  t spectra f o r  p r -  mass 
ranges ~ 1 . 2 5  GeV, 1.35-1.45 GeV and 1.55-1.80 GeV (data f o r  the  lowest 
mass band are  shown a t  t h e  bottom o f  each s e t ) .  The curves i n d i c a t e  
t h e  c o n t r i b u t i o n  o f  d i f f r s t . t i v e  product ion  (bottom curves) and the  sum 
of d i f f r a c t i v e  and coulomb product ion  ( top  curves).  





BEAM MOMENTUM SPECTRUM 
Based on Coulomb Production in Pb 
Acceptance Corrected 

Fig .  4. Neutron momentum spectrum in the M-3 beam a t  Fermilab. 
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Fig. 6. Energy dependence o f  t o t a l  neutron-nuclear  cross sect ions.  The 
curves i n d i c a t e  an averaging o f  measurements a t  lower energies. 



Fig .  7 .  Schemat ic o f  t h e  s i x t e e n  s c i n t i l l a t i o n  ; t r ip:  p l a c e d  a z i r r u t h a l l y  
abou t  t h e  hydrogen t a r g e t  r e g i o n .  The a n g l e  9 i s  between t h e  
c e n t e r  o f  an a c t i v a t e d  s t r i p  ( r e c o i l  p r o t o n )  a w l  t h e  t r a n s v e r s e  
momentum o f  t h e  f o r w a r d  produced pn- systern ( V ) .  



Fig. 8. Mass d i s t r i b u t i o n  o f  pa- systems f o r  several  regions o f  t. The 
cross hatched i n s e r t  a t  t h e  t o p  corresponds t o  events w i t h  
cos8>0 (Got t f r ied-Jackson angle of t h e  forward pro ton) .  A t  t h e  
l a r g e r  t values the re  i s  on l y  a weak dependence on cos8. 



Fig. 9. Momentum tra~rsfet.  d iq t t . ib l l t ion5  f o r  fom-wa.8-prcclluced pir- systems as 
a  f u n c t i o n  o f  pn- mas$. 



COSINE THETA VS, PHI [G/J)  

Fig .  10. Correlation between the  cos '8 and I) of the  forward proton in the 
Gottfried-Jackson frame. 



Fig.  11. The simple .rr-exchange Deck diagram f o r  r e a c t i o n  ( 1 ) .  



Fig.  12.  The t-dependenca on cose i n  t h e  Gott f r ied-Jackson frame. 



F i g .  13. Mass spectra fo r  two regions o f  m of the forward p ro ton  i n  t h ~  
s-channel  helirity frame. The ~&!k c o ~ l t r i b u t i o n  is expected t o  
doni inste L O S $ ~ < - ( ~ .  9. 
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F i g .  15. The average 'Ytm(0,@)> moments as a f u n c t i o n  o f  I t1  f o r  t h e  pa- 
mass i n t e r v a l  1.300-1.375 GeV. The s o l i d  curves are pre-  
d i c t i o n s  o f  equat ion (2 ) .  The dashed curves c o r r e s ~ o n d  t o  

2 ( t 1 - p 2 )  
equat ion ( 2 )  but  w i thou t  rhe ( - t  e ) f a c t o r  i n  f r o n t  
o f  the  expression. The l a t t e r  can be thought o f  as a Deck 
ninrlpl w i t h  nddi t inna l  . ~ h -  ~ r n l i n n  



G. J, FRAME .0.08(t<OqI2 

Fig .  16. The low order  <YRm(9,$)> moments as a f u n c t i o n  o f  ps- mass f o r  
t h e  it1 i n t e r v a l  0.08 t o  0.12 GeV2. The s o l i d  curves a r e  
p r e d i c t i o n s  o f  equat ion (2).  The dashed curves correspond t o  

2(t,-1-12) 
equat ion (2)  bu t  w i thou t  t h e  ( - t  e ) f a c t o r  i n  f r o n t  
o f  t h e  expression. The l a t t e r  can be thought o f  as a Deck 
mndnl w i t h  a d d i t  innn I a h r n r n t i n n  



Fig.  17. The average <Y,m(e,$) moments as a func t i on  o f  (tl  f o r  the  pn 
-.., 

mass i n t e r v a l  1.300-1.375 GeV f o r  ~ o s $ ~ < - 0 . 9 .  The s o l i d  curves 
are  p r e d i c t i o n s  o f  equat ion ( 2 ) .  The . dashed - .  curves correspond 

t o  equat ion ( 2 )  bu t  w i thou t  the  (- t ,e 2(t1-1J" f a c t o r  i n  f r o n t  o f  
the expression. The l a t t e r  can be thought o f  as a Deck model 
w i t h  a d d i t i o n a l  absorpt ion.  



Fig.  18. The low order <Y (8,@)> moments a s  a function of pa- mass f o r  
the  It] intervalem0.08 t o  0.12 GeV2 fo r  cos$~~<-0.9.  The so l id  
curves a re  predictions of equation ( 2 ) .  The dashed curves 

correspond t o  equation ( 2 )  but without the  ( - t ,e  ~ ( ~ I - I J ' ) )  
fac tor  in f ron t  of the  expression. The l a t t e r  can be thouqht 
of as a Deck model with additional a b s o r p t i o ~ ~ .  
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Fig. 19. Preliminary t-channel helicity amplitudes for the prr- mass range 

1.3-1.375 GeV. The amplitudes are specified through the orbital 
wave ( L ) ,  the total spir ( J ) ,  and the helicity flip (Ah) as 

25 
L2Ah+l. There is an ambiguity in the overall sign of the 

amplitudes. There is also an overall ambiguity in the relative 
parity o f  all even and odd states, e.g., the amplitudes labeled 
S' ,  D' ,  F 5  can be relabeled respectively as P ' ,  P 3 ,  D 5  and 
vice versa. 




