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ABSTRACT

Exclusive c ross  sections  for th e  ^H{pt 2p)n reaction a t  beam 

e n e rg ie s  of 507 an d  5QB MeV have been m easured at various kinematics. 

The re su l ts  a re  compared with the  predictions of the impulse approxima

t io n  a n d  of a  c a lc u la t io n  of the G lowest o rder  terms of a multiple 

s c a t t e r i n g  ex p an s io n  of th e  t -m a tr ix .  At small in terna l momenta the 

da ta  a re  system atica lly  Lower than  theory . At in terna l momenta larger 

than  200 MeV/c a d ra s t ic  dev ia tion  from theo ry  is confirmed. Possible 

causes  fo r  th e se  re su l ts  a r e  d iscussed .



ACKNOWLEDGEMENTS

1 w o u ld  l ik e  to  e x p r e s s  d e e p  a p p re c ia t io n  to my th e s is  

a d v is o r  P ro fe s so r  C harles  F .  P e rd r isa t  fo r  his g u id an ce ,  en co uragem en t 

an d  in s t ru c t io n s  d u r in g  th e  y ea rs  of my r e s e a rc h .

1 w ould  like to  th an k  all th e  p a r t ic ip a n ts  in  th e  ex p e r im e n t 

a t  TRIUMF, esp ec ia l ly  M artin  Epstein fo r  his co n tin u in g  in te re s t .  Also 

th e  s ta f f  of TRIUMF for all th e i r  help d u r in g  the  ex p er im en t.

I a lso  want to th a n k  William Bynum , Mike F in n ,  Herb F u n s te n  

an d  Wim Van O ers  fo r  a c r i t ic a l  re a d in g  of my th e s is  a n d  accep tin g  to  be 

on my committee.

1 t h a n k  th e  P h y s ic s  D e p a r tm e n t  fo r  p ro v id in g  me with 

o p p o r tu n i ty  to co n t in u e  my s tu d ie s  in p h y s ic s  in a  congenial en v iro n m en t 

a n d  t h e  William a n d  M ary  C o m p u te r  C en te r  s ta f f  fo r  th e ir  lim itless 

p a t i e n c e .  Also th e  N ational Science Foundation  for financial s u p p o r t  

o v er  th e  last th re e  y e a rs .

I a p p r e c i a t e  t h e  he lp  a n d  m a te r ia l  m ad e  a v a i l a b l e  by 

R . A .  A rn d t  fo r  t h e  NN p h a s e - s h i f t s ,  Jon M, Wallace fo r  the m ultip le  

s c a t t e r i n g  ca lcu la tion  an d  Harold F e a r in g  fo r  th e  NN off-shell am p li

tu d e s  .

1 am v e r y  th a n k fu l  to M urahed  Hossain for all his h e lp  with 

my s tu d ie s  and en c o u ra g e m e n t  in d if f icu lt  times.

1 am v e r y  much tank fu l to my h u sb a n d  Alkesh fo r  his e n c o u r 

agem ent an d  u n d e r s t a n d in g  th ro u g h o u t my g ra d u a te  s tu d ie s  and f o r  his 

help  in p ro d u c in g  some of th e  f ig u re s  o f my th e s is .

F ina lly ,  I e x p r e s s  my d e e p e s t  app rec ia tio n  to my son P a r th  

fo r  h av in g  much p a tien ce  a n d  u n d e r s ta n d in g  fo r  a  long s ix  y ears .



TABLB OF CONTENTS

ABSTRACT .....................................................................................................................  iii

ACKNOWLEDGEMENT .................................................................................................  iv

CHAPTER I INTRODUCTION...............................................................................  I

CHAPTER II EXPERIMENTAL SETUP ................................................................. 8

2.1 In tro d u c tio n  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  8

2 .2  Proton b e a m ............................................................................. 10

2 .3  T a rg e t  cells ........................................................................... 10

2 .4  C oun te r  te lescopes  ............ . . . . . . . . . . . . . . . . . . . . . .  12

2 ,8  T h e  medium resolution s p e c t r o m e t e r ..........................  14

2 .6  MRS e lec tron ics  . . . . . . . . . . . . . . . ............. . ................   - 19

2.7 RHS an d  coincidence e lec tro n ic s  ................................. 20

2 .8  Data acquisition  . . . .................................................................... 23

CHAPTER III DATA ANALYSIS ..................................................................... 27

3.1 In tro d u c tio n  ..........................................................................  27

3 .2  Initial an a ly s is   ..............   28

3 .3  C alibration  of d e te c to rs  a n d  focal p lane  ............. 34

3 .4  pp d iffe ren tia l  c ross  section  .....................................  40

3 .5  A nalysis  of the ( p t 2p) d a ta  . . . . . . . . . . . . . . . . . . .  43

3 .6  C ross  sec tions  an d  u n c e r ta in t ie s   ..........  50

v



CHAPTER IV MULTIPLE SCATTERING
AND IMPULSE APPROXIMATION .........................................  56

4 . 1 In troduction  ..........................................................................  56

4 .2  Multiple s c a t te r in g   ........................ 56

4.3 Two body  T M atrices 67

4.4 Spin a lg eb ra   .................   69

4.5 Impulse approximation  .........................................  74

4 .6  R esults  of the  calculation  .............   74

CHAPTER V RESULTS AND DISCUSSION ...................................................... B1

5.1 In troduction   .......................................  91

5.2 Kinematics  ...........  92

5.3 Small neu tro n  recoil d a ta   .............   86

5 .4  L arge  neu tron  recoil an d  asym m etric
ang les  da ta  ..........................................................................  102

5.5 Comparison with ( e , e 'p )  a n d  p rev ious  {p, 2p) 
d a ta   ..............................       109

CONCLUSION .............................................................................................................  117

APPENDICES

A t  expansion  in term s of x̂  and xj 121

B In teg ra l  d^q  and kinematics ...................   123

C T he nucleon-nucleon  am plitudes fo r  th e  th re e  partic le
sp in  s ta te s  .........................................  125

D a, b ,  c ,  d coefficients ..............     126

REFERENCES ............................................................................................................. 130

FIGURE CAPTIONS 133



TABLE CAPTION .............................................................................................................  137

DATA TABLES .................................................................................................................  136

vii



C h a p te r  I 

INTRODUCTION

The p r im ary  in te re s t  in one-nuc leon  k n o c k -o u t  reac tions  such  

as  ( p ,  2p) a n d  (e ,  efp) on  ligh t nuclei a t  in te rm edia te  e n e rg y  is to 

s tu d y  th e  single  nucleon momentum d is t r ib u t io n  of a bound nucleon in a 

n u c lea r  sy s tem . Such  reac tions  p ro v id e  inform ation on the s t r u c tu r e  of 

th e  nuc leus  and  on the in te ra c t io n  of the  nucleons in th e  initial and  

f in a l  s t a t e s .  In t h e  im p u lse  a p p r o x im a t io n  ( I A )  d e s c r i p t i o n  th e  

m om entum  o f  a  nucleon  in th e  nuc leus  befo re  the  in te ra c t io n ,  q ,  is 

re la ted  to the  momentum of th e  re s id u a l  n u c leu s ,  p p t b y  th e  ex p ress io n
-+ 4
q = - p R . A ccord ing  to th e  o rig inal defin ition  of Chew and  Wick (Ch- 52) ,  

th e  assum ption  of th e  IA a r e  I) th e  incident p a r t ic le  in te ra c ts  only 

w ith  a s ing le  nucleon a t a  time, II) the  in c id en t wave falling on each 

c o n s t i tu e n t  is not a t te n u a te d  a n d ,  III)  th e  b in d in g  force  has a  neglige- 

ab le  e ffec t  d u r in g  th e  in te rv a l  of s t r o n g  in te ra c t io n .  As a  consequence 

of th ese  a ssu m p tio n s ,  th e  c ro ss  sec tion  can be fac to rized  in the form 

( Ja-66)

d ^ o / d f ^  d fl4 d T 3 = K d a / d f l  | 4>(q) | ^  (1 .1 )

w here  th e  labels 3 and  4 r e fe r  to th e  two d e tec ted  p ro to n s  (see fig . 

1 . 1 ) ,  K is a  kinem atic fa c to r ,  d o /d Q  is th e  c ro ss  section fo r  f ree ,  

nuc leo n -n u c leo n  o r  e lec tro n -n u c leo n  s c a t te r in g  and  <1> (q )  is the single  

nucleon wave func tion  in momentum sp ace . M easuring th e  c ro ss  section  

allows to  ob ta in  th e  momentum d e n s i ty  |<P(q) | ^ from e q n ,  ( 1 . 1 ) .

1
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However, th e  IA picture n eed s  to be c o r re c te d  fo r  e f fe c ts  su ch  

as  h a lf -o f f-sh e ll  am plitudes, meson ex ch an g e  c u r r e n t s ,  r e s c a t te r in g  of 

t h e  two n u c leo n s ,  final s ta te  in te ra c t io n s  (PSI )  a n d  on- o r  o f f-sh e ll  

nucleon Iso b a rs .

T he  fact th a t  th e  deu te ron  is a loosely bound  nucleus  a n d  that 

i t s  two c o n s ti tu en t  nucleons spend  a large frac tion  o f th e ir  lime fa r  

away from e ach  o th e r ,  is favorable fo r  the  IA v a l id i ty  in the  (p ,  

£ p ) n  r e a c t i o n .  This reaction o f fe r s  the sim plest possib le  medium to 

s tu d y  d iffe ren ces  between experim ent an d  th e  p red ic t io n  of a p lan e  wave 

impulse approximation (PW1A), which can be c o r re c te d  to  second o r d e r  by 

e s t im a t in g  r e s c a t l e r i n g  an d  FS1 g r a p h s .  P as t  atomic num ber 3 this 

ap p ro ach  becomes too cumbersome.

T h e  r e s u l t s  o f s e v e ra l  in v e s t ig a t io n s  of th e  ( p ,  2p)n 

re a c t io n  ( (P e -6 9 ) ,  (Wi-75), (F e -7 6 ))  have all shown two d is t in c t  but 

defin ite  dev ia tions  from th e  PWIA: (a )  a t n e u tro n  reco il  momenta la rg e r

th an  abou t 200 MeVJc, th e  momentum d is t r ib u t io n  s to p s  d e c re a s in g  with 

in c reas in g  recoil momentum, and ( b )  a t  n e u tro n  recoil momenta smaller 

th a n  200 MeV/e the normalization of t h e  momentum d is t r ib u t io n  is smaller 

th a n  e x p e c te d  (see tab le  1.11 on th e  basis o f  rea lis t ic  d e u te ro n  wave 

f u n c t io n s  s u c h  as th o s e  resu lt ing  from the  Paris (La-81) a n d  Bonn 

(Ma- 84)  p o t e n t i a l s  e v e n ,  as  in t h e  case o f data  o f P e rd r is a t  e t  al 

(Pe-G 9), a f t e r  correc tion  fo r  all s in g le  NN r e s c a t te r in g  g ra p h s  a n d  FSl 

e ffec ts  (W a-72).

In co n tras t  with the ( p ,  2p)n s i tu a t io n ,  th e  case o f  th e  2H 

( e ,  e 'p )n  reac tion  s tu d ie d  by S ernheim  e t al (B e -8 l )  show s no discon*
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t in u i ty  in th e  Bhape of th e  in te rne !  momentum d is t r ib u t io n ,  b u t does 

show a similar m iss ing  s t r e n g th  (see  tab le  1 . 1 ) .  S u b se q u e n t  ca lcu la

tion of various c o r re c t io n s  b y  A renhovel (A r-8 2 )  in c lu d in g  FSI e f fe c ts ,  

r e s c a t t e r i n g ,  m eso n  e x c h a n g e  an d  Isobaric  d e g re e s  of freedom  have 

l a r g e ly  e l im in a te d  th e  m is s in g  s t r e n g t h ,  a l t h o u g h  th e  da ta  remain 

symptom atically lower th an  theo re tica l  p re d ic t io n s  fo r  n e u tro n  momenta 

sm aller than  50 MeV/c. Recent e lec tron  d a ta  e x te n d  to 500 MeV/c (T u-84) 

an d  645 MeV/c (Me-S4).

TABLE 1.1
R atios R Of Experim ental to T h eoretica l Momentum D en sities  

In Momentum Range 0  to  200 M eV/c

Reaction
( p .  2p)

( p ,  2p)

(P ,  2p) 

( e , e 'p )

( p ,  2p)*+

In c id en ts
e n e r g y
(MeV)
600

585

800

500

508

Max.
Recoil 
t MeV{c )

370

425

350

340

674

0 .84±0.04 
< 425%)*

0.87
(u nknow n)

0.89±0.04
( ± 10%)

0.82+0.02
( ± 10%)

0 . 93±0,004 
( + 1 . 8%)

R eference
PerdriBat 
e t  a l.
(P e-69)

Witten et al. 
(Wi-75)

F e lder  e t  a l.  
(F e-76)
Bernheim  et al. 
(B e-B l)

P re se n t
exper im en t

♦Systematic u n c e r ta in ty .

• • In  th is  cose th e  Paris  momentum d e n s i ty  is  u se d ;  all o th e r  da ta  
a re  be ing  com pared to th e  H ulthen  d e n s i ty ;  the l a t te r  d e n s i ty  is 
smaller th a n  th e  fo rm er b y  1% a t  q  = 0.
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B re a k u p  o f th e  d e u te r o n  b y  v i r tu a l  pho tons  in  e lec tron  s c a t 

t e r in g  lead s  to a tw o nuc leo n  co n tin u u m  s t a t e .  In the  ( p ,  2p) reaction 

th e  h a d ro n ic  p ro b e  in t ro d u c e s  a  t h i r d  nuc leo n  in the f ina l s ta te ,  th u s ,  

on  th e  o n e  h a n d  c o n s id e ra b ly  in c r e a s in g  th e  d iff icu lty  o f ob ta in ing  the  

f,t r u e lt in te rn a l  momentum d is t r ib u t io n  o f th e  d e u te ro n ,  b u t ,  on the  o th e r  

h a n d  o f fe r in g  a u n iq u e  en v iro n m e n t  to  s t u d y  h a lf -o f f- sh e ll  s c a t te r in g .  

T h e  p h a s e  sp a c e  av a i lab le  to  the  t h r e e  nuc leo n s  in a ( p ,  2p) reaction 

o f f e r s  t h e  p o s s i b i l i t y  to  s e l e c t  c o n d i t i o n s  f a v o r i n g  o n e  p a r t ic u la r  

p r o c e s s .  For exam ple ,  s t r o n g  FSI e f fe c ts  a r e  ex p ec ted  an d  have been 

s e e n  (F u -7 3 )  w h en  th e  re la t iv e  e n e r g y  of one p a i r  becomes v e ry  small. 

In fac t  th e  d a ta  o f  Witten e t  al (Wi-75) a n d  F e lder  e t  a l  ( Fe-76} a re  

in v a r ia b ly  in th e  FSI reg ion  fo r  la rg e  n e u t ro n  recoil momenta. In those 

e x p e r im e n ts  v a r io u s  recoil momenta w ere  o b ta in e d  by  c h a n g in g  the  e n e rg y  

s h a r i n g  am ong th e  two p r o to n s ,  a t  an g le  p a i r s  for w hich a recoilless 

re a c t io n  is  p o s s ib le .  H ow ever, th e  same recoil momenta can  be obtained 

aw ay  from  th e  FSI r e g io n .  T h e  d a ta  o f  P e r d r i s a t  et al [P e-69) were of 

th is  ty p e .  In  t h a t  e x p e r im e n t  v a r io u s  recoil momenta w ere  obta ined  by  

c h a n g in g  th e  a n g le s  of th e  two p r o to n s  sym m etrica lly  w ith re sp e c t  to the  

in c id e n t  beam d i r e c t io n .  H ow ever ,  in th e se  d a ta  the in v a r ia n t  mass of 

o n e  of th e  n u c le o n  p a i r s  becom es eq u a l  to (m ^  + m^) a t  la rge  recoil 

m o m e n ta ,  a  s i t u a t i o n  m oat f a v o r a b l e  f o r  v i r t u a l  e x c i t a t i o n  o f the 

A (1 2 3 2 ).

T h e  goals of th e  p r e s e n t  e x p e r im e n t  w ere  d e f in e d  as : la )  to

r e e x a m i n e  t h e  ( p ,  2 p )  r e s u l t s  o b ta in e d  p re v io u s ly  a t  var io u s  labor

a t o r i e s ,  [ b )  to  o b t a i n  c r o s s  s e c t i o n  d a t a  f o r  sm all n e u tro n  recoil 

momenta w ith  a s  small a s  p o ss ib le  a  s y s te m a t ic  u n c e r ta in ty ,  an d  (c) to
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explore reg io n s  o f t h r e e -b o d y  p h a s e  sp ace  in which v i r tu a l  £  ex c ita t io n  

should become p red o m in an t.

In th is  work the r e s u l t s  of a  ^ H( p ,  2p)n ex p e r im en t perfo rm ed  

a t the TRIUMF c y c lo t ro n  a r e  p r e s e n te d .  We have o b ta in e d  data  o v e r  a 

Large r a n g e  of n e u t r o n  recoil momenta, a n d  in v es t ig a ted  th e  q u a s if r e e  

region w ith  sym m etric  and asym m etr ic  kinem atics fo r  the  two p ro to n s .  

The d a ta  in th is  re g io n  have a  s ta t i s t ic a l  u n c e r ta in ty  as  low as  0.4%. 

To minimize the  sy s tem a tic  u n c e r t a in ty  we m easured  th e  e lastic  pp  c ro s s  

s e c t io n  u s i n g  th e  sam e ex p e r im en ta l  se t  u p ,  re p la c in g  deu terium  by 

h y d ro g e n  in the  same ta rg e t  cell; the  in c id en t beam  e n e rg y  a n d  the  

angles  a n d  final e n e rg ie s  of th e  two d e te c te d  p ro to n s  were nearly  the

same a s  f o r  t h e  q u a s i f r e e  ( p ,  2p) d a ta .  We d e te rm in e d  the t a r g e t

th ick n ess  b y  com paring  o u r  m e a su re d  p p  c r o s s  sec tion  fo r  90° c e n te r -o f -  

maas to th e  a v e ra g e  o f  re c e n t  p p  m easu rem en ts  a t  500 MeV [Ch-82) a n d  

515 MeV (O t-84) of 3 .4410.062 mbsr*^ (CM).  T h e re fo re ,  the system atic  

u n c e r ta in ty  of th e  ( p ,  2p) c ro s s  sec tio n  d a ta  will be  no less th an  the  

1.8% from  th e  p p  c ro s s  sec tion .

T h e r e  a r e  t h r e e  s e t s  o f  d a ta  fo r  two d i f f e re n t  kinem atics

w h e re  z e r o  r e c o i l  momentum is possib le  k inem atically . The d a ta  for

symm etric ang le  p a ir  41 .4° w ere  o b ta in ed  a n d  ana lyzed  with two d i f f e r 

e n t  solid a n g l e s , A . 0 .528 m sr a n d  0.107 m s r  and th is  is where we h ave  

the  best s ta t i s t i c s .  We did no t have en o u g h  s ta t i s t ic s  to do so fo r  the  

a sy m m etr ic  an g le  p a i r  30.1° - 5 3 .75° .  T h e  recoil r a n g e  covered  for 

these  d a ta  is  12 to 80 MeV/c.
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T h e re  a r e  th re e  o th e r  symm etric angle p a i r s ,  38 .1° ,  44, 1°  and 

4 7 . 1 °  w h e r e  t h e  d a t a  a r e  in  t h e  small neu tron  recoil reg io n . The 

asym m etric  angle  p a ir s  41.4° - 5 0 ,° ,  41,4° - 57.° and  41.4° -  6 8 .°  cover 

th e  recoil momenta from 78 to 383 MeV/c, The asym m etric  ang le  pa irs  

30.1° - 4 4 . ° ,  30.1° - 6 1 .°  and  30,1° - 68 .°  give recoil momenta s ta r t in g  

a t  GO MeV/c and  u p  to 220 MeV/c.

We m easu red  recoil momenta a s  large as 674 MeV/c fo r  the  6 6 .° 

symm etric angle  p a i r ,  w here  the  minimum possible recoil was 650 MeV/c. 

The d a ta  fo r  57. °  symm etric ang le  pa ir  ranged  from 362 to 406 MeV/c. 

The d a ta  fo r  symm etric ang le  p a ir s  50 .°  and  52.° c o v e r  the recoil region 

173 to 299 MeV/c. At th ese  v e ry  large recoil momenta, the  p p  in te ra c 

t io n  is no lo n g e r  dom inan t; the  np in terac tion  c o n tr ib u te s  a b o u t  as 

m uch .

For n eu tro n  recoils la rg e r  th a n  approxim ately  200 M eV/c, the 

[A p red ic t io n  no lon g er  d e sc r ib e  th e  d a ta .  The d isc rep an cy  becomes 

in c re a s in g ly  large a t  la rg e  reco ils .  O th e r  p rocesses  like r e s c a t te r in g ,  

FSI a n d  i s o b a r  exc ita t ion  become predom inan t.  O ff -sh e lln ess  also is 

large w hen the in te rn a l  momentum is so la rg e .  We h ave  done a  calcu la

tio n  f o r  t h e  r e s c a t t e r i n g  o f  t h e  p ro je c t i le  with th e  e jec ted  o r  the 

res idua l nucleon, an d  FSI of the two d e u te ro n  c o n s ti tu e n ts  b a se d  on a 

p r e v i o u s  ca lcu la tion  by Wallace (Wa-72). This calculation inc ludes  6 

Feynman d iag ram s, two fo r  s in g le  s c a t te r in g  pp an d  n p ,  two fo r  r e s c a t 

t e r in g  a n d  two fo r  FSI (see  f ig .  4.1 an d  4 . 2) .

In th is  w ork , the  c ro ss  section  re su l ts  a re  used to determ ine 

th e  PW1A momentum d is t r ib u t io n  f <t> (q) using  equa tion  1.1,  because
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t h i s  is th e  s t a n d a r d  method of p re se n t in g  ( p ,  2p) r e s u l t s .  For the  

small recoil d a ta ,  th e  com parison with the  theoretical expecta tion  when 

all 6 Feynm an d iag ram s a re  inc luded , is p re se n te d  as  the ra tio  of the  

e x p e r i m e n t a l  - to  t h e  t h e o r e t i c a l  c r o s s  s e c t io n s ;  the in p u t  to the  

th e o re t ic a l  ca lcu la tio n s  a re  th e  Paris po ten tia l deu teron  wave func tion  

a n d  th e  NN p h a s e - s h i f t s  from the  VPI group* For the large recoil d a ta ,  

we p r e s e n t  th e  " e f fec t iv e11 theore tica l momentum d is tr ibu tion  r e su l t in g  

from  th e  calcu la tion  (of th e  6 Feynman d iag ram s) ,  which one obta ins  by 

u s in g  e q u a tio n  ( 1 . 1 )  with th e  re su lts  of th e  calculation.

co n ta in s  th e  d e s c r ip t io n  of th e  data  analysis* C hapter  IV will give the  

d e t a i l s  o f  t h e  r e s c a t t e r i n g  a n d  FSI ca lcu la tion . In C h a p te r  V we 

p r e s e n t  th e  resu ltB  o f th e  exper im en t an d  d iscu ss  them. The conclusion 

c lo ses  th e  work *

C h a p t e r  IE d e s c r i b e s  the experim enta l setup* C h a p te r  III

FIGURE 1 . 1



C h a p te r  II 

EXPERIMENTAL SETUP

2.1  INTRODUCTION

This c h a p te r  d e sc r ib e s  the  experim en ta l s e tu p  u se d  to  s tu d y  

th e  reac tion  ^H{p, 2 p) n .  T h e  exper im en t was perfo rm ed  in two p a r t s ;  one 

p a r t  (19B3) r e s t r i c t e d  to  sym m etric  ang le  p a i r s ,  the  second  p a r t  (1994), 

in c lu d e d  sym m etric  a n d  asym m etric  angle  p a i r s .  Both p a r t s  w ere  d o n e  at 

t h e  TRIUMF C y c lo tro n  u s in g  p ro to n  beams o f 507 MeV (19B3) a n d  508 MeV 

( 1 9 8 4 )  a t  beam  lin e  4B, Fig. 2,1 shows the TRIUMF fac ility  a n d  in 

p a r t i c u la r ,  beam line 4B. Section 2 .2  will g ive  the  r e le v a n t  p ro to n  beam 

c h a ra c te r is t ic s  a n d  2 .3  will d e sc r ib e  the  liquid  and  t a r g e t .

We d e te c te d  two p ro to n s  in co inc idence , on th e  r ig h t  h an d  

s id e  (RH5)  re la t iv e  to the  in c id en t beam with a c o u n te r  te le sc o p e ,  and  

on  th e  left hand  s id e  (LHS)  with th e  Medium Resolution M agnetic S p e c t ro 

m e te r  (MRS).  Sec tion  2 .4  and  2 .5  will d e s c r ib e  the  d e tec t io n  sy s te m  on 

b o th  s id e s .  T h e  e lec tro n ic s  and  logic will be p re se n te d  In sec tion  2.G 

f o r  th e  MRS a n d  sec tio n  2 .7  for th e  RHS an d  coincidence. Sec tion  2 .8  

c o n ta in s  th e  d e s c r ip t io n  o f the d a ta  acqu is ition  sy s tem .

S
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2 .2  PROTON BEAM
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The acce lera to r  a t TRIUMF is a six se c to r  isochronous  cyclo

tro n  which acce lera tes  H" ions. Two p ro ton  beams Independently  variable 

in e n e rg y  between 183 MeV and 520 MeV can be  ex trac ted  s im ultaneously  

u s in g  two s t r ip p in g  foils of ca rbon  o r  aluminum. The beam is on fo r  5 

n s  (nanosecond) e v e ry  43 n s ,  so th e  microscopic duty  cycle  is a p p ro x i

m ately 11%. Beam spot a t  ta rg e t  is typ ically  0 .4  to 0.5 cm diam eter and  

th e  beam e n e rg y  sp read  is dMeV FWHM, The typ ica l  beam c u r re n t s  u sed  

w ere  between 0 .1  nA to 10 nA. T h e  beam in te n s i ty  was m onitored us ing  a  

se c o n d a ry  e lec tron  emission monitor (SEM) and a Faraday cu p  ( fo r  p a r t  of 

th e  ex p e r im en t) .  The beam spot was checked e v e r y  few h o u rs  th roughou t 

th e  experim ent by  re d u c in g  the c u r r e n t  and  in se r t in g  th e  beam profile 

m onitors  and a f luorescen t sc reen  an d  viewing it  on closed c ircu it  TV.

2 .3  TARGET CELLS

A cryogen ic  t a r g e t  cooled w ith  a Helium re f r ig e ra to r ,  with two 

iden tica l  ta rg e t  cells which can be filled sim ultaneously w ith  deuterium 

an d  h y d ro g en ,  h as  been u sed  fo r  th is  ex p er im en t.  Fig. 2 .2  shows th e  

c r y o s ta t  assem bly. The system  of two identical ceils has b een  developed 

an d  bu ilt  at Techn ische  Hogeschool, Delft (Se-84) so as to f it  inside an  

e x is t in g  Liquid 4He c ry o s ta t  (G o-78), A f lu o re scen t  ZnS s c r e e n ,  used to  

m o n i to r  th e  beam spot d u r in g  th e  exper im en t is a t tach ed  to the tail 

s e c t i o n .  T h e  e n t i r e  c r y o g e n ic  s y s te m  is  f i t t e d  in to  a h y d r a u l ic  

pos ition ing  mechanism u se d  to ra ise ,  lower a n d  rotate th e  c ry o s ta t  so
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th a t  e i th e r  one of the  two ta r g e t  ce lls ,  o r  th e  f lu o re sc e n t  s c re e n  is 

p o s i t i o n e d  in t h e  beam  wi t h  t h e  d e s i r e d  o r i e n t a t i o n .  T h e  e n t i r e  

o pera tion  of th e  position ing  mechanism is remotely con tro lled .

Two g a s  f i l l in g  l in e s  w e re  ava ilab le  to each cell to avoid 

b lockage in case of condensa tion  of th e  g as  in  one of the lines. The 

ta rg e t  frame was 55 mm d iam eter an d  6 mm th ick  with windows made from 

s ta in le ss  s tee l ( th ic k n e s s  O.D25 mm).  T h is  des ign  of th e  t a r g e t  frame 

made it possib le  to make m easurem ents  u p  to ±75° fo r  the  two outgoing  

p a r t ie le s .  The ac tu a l  t a rg e t  th ic k n e s s  of th e  t a rg e t  cell was more th an  

6 mm d u e  to th e  b u lg in g  of th e  fo ils . How th e  ta rg e t  th ick n ess  was 

d e te rm in ed  will b e  d isc u sse d  in section  3.4.

2.4 COUNTER TELESCOPE

For th e  1993 m easurem ents  we h ad  only  one c o u n te r  te lescope, 

and it was employed on th e  RHS of th e  inc iden t beam. T he  co u n te r  

t e l e s c o p e  c o n ta in e d  a solid ang le  d e f in in g  p las tic  sc in t i l la to r  co u n te r  

of 6 , 3 5  cm d ia m e te r  a n d  0 .3 2  cm t h i c k ,  a  Na l ( T l )  c ry s ta l  of 12.7 

cm d iam eter  an d  15.2 cm d e e p ,  a  delay  line wire cham ber (DLC) an d  a Cu 

a b s o r b e r  w hen  n e e d e d .  The d is tan ce  to th e  p lastic  sc in ti l la to r  was

195.7 cm from th e  s c a t te r in g  c e n te r .

For th e  1994 m easurem ents  s ix  c o u n te r  te lescopes  w ere u sed , 

all on th e  RHS of th e  inciden t beam; th e y  a r e  num bered  1 to  6 a s  shown 

in f ig u re  2.3,  T elescope 1 inc luded  an  9 .0  cm d iam eter an d  0.32 cm 

t h i c k  s o l i d  a n g le  d e f i n i n g  p l a s t i c  s c i n t i l l a t o r  c o u n t e r  AHr  ; t he  

rem ain ing  five had 6 .35 cm d iam eter  an d  0,32 cm th ick  sc in t i l la to rs .
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The coun te r  te lescopes  1 to 4 had a N al(T t)  c r y s ta l  E of 15.2 cm deep  

an d  12.7 cm d iam eter , th e  rem aining two w ere  7.6 cm deep  a n d  12.7 cm 

d iam eter . T he  c o u n te r  telescope 1 also included a  delay line cham ber 

( DLC),  The d is tan ce s  to  all c o u n te r s  from th e  s c a t te r in g  c e n te r  was 200 

cm, except fo r  1, for w hich  the  d is tance  was 205.7 cm.

2.5 THE MEDIUM RESOLUTION SPECTROMETER

Pig. 2 .4  shows the ver t ica l  section  of th e  Medium Resolution 

S p e c t r o m e te r  ( MRS) .  T h e  MRS c o n s is ts  of two optical e lem ents , a  

q u a d r u p o le  s i n g l e t  fo llow ed  b y  a  d ip o le  m a g n e t ,  t h r e e  multi wire 

p roportiona l cham bers (MWPC) ( f o r  19B3), d r i f t  cham bers  ( fo r  1984) and  

p la s t ic  sc in ti l la to r  d e te c to rs  above the d ipole . T he  q u a d ru p o le  was se t 

fo r  p o in t- to -p o in t  focusing  in th e  n o n -b en d  plane. T h e  q u a d ru p o le  can 

be positioned betw een 1 an d  2 m eter  from th e  ta rg e t  c e n te r .  The dipole 

has a nominal 60° bend ang le  an d  is s t ro n g ly  focusing  in  the  b en d  p lane ; 

to g e th e r  with th e  qu ad ru p o le  th e  system  p ro d u ces  an  image of th e  ta rg e t  

on th e  focal p lan e .

In th e  1983 experim en t th ree  s e ts  of MWPC ( S t -81) gave the 

coord inates  (XD, VD), ( X t , Yt ) and  (X^ ,  Yjj) .  (XQP Y0 ) is located in 

f ro n t  of the q u a d ru p o le ,  166.7 cm from ta r g e t  c e n te r ,  ( Xt , Yt ) a nd  (X^,  

Y^j),  called top and  bottom MWPC, a re  located above the dipole with 1 

m eter  d istance betw een them . T h e  angle betw een th e  focal p lane  a n d  the 

f i r s t  MWPC a t  th e  ex it of the dipole m agnet was 66°. All th re e  wire 

cham bers  are  p e rp e n d ic u la r  to th e  cen tra l  t r a je c to ry .  The MWPC's have 

2mm spac ing  be tw een  w ire s .  Following the  top  MWPC th e re  w ere  two long
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sc in til la to r  paddles each 12.5 cm wide, 100 cm long  a n d  2.5 cm th ick .

For the 1984 m easurem ents  we had  th r e e  s e ts  of d r i f t  cham

b e r s .  One se t of cham bers was loca ted  in f ro n t  of the  q u a d ru p o te .  

These f ro n t  end cham bers  (F E C ’s) h av e  two w ire  p la n e s  (16 w ires  each , 

spaced b y  5mm) p e r  ax is  (X an d  Y) and o n e  TDC p e r  w ire .  M easurem ents of 

th e  d r i f t  tim es allow  to c a l c u l a t e  t h e  p o s i t i o n  o f  t h e  in te r s e c t io n  

in te rpo la ting  be tw een  wires. Most e v e n ts  t r i g g e r  one TDC p e r  p lane . 

The FEC’s a re  low p re s s u re  d r i f t  ch am b ers  in s e r t e d  in  the  vacuum  system  

of the MRS. Partic le  localization in t h e  focal p la n e  is done  b y  means 

of two s e ts  of v e r t ica l  d r if t  cham bers  ( VDC' s ) ,  e a c h  p ro v id in g  an 'X' 

coordinate  (bend  p lane  position) and a  'U ' c o o rd in a te  r u n n in g  a t 30° to 

'Xp (see  Fig. 2 . 5 a ) .  The two VDC's a r e  o r ie n te d  a t  45° to th e  ce n tra l  

r a y .  Fig. 2 .5b show s the c o n f ig u ra t io n  of a  VDC. Following th e  u p p e r  

VDC is an  a r r a y  o f  8 p lastic  s c in t i l la to r s .  T h e  focal p lane  VDC’s a re  

of the ’MJT1 ty p e  (B e-77). T h e  p r in c ip le  of o p e ra t io n  is t h a t  the  e lec 

trons  p roduced  b y  ionization from a p a s s in g  p r o to n ,  d r i f t  tow ard  the  

anode, which is made up of s ig n a l  w ires  an d  g u a rd  w ires .  T h e  com bin

ation of signal a n d  guard  w ire s  re su l ts  in  d r i f t  ce lls  2 mm wide and 12 

mm long, with f ie ld  lines p e r p e n d ic u la r  to  th e  w ire  p lane on most o f  

th e ir  len g th .  The d r if t  ve loc ity  is c o n s ta n t  dow n to  abou t 0 .5  mm from 

th e  w ire . The m easurem ent of d r i f t  times from s e v e ra l  n e ig h b o r in g  wires 

allows rec o n s tru c t io n  of th e  in te rs e c t io n  with th e  w ire  plane to  “100pm 

(FWHM), and  of th e  angle with th is  p la n e  to 10 mr (FWHM).  T h e  dimen

s ion  of th e  VDC’s a r e  s u c h  th a t  a  p a r t i c l e  t r a v e r s i n g  it a t 45° 

should hit 3 to 5 w ires .  The s ig n a l  w ires  a re  6 mm a p a r t  in t h e  VDC’s .  

The d r i f t  times from each w ire  h it  a re  d ig i t iz e d  in T D C ’s .
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A th in  p la s t ic  s c in t i l la to r  0 .079 cm th ic k ,  called A E g (Fig. 

2 . 3 ) ,  w as loca ted  b e tw e e n  th e  t a r g e t  a n d  (X0 , Y0 ) chamber a t  a d istance 

of 163 cm in  th e  1983 e x p e r im e n t .  T h e  solid angle A f l j  was defined  by 

a p p ly in g  c u t s  on th e  XQ a n d  Y0 c o o rd in a te  fo r  the  1993 m easurem ents. 

F o r  t h e  1984 m e a s u r e m e n t s  we h ad  two solid angle  defin ing  plastic 

s c in t i l la to r  c o u n te r s  named A E ^ q  an d  in f ro n t  of (Xot Y0 ) chamber

a t a  d is ta n c e  of 145.8 cm a n d  135 cm. For theA E gQ , a 1.7 cm diameter 

hole was c a rv e d  in  a  9 x 6 cm p la s t ic  sc in ti l la to r .  The AEg l , d e tec to r  

w as 3 .5  cm in  d ia m e te r  a n d  0 .159 cm th ic k .  The time of f ligh t (TOF) 

be tw een  th e  A E g 's  a n d  p la s t ic  s c in t i l la to rs  a t the top of the MRS was 

m e a s u re d .  D is tance  be tw een  th e  two g ro u p s  of scintillators is ap p ro x i

m ately  11 m. TOF a n d  momentum to g e th e r  id en tify  the p a r t ic le s .  The 

m o m en tu m  a c c e p ta n c e  o f th e  MRS is +12 % to -10 % of th e  centra l 

momentum o n ly  w h en  th e  c u t s  on Xq a n d  Yq a re  suffic ien tly  r e s t r ic t iv e .  

T h e  c e n t r a l  m o m en tu m  can  be  s e t  b y  a d ju s t in g  the c u r re n ts  in the 

q u a d r u p o l e  a n d  dipole  m a g n e ts .  T h e  magnetic field of the  dipole is 

m e a s u r e d  w i th  a  NMR p ro b e  in s e r t e d  be tw een  th e  pole faces of the 

m ag n e t .  T h e  e n t i r e  sp e c to m e te r  assem b ly  is mounted on a large su p p o rt  

boom w hich  can  be  r o ta te d  a r o u n d  th e  4BT2 t a r g e t  c en te r .  The accuracy  

w ith  w hich  t h e  MRS angLe can  be  s e t  is  + 0 .0 2 ° .

2 .6  MRS ELECTRONICS

T h e  MRS e v e n t  t r i g g e r  c o n s is ts  of a coincidence (MASTERGATE in 

f ig .  2 -6) be tw een  a  s ig n a l  from A E g (MRS LOGIC in f ig . 2 .B) and  a signal 

from one o f th e  focai p lane  s c in t i l la to r s  a t  the  top of the MRS. T he
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th re sh o ld  an d  tim ing of th is  coincidence a r e  se t  b y  p rog m m ab le  ECL 

d ese rim in a to rs  an d  delays  (L eC roy) .  T h e  MAST ERG ATE o u tp u t  s ig n a l will 

se t  th e  BUSY LATCH, u n le ss  the com puter  is b u s y .  IF th e  BUSY LATCH is 

s e t ,  an d  no L 'R  co incidence s ignal (RHS LATCH in f ig . 2.B) is p r e s e n t  on 

th e  SLOW AUXILIARY in p u t ,  a  fa s t  c lea r  signal Is g e n e ra te d  to  r e s e t  the 

MRS. If on th e  o th e r  h a n d ,  the RHS LATCH s ig n a l Is p r e s e n t  no r e s e t  

will be g e n e ra te d  and th e  even t will be p ro c e sse d ,  I .e .  , a TDC s ta r t  

p u ls e ,  an  ADC g a te  pu lse  and bit p a t te rn  s tro b e  pu lse  a r e  g e n e ra te d ,  and 

a  CAMAC t r i g g e r  is p ro d u ced .  The d a ta  t r a n s f e r  is th e n  in it ia ted  and  

co m p u te r  s igna ls  a re  g e n e ra te d  (COMP. BUSY an d  COMP. BUSY). The BUSY 

LATCH then  rem ains se t u n ti l  the com pu ter  b u sy  condition  is rem oved. At 

th is  tim e, a  normal e n d in g  is o c c u r in g  an d  c lea r  s ignals  a r e  g e n e ra te d  

fo r  th e  MRS a n d  RHS (COMPUTER RESET in f ig ,  2 ,8 )  e lec tro n ic s .  The 

p u ls e s  from all sc in t i l la to rs  on th e  MRS side a r e  d ig it ized  in A D C 's , 

p ro v id in g  e n e r g y  inform ation . Tim ing s ignals  from th e  A Eg a n d  the  

focal plane sc in t i l la to rs  a r e  digitized in the TDC’s ,  p ro v id in g  tim e-of - 

f i i g h t  i n fo r m a t io n .  T h i s  inform ation  is u sed  fo r  p a r t ic le  id en tif ica 

tion . T he  MRS e lec tron ics  has p rov is ions  fo r  g e n e ra t in g  p u lse r  e v en ts  

to ch eck  th e  system  w ithout beam an d  to m easure  the live-tim e of the 

system  d u r in g  a c tu a l  ru n n in g .

2.7 RHS AND COINCIDENCE ELECTRONICS

Fig, 2 .7  shows th e  e lec tron ics  fo r  th e  c o u n te r  te lescopes  and  

how the  RHS t r i g g e r  s ignal was g e n e ra te d .  Also shown a r e  th e  various  

Locations connec ted  to ADC’s ,  T D C s  a n d  a  b i t  p a t t e r n  u n it  in the CAMAC 

c ra te .  The t r i g g e r  fo r  th e  RHS was a  signal from one of th e  p las tic
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sc in t i l la to r  d e te c to r s  A Eg- A coincidence be tw een  th is  s igna l and  the  

s ig n a l from th e  A Eg c o u n te r  on th e  LHS is d e tec ted  b y  the L*R coinci

dence c irc u it  ( in  Fig, 2,61 which is timed on th e  RHS, As soon as the  

L 'R  coincidence is form ed, th e  LATCH is s e t  u s in g  a m ajority  coincidence 

unit to  p re v e n t  a n o th e r  even t from b e in g  p ro c e s s e d .  Also a  g a te  pulse  

fo r  th e  ADC’s ,  a  s t ro b e  pu lse  fo r  the bit p a t t e r n  an d  a  s t a r t  pu lse  for 

th e  TDC’s u se d  fo r  r ig h t - to - le f t  timing a r e  g e n e ra te d  from th e  LATCH 

o u tp u t .  A gain , th e  various  locations co n n ec ted  to ADC’s ,  TDC’s and  the 

bit p a t t e r n  u n it  a r e  show n, A second L 'R  coincidence (RETIMED L -R ) ,  

timed on th e  LHS, p ro v id e d  a n o th e r  TDC s ta r t  fo r  l e f t - to - r ig h t  tim ing; 

th is  is th e  timing inform ation which was u se d  fo r  th e  s e p a ra t io n  of real 

and  random  e v e n ts  a s  exp la ined  in sec tion  3 .2 ,  Normally, th e  la tch  will 

be r e se t  b y  a  s ig n a l  from th e  MRS (COMPUTER RESET). H ow ever, if no 

valid e v e n t  was d e te c te d  in th e  MRS, th e  coincidence c irc u i t  would re se t  

i t s e l f ;  fo r  a good e v e n t ,  th is  se lf  r e s e t t in g  func tion  is p re v e n te d  by  

the  AEg-RETlME (Fig. 2 ,6 )  s ignal from the  MRS (RESET INHIBIT in p u t ) .  

At th e  same time th a t  th e  LATCH is r e s e t ,  c lea r  s igna ls  a re  s e n t  to ail 

CAMAC u n i t s .

For te s t  p u rp o s e ,  th ro u g h  th e  line called RHS SINGLE as  shown 

in f ig .  2 .8 , th e  RHS e lec tron ics  can be t r ig g e re d  w ithout r e q u i r in g  a 

signal from the LHS.

2.6  DATA ACQUISITION

T h e  d a t a  a c q u is i t io n  system  com prised  an Eclipse com pu ter  

i n t e r f a c e d  to t h r e e  CAMAC c ra te s  and u se d  DACS (d a ta  acqu is it ion  

s y s te m ) ,  a  so ftw are  system  a d ap ted  to  th e  MRS Eclipse Com puter. A
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deta iled  d esc r ip t io n  of DACS can be found in a  TRIUMF re p o r t  (T i-8 4 ) .  

Commands a r e  p ro v id e d  in DACS to acq u ire  data  th ro u g h  CAMAC r to s to re  

the d a ta  in a  tem pora ry  b u f fe r ,  to write  the information b lockw ise onto 

th e  m a g n e t ic  t a p e , an d  to  a n a ly s e  a  p o r t io n  of th e  d a ta  a p p ly in g  

softw are cu ts  to p ro d u c e  on line sp e c t ra .  Such s p e c t r a  w ere  e s se n tia l  

to monitor the  good p ro g ress  of the experim ent.

When a  charg ed  p a r t ic le  is d e tec ted  on th e  LHS by  th e  A E b 

co u n te r  and on th e  RHS by th e A E B c o u n te r ,  the e lec tron ic  logic c irc u i ts  

d e te rm in e  t h e  o c c u r r e n c e  o f a va lid  l e f t - r i g h t  c o in c id e n c e  e v e n t  

as d e sc r ib e d  in Bectlon 2 .7 .  At the same time the  MRS e le c tro n ic s  is 

being t r ig g e re d  b y  a  coincidence between AEg and one of th e  focal p lane  

p l a s t i c  s c i n t i l l a t o r s .  If t h e  log ic  r e q u i r e m e n t s  as  d e s c r i b e d  in  

section 2.6 a n d  2 .7  a re  s a tis f ie d ,  a signal is sen t  to  th e  CAMAC system  

to e f fe c t  a r e a d -o u t  of the d a ta ,  both from th e  MRS and the RHS te le 

s c o p e s  , in to  a  m em ory  b u f f e r .  T h e  RHS inform ation read  inc ludes  

p u ls e  he ig h t from all sc in tilla tor  and Nal(Tl) c o u n te r s ,  t im e-o f- f l ig h t  

be tw een  the AEB co u n te r  a n d  RHS sc in tilla to rs  a n d  a bit p a t t e r n  to 

id en tify  which c o u n te r  on th e  RHS f ired ,  o r  the n a tu re  of th e  e v e n t  as 

e i th e r  one due to cha rged  partic les  in th e  d e te c to rs  o r  one d u e  to the  

f ir ing  of light em itting  diodes (LED) in all sc in t i l la to rs ,  t r i g g e r e d  b y  

a ra n d o m ly  g e n e r a t e d  p u lse .  The LHS information includes cham ber 

r e a d - o u t ,  t im e -o f - f l ig h t  from AEB to focal plane sc in t i l la to r ,  e n e rg y  

loss in AEB and  focal plane scin tilla tors  and a  bit p a t te rn  to  id en tify  

the ty p e  of ev en t  a n d  which sc in tilla tor (AEBq  o r A E g j  for 1984) f i re d .  

A w ay to p r e v e n t  a  new ev en t  from being  acqu ired  while data  a r e  b e in g  

p r o c e s s e d  b y  t h e  c o m p u te r ,  Is p rov ided  by th e  la tch ing  mechanism
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d esc rib ed  in section 2 .7 ,  A fte r  an e v e n t  h as  b een  re c o rd e d  in to  the  

memory buffer*  the system  was re se t  to allow fo r  the  acqu is ition  of the  

n ex t  e v e n t .  When the memory bu ffe r  became fu ll the  d a ta  w ere  w r i t ten  on 

magnetic tap e  an d  p a r t  of th e  d a ta  analyzed  to p ro d u ce  on line s p e c t r a .

T he re  were two k in d s  of e v e n ts  r e c o rd e d  on m agnetic  tape :

1 ) sca le r  e v e n ts :  the sc a le r  events* t r ig g e re d  b y  a clock at c o n s ta n t

in te rv a ls  w ere read  in  e v e r y  five seco n d s .  Scalers  w ere connec ted  to 

various po in ts  in the e lec tron ics  logic, a s  in d ica ted  in f ig u re  2 ,6 ,  2.7  

an d  2 , 8 ,

2 ) r e g u la r  e v en ts :  r e g u la r  even ts  w ere coincidence e v e n ts  and  w ere

e i t h e r  p u l s e r  e v e n t s ,  o r  ( p > 2p )  ( o r  ( p , p )  e las tic  e v e n ts  with the  

h y d r o g e n  t a r g e t )  a s  i d e n t i f i e d  b y  th e  bit s e t  for them in th e  b it 

p a t te rn  r e g is te r .  The p u l s e r  even ts  a re  u se d  to m easure th e  live time 

fac to r  of th e  e lectron ics  a n d  d a ta  acquis ition  sy s tem  and  w ere g e n e ra te d  

b y  LED’s .  Such  even ts  h ad  th e  same p a t t e r n  as  r e g u la r  e v e n t s ,  and  had  

to  sa tis fy  th e  same logic req u irem en ts .

The even t s t r u c t u r e  is shown in T ab le  2.1 fo r  th e  1983 d a ta  

and Table 2.2 fo r  the 1984 d a ta .

TABLE 2,1 
EVENT STRUCTURE (1983 DATA)

Words Source

1 Event leng th
2 Event ty p e
3 S equence  #
4-13 ADC
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14-35 TDC
36-37 RHS bit p a t te rn
38-39 MRS b it  p a t te rn
40-49 TDC
49-50 ADC
51 Number of h i ts  +1
52 onw ards  A d d re ss  of wire

h its  in MWPC'S

TABLE 2*2 
EVENT STRUCTURE (1984 DATA)

Words Source

1 E vent len g th
2 Event type
3 S equence  #
4-5 RHS b it  p a t te rn
6-22 ADC
23-37 TDC
30-39 MRS b it  p a t te rn
40-45 TDC
46-58 ADC
59-60 00 Hz clock
Gl Num ber of h i ts  +1
62 onw ards  TDC a d d re s s  and times

fo r  the  d r if t  chambers

In tab les  2*1 and  2 .2  th e  f i r s t  word is th e  ev e n t  leng th , and 

th e  second w ord is a  flag  id en tify in g  the  e v e n t  ty p e .  The RHS bit 

p a t te rn  r e g i s t e r  allowed to  Iden tify  p u ls e r  e v e n ts ,  and  were decoded to 

p r o v id e  t h e  i d e n t i t y  o f  t h e  t e l e s c o p e  in v o lv e d .  T h e  r e s t  of the 

in fo rm a t io n  c o n c e r n s  t h e  p u la e  h e i g h t  in  t h e  N a l ( T l )  an d  plastic 

s c in t i l l a to r s ,  t im e-o f-fligh t information and  w ire  a d d re s s  for the 1983 

d a ta ,  TDC a d d re s s  and  time fo r  the 1984 d a ta .



C h a p te r  Ell 

DATA ANALYSIS

3.1 INTRODUCTION

An E c l ip s e  m in ic o m p u te r  w as  u sed  to  acq u ire  the  d a ta  at 

TRIUMF. T h e  off-line d a ta  an a ly s is  has  been  done  u s in g  IBM and NAS 

mainframe com puters  a t  th e  College of William a n d  Mary. F i r s t  the d a ta  

were t r a n s f e r r e d  from v ar iab le  block s ize  to f ixed  block s ize .  Then  th e  

a n a ly s i s  p r o g r a m  w as  d e v e lo p e d  in  s t a g e s ,  as  the d a ta  p ro c e ss in g  

p ro g re s se d .  T h e  an a ly s is  p rogram  p r e p a re d  o n e 'd im en s io n a l and tw o- 

d im e n s io n a l  s p e c t r a ,  w ith  o r  w ithout cu ts  on  various  variab les  like 

t im e - o f - f l i g h t  o r  p u l s e  h e i g h t ;  i t  a l s o  c a l c u l a t e s  c o r r e c t i o n s  f o r  

e n e r g y  loss  d u e  to  a b s o r b e r s ,  a s  well as  th e  m issing mass of th e  

r e c o i l  p a r t i c l e ,  a n d  f in a l l y  t h e  d i f fe re n t ia l  c ro s s  s e c t io n s .  Section

3 .2  describes  th e  initial p h ase  of th e  a n a ly s is . Section 3 ,3  conta ins  

the analysis  c a r r ie d  ou t to o b ta in  e n e r g y  ca lib ra tio n s  Tor th e  N al(T l)  

d e te c to rs  an d  th e  MRS focal plane momentum ca lib ra tion . Section 3 .4  

d e sc r ib e s  th e  de te rm ina tion  of th e  p p  d if fe ren t ia l  c ro ss  sec tio n  and how 

it was used to  de te rm ine  the  t a r g e t  th ic k n e s s .  Section 3 .5  d e sc r ib e s  

the  analysis  of th e  ( p ,  2p ) d a ta  p r o p e r ,  an d  Section 3.6 d e sc r ib e s  how 

the  five-fold  d if fe ren tia l  c ro ss  sec tions  w ere  o b ta in ed  from th e  d a ta ;  a 

d iscuss ion  of various  co rrec t io n  fa c to rs  an d  th e  e r r o r  an a ly s is  a re  a lso  

included in th is  p a r t .

27
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T h e  d a ta  w ere ana lyzed  e v e n t  b y  e v e n t . D epending on the ev en t  

le n g th  each  d a ta  block on tap e  conta ined  six  o r  seven  e v e n ts .  T h e re  

w ere two d i f f e re n t  k in d s  of e v e n ts  on tap e :  1 ) scaler  e v e n t ,  an d  2 )

r e g u l a r  c o in c id e n c e  e v e n t .  T he  th i rd  word in the e v e n t  s t r u c tu r e  

iden tified  th e  e v e n t  ty p e .  Each time a sc a le r  even t was id en tif ied , it 

w as  c o u n te d  an d  all th e  sc a le r  values were u p d a te d ,  ta k in g  care  of 

overflow s a s  th e y  o c u r re d ,  Among th e  re g u la r  e v en ts  were p u ls e r  e v e n ts ,  

which s a t is fy  all the re q u ire m e n ts  a s  <p, 2p) e v e n ts  b u t a r e  t r ig g e re d  

b y  a  p u l s e r  to  de te rm ine  th e  live-tim e fac to r  of the sy s tem . T hese  

e v e n t s  a r e  i d e n t i f i e d  b y  t h e  b i t  s e t  fo r  them  in th e  b i t  p a t t e r n  

r e g i s te r .  For e v e ry  r u n ,  th e  p u ls e r  e v e n ts  w ere identified  a n d  c o u n ted ,  

and  th e i r  n u m b ers  th e n  com pared with the num ber of times the  p u lse r  was 

ac tu a l ly  t r ig g e r e d ;  th e  ra tio  of th e se  two num bers  gives a  m easure of 

the  sy s te m ’s live time LT in a p a r t ic u la r  r u n .  We can w rite  it as

LT _ P u ls e r  accep ted  
P u lse r  t r ig g e re d

T h is  ra tio  w as typ ica lly  abou t 80% fo r  th e  (p ,  2p) d a ta  and  

35% to 55% fo r  th e  h y d ro g e n  d a ta .

E v e n ts  w e re  r e je c te d  from f u r t h e r  analysis  fo r  any  of th e  following 

re a so n s :

1) No bit s e t  in th e  b i t  p a t t e r n  r e g i s te r  fo r  an y  RHS c o u n te r  te le 

scope .

2) T h e  e v e n t  le n g th  was less than  55 words (fo r  1983 data) an d  66 w ords 

( fo r  1994 d a t a ) ,  a s  s u c h  s h o r t  e v e n ts  contained no wire cham ber in fo r 

mation .
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3) T he  e v e n ts  w ere  not within a  chosen window of values fo r  TTB (time 

o f  f l i g h t  f ro m  E g  to  focal p la n e  s c i n t i l l a t o r s ) .  F ig .  3 .1  shows 

a  typ ica l  h is to g ram  fo r  TTB a n d  the windows. T h is  selection helped 

r e j e c t  p a r t i c l e s  t h a t  w e re  n o t  p ro to n s  o r  o rig ina ted  in o th e r  beam

b u r s t s ,  an d  th u s  w ere  random e v e n ts .

4) Random e v e n ts  ( e v e n ts  o r ig ina ted  from same beam b u r s t  b u t not from 

same re a c t io n )  were s u b tr a c te d  u s in g  a  sample of e v e n ts  o r ig in a t in g  from 

d i f f e r e n t  beam  b u r s t s  following th e  t ru e  coincidence ev en ts ,  A TOF 

s p e c t ru m  is show n in f ig . 3 .2 .

N ext th e  deco d in g  of the  cham bers was done. In th e  1903 

e x p e r im e n t  we u s e d  th r e e  se ts  of MVfPC fo r  the  coordinates  (X0 , Y0 ) ,  (X ^, 

Yb ) a n d  (X t , Yt ) in th e  MRS. In th e  1984 experim ent we had f ro n t  end 

d r i f t  ch a m b e rs  (F E C 's)  (X D, Y0 ) a t  the en tra n c e  of th e  MRS with a total 

of 4 w ire  p la n e s ,  a n d  two sets  o f vertical d r i f t  cham bers (VDC’s ) ,  (X j ,

XgK ( U ] j Ug) a t  th e  ex it  of th e  dipole m agnet, below and a b o v e  the

focal p lane .

E v e n ts  w ere  re jec ted  if  a n y  one of th e  (X0 , Y0 ),  (Xj., X ^) MWPC 

p l a n e s  h a d  a  m is s in g  w ire  c o o rd in a te  o r more th a n  five w ires  h it.  

E ven ts  (1983) w ith two to five w ires  hit were accepted  provided  th e  gap 

was no more th a n  two w ires ,  (A gap occu rs  when a wire d id  not f ire  in 

an  o th e rw ise  c o n tin u o u s  p a t te rn  o f h i t s ) .  In 1984 a n d  for th e  (X Q, Y0 ) 

p l a n e s , e v e n ts  with no  w ire  hit o r  more th an  two wires hit were re jec ted  

( F E C s  h a v e  d r i f t  sp ace  p e rp en d icu la r  to partic le  t ra je c to r ie s ) .  For 

th e  X^ p lane  e v e n ts  w ith  less th a n  th re e  wires h it  o r  more th a n  five 

w ire s  hit w e re  re je c te d ,  (VDC’s have d r i f t  pa ths  a t  45° to t ra je c -
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to ry ,  A typ ica l  num ber of h it  ia 4 ) .  T h e  Focal plane coordinate  XF was 

th e n  calcu lated  from the  Xb an d  Xt  coordinate  (1903 - d a ta )  as follows

XF = ((220 (Xb - 2Xt ) ) / ( X b - Xt - 220)) + 0.005 (XQ - 24)2

(in  wire num ber  u n i t s )

an d  from the  X^ and X2 coord ina tes  (1984 - d a ta )  as follows:

XF = (G( + H) - F(X! + H - X2))/G  (in  50pm un ite )

w here F, G an d  H a r e  constan ts*  an d  th e i r  values a re  3400* 5472 an d  7392

( in  un its  of 50 pm), re sp ec tiv e ly .

We did not u se  th e  X2 co ord ina te  as one wire was dead in tha t  

cham ber in the  region of in t e r e s t ;  in s te a d  we calculated the  X2 coor

d in a t e  from  th e  c o o r d i n a t e ,  u s i n g  the  f a c t  that th e  angle the  

tra je c to ry  makes with the  d e te c to r  p lane  is s tro n g ly  co rre la ted  to  the  

value of X j.  This  p ro c e d u re  in tro d u c e d  no im portant u n ce r ta in ty  because  

th e  focal p lane  is paralle l to the  ch am b ers .

F ig . 3.3 show s th e  focal p lane XF, Xj an d  X2 , the  co n s ta n ts  F, 

G an d  H an d  the angle 0 .  We ca lcu la ted  0  as below

0  = t a n ' ^ G / f X j  + H - X2 ))

an d  fitted  0  as  a function  of by  l in e a r  reg ress io n

0  -  aX j + b ;

th e  v a lu e s  fo u n d  w ere  a = (3 .0 5  +0.6} 10- ^° /channel an d  b  = 42.4 

±1 .6 )° . T he "missing coo rd ina te  X2 was then calculated from
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X2 -  Xj + H - G / t a n S tX ! )

We estim ate  th a t  th e  u n c e r ta in ty  in tro d u ce d  b y  th is  a p p ro x i

mation is of th e  o rd e r  of ±1-9 MeV/c

3.3 CALIBRATION OF DETECTORS AND FOCAL PLANE

E nergy  calib ra tion  were o b ta ined  w ith  th e  same se tu p  as when 

th e  ( p ,  2p) d a ta  were a c q u ire d ,  b u t with liquid h y d ro g e n  as target*  For 

t h e  fo c a l  p la n e  c a l i b r a t io n  we k ep t th e  m agnetic field co n s ta n t  and  

changed  th e  ang le  of th e  MRS, For N al(T l)  d e te c to r s ,  we changed  the  

angle  of th e  d e te c to r s  to change  th e  e n e rg y  (19B3); in 1384 we u sed  

( p ,  2p )  d a ta  fo r  th is  ca lib ra t io n .

The most p ro b ab le  va lues  of the  Nal pulse he igh t (PH) were 

p lo t t e d  a g a i n s t  t h e  c a l c u l a t e d  a n d  c o r r e c t e d  ( f o r  e n e r g y  lo s s  in 

a b s o r b e r  and  o th e r  m ateria l)  kinematicai values of T 4 ; similarly, the  

most l ik e ly  v a l u e s  of t h e  X F - c o o r d in a te  w e re  p lo t t e d  a g a in s t  the  

c a l c u l a t e d  a n d  c o r r e c t e d  k in e m a t ic a i  v a lu e s  o f  P 3 * T h e  r e a c t io n  

p a r t ic ip a n ts  a r e  labelled as

1 + 2 + 3 + 4

(1 is the  inciden t p ro to n ,  2 is th e  Hg n u c le u s ,  3 and 4 a re  the s c a t 

te re d  a n d  e jected  p r o to n s ) ,  w ith  convention  th a t  par t ic le  3 is d e te c te d  

b y  th e  MRS on th e  LHS of th e  inc iden t beam an d  partic le  4 is  d e tec ted  by  

th e  c o u n te r  te lescopes  on th e  RHS.
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T h e  v a lu e s  f o r  each  k inem aticai co n fig u ra tio n  a re  g iv en  in

tab le  3.1 (1983), where P3 an d  T 4 a r e  c e n t ra l  va lues  ca lcu la ted  from  the

kinematics fo r  83  and  84  s e t  to the  d e te c to r  angles*

Fig. 3 .4a shows th e  plot of X F -channels  v s .  c o r re c te d  p 2 and  

3 .4 b  is the plot of Nal PH v s .  c o r re c te d  T 4 . The c o n s ta n ts  a re  fo u n d  as

shown below.

F or the MRS, defin ing

p -  pQ (1 + aX) with X = XF - 256

p 0o = - (3 .9 2  ±0.14) 10_1 M eV /c /channe l

a = - (5 .3 6  +0.20) 10~4 1 /ch an n e l  a t  p Q = 731.MeV/c

To es tab lish  the  connection with the  B fie ld  s t r e n g th ,  we w rite :

pQ (XF = 256) = aB , w here B is the field s t r e n g t h ,

a  = (0.792 ±0.004) 10+3 M eV /c /T es la

In  g e n e r a l ,  the B-field is d if fe re n t  fo r  d if fe ren t  k inem atic  c o n f ig u r 

a t i o n s ,  b u t  no h y s t e r e s i s  c o r r e c t io n  is needed as  B was m easu red  

d i re c t ly  with a NMR probe .

F o r  a RHS Nal c rys ta l:

T 4 = a  + b x ADC (c h a n n e ls ) ;

th e  data were fitted  by l in e a r  r e g re s s io n  an d  the v a lu e s  fo r  a a n d  b 

found  were:
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a = ' ( 4 4 .  ±2 .)  MeV. 

b - (3 .59  ±0.03) 1 0 '1 M eV /channel

T ab le  3 .2  show s th e  d a ta  fo r  th e  1994 focal plane c a l ib ra t io n .

TABLE 3,2 
1984 FOCAL. PLANS CALIBRATION

0 3
X F-channels  
Units (SOpm)

„  MeV 
P3 c

38.48° 5440 120D 779,1

40.05° 8900 ±200 757. G

41.62° 12540 ±200 735.0

43.09° 15960 ±200 713,6

44.58° 19590 ±200 691.7

T h e se  d a ta  w ere  a lso  f i t ted  b y  linear  r e g re s s io n ,  w r i t in g  p  = Po O  + 

a X F ) ,  th e  c o n s ta n ts  w ere fo u n d  to be

P 0  (XF = 0) = aB = 814.3 ±0.2 MeV/c fo r  B = ,9091 Tesla

p Qu = -(0 ,6 3 5  ±0.017) IQ-3 M eV /c(channe l

a  = -{0 .780  ±0.020) 10*3 1 /channel

a  = (996.7  +0.3} M eV /c/Tesla

In 19841 s ix  c o u n te r  te lescopes  w e re  available on the  RHS. We 

u se d  fo u r  o f them  fo r  th e  d a ta  p re se n te d  h e r e ,  ( a n o th e r  p a r t  of th e se  

d a ta ,  fo r  asym m etric  k inem atics ,  u s e s  all s ix  c o u n te r s ;  th e se  d a ta  have  

b een  an a ly z e d  a t  Californ ia  S ta te  U n iv e rs i ty ,  Los A n g e les )  (A n -8 5 ) .  We
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u s e d  th e  d e u t e r iu m  d a ta  for th e  calib ra tion  of th ese  Nal d e te c to r s .  

T he  ca lib ra tion  d a ta  a re  given in  tables 3 .3  an d  3 .4 .  Alt of th ese  d a ta  

w ere f i t te d  b y  l in ea r  re g re s s io n .

TABLE 3.3
THE DATA FOR CALIBRATION OF COUNTER Et

t 4
Nal PH T4 C o rrec ted

C hannels  MeV MeV
660 ±8 223. 166.
690 +8 230. 174.
715 ±8 236. 181.
755 ±8 246. 193.
785 ±8 254. 202.
BIO ±8 259. 210.
B40 ±8 268. 218.
865 IB 275. 226.
890 ±B 280. 233.

Write: T 4 = a  + b x ADC (ch an n e ls)

a  -  (29. ±1.4) MeV

b = (0.294 ±0 .002) M eV/channel

The r e s t  of th e  calibration  d a ta  had no Cu a b s o rb e r  so th e re  

is no co rrec t io n  fo r  T4 .

T h e  fo ca l  p la n e  c a i ib r a t lo n  c o n s t a n t s  w e re  t h e n  used  to 

ca lcu la te  momentum and e n e rg y  of par t ic le  3 a n d  th e  RHS calib ra tion  

c o n s ta n ts  were u sed  to calculate e n e rg y  of par t ic le  4 fo r  each e v e n t ,
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TABLE 3,4

THE DATA FOR CALIBRATION OF COUNTER Bg, E3  & 8 4

B2 C o u n te r  E3 C oun te r  E4 C oun ter
Nal PH 

channels
t 4
MeV

Nal PH 
channels

T 4
MeV

Nal PH 
channels

T 4
MeV

545 ±8 138. 430 ±8 182. 384 +8 109,

590 ±8 151. 505 ±B 167. 425 18 123.

628 ±8 164. 566 ±8 149. 465 ±8 135.

665 +8 177. 615 ±8 130. 480 ±8 147.

695 ±8 189. 665 18 104. 510 ±a 

530 ±8

157.

167.

a  = -36. ±1 .4 MeV a  = 29. ±1 .4 MeV a  = 34. ±1 .4 MeV

b = 0.320 
+0.002

MeV b = 0.317 
HLQ02

MeV b = 0.370 
+0.002

MeV
channel channel channel

3 .4  p p  DIFFERENTIAL CROSS SECTION

We m easured the  p p  d iffe ren tia l c ross  sec tion  u s in g  the  same 

experim ental s e tu p ,  same ta r g e t  cell a s  fo r  the  s tu d y  of 2H (p ,  2p ) ,  hu t 

with the  deu terium  replaced  by  h y d r o g e n t h e  inc iden t e n e rg y  was also 

the same as fo r  th e  aH (p, 2 p )  m easurem ents. F u r th e rm o re  final energ ies  

a n d  th e  a n g le s  w ere  4 1 .6 ° - 4 1 .6 °  a n d  3 0 .0 ° -5 3 .7° ,  v e ry  nearly  the  

sam e a s  th o s e  fo r  the 4 1 .4 U-41.4° (1983 and 19B4) an d  30.1°-53.75° 

(1984) ( p ,  2p) da ta .  For the  conditions of th e  ex p er im en t,  the  d if fe r 

entia l p p  cross  section is:
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d o / d f i  = N /A flg  I LT c j  

w here  N is th e  number o f  p ro tons d e te c te d  within so lid  angle  A3 ; n ^  is 

th e  n u m b e r  of H -n u c le i  p e r  u n i t  a re a  in the t a rg e t ,  an d  1 is the 

in teg ra te d  incident p ro ton  beam c u r r e n t .  LT is th e  live-time correction  

f a c to r  ( s e e  s e c t io n  3 ,2 )  and c j  is the co rrec tion  for th e  efficiency 

of the cham bers in the  MRS, mainly determ ined b y  the combined p ro b a 

bility of a single-w ire h i t  in each o n e  of the MWPC (1983); and  of an 

acceptable p a t te rn  in th e  d r i f t  cham bers  (1984),

We determined th e  ta rg e t  th ick n ess  by com paring th e  m easured  

pp cross sections  at th e  41.6° angle  pa ir  (90°CM) to th e  re c e n t  h igh 

precision measurements of the pp c ro s s  section a t  500 MeV (C h-82) and  

515 MeV (O t-84) at the same angles, which give a  value of (3 .44  ±0.082)

mb s r ' l  c e n te r  of mass (CM) at 508 MeV, o r  (10.43 ±0.19) mb s r " 1 cross

section in the  lab frame.

(N / A  A3 I LT N0 )
Then n H = ---------- 1 0 3 --------------

nH = (P i x t t g t / cos ©

(P, T) is the d e n s i ty  of h y d ro g en  a t  the p r e s s u r e  an d  tem p era tu re

m a in ta in e d  a n d  m o n ito re d  d u r in g  t h e  experim ent; at a  p r e s s u r e  of 

250mbar, = 75,02 ±0.10 mg/cm3. N0 is A vogadro 's  num ber and  the 

ta rg e t  angle  0 =0°. We found the t a r g e t  th ickness  to be 0.T53 ±0.015 

cm. The a rea l  density  fo r  deuterium  in 19B3 was 129.0 ±2 .6  mg cm- 2 . 

T h e  dens ity  of liquid d eu te r iu m  at th e  p re s s u re  of 250 mbar (c o r re sp o n 

d ing  to a tem pera tu re  of 19 .5°K ), is J p  = 172.0 ±0.2G mg/cm3 .
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We followed the  same p ro c e d u re  to f in d  th e  ta rg e t  th ick n ess  

fo r  the  1984 d a ta  also. T he  ta rg e t  th ic k n e ss  was found to  be 0.987

±0.018 cm. T he  a rea l  d e n s i ty  fo r  d eu te r iu m  in  1984 was th e n  152. ±3.
-2mg cm *.

The in c rease  in t a r g e t  th ic k n e ss  from 1983 to 1984 was due to 

a n  e r r o r  made w hen t ry in g  to m easure  the t a rg e t  th ick n ess  a t  room 

te m p e ra tu re  an d  a tm ospheric  p r e s s u re .  T he  ta r g e t  cell was p re s s u r iz e d  

more than  280 m b ar ,  cau s in g  a perm anen t deform ation of the fo ils .

Physical m easurem ent u s in g  m icrometers w ere perform ed  in 1984, 

b o th  a t  room te m p e ra tu re ,  and  at a  te m p e ra tu re  of 37 K. T h e  re su l ts  

were 0 .920 ±0.005 cm and  0.926 ±0.005 cm, re sp e c tiv e ly .  T a k in g  into 

account th e  foil th ic k n e s s ,  th ese  r e s u l t s  a re  system atically  l a r g e r  than  

those  from the  p p  c ross  section  m easurem ents , b y  '4.5%, We u se d  th e  pp  

c r o s s  s e c t io n  v a l u e s ,  a n d  i n t e r p r e t  th e  d isc re p a n c y  as d u e  to the 

o v e r a l l  i n e f f i c i e n c y  of th e  d e tec to r  sy s tem , in c lu d in g  p las tic  sc in ti l

l a to r  a n d  e l e c t r o n i c s  e v e n t  lo s s e s .  This p ro c e d u re  is e x p e c te d  to 

c o n tr ib u te  only  a  neglig ib le  amount to th e  system atic  e r ro r  on the  (p ,  

2p) r e s u l t s ,  because  in f i r s t  o rd e r  th e  t a r g e t  th ic k n e s s  de te rm ined  from 

th e  h y d ro g e n  c ro ss  section cancels o u t of the calcu lation  of th e  (p ,  2p )  

c ross  sec tio n .

We also m easu red  th e  e las tic  p p  c ross  sec tion  fo r  the  asym 

metric ang le  p a ir  30 .0°-53 .75°  (B5.9°cm) an d  found  3.97 ±0.08 m b s r '^ ,  

which d isa g re e s  w ith  th e  VP1 phase sh if t  value of 3,58 m bsr- ^; b u t  is in 

excellen t ag reem en t with th e  experim ental r e su l t  of Hoffmann (Ho-B4), 

3.83 ±0.09 m b sr~ l ,  at the same CM angle and 497.5 MeV beam e n e rg y .
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3.5  ANALYSIS OF THE (p .  2p ) DATA

A fte r  various cu ts  were ap p lied  in th e  initial a n a ly s is ,  tw o- 

dimensional d isp lays  of X0-Y0 were c re a te d  and  e v e n ts  w ith in  uniform  

r e g io n  o f th e se  d is tr ibu tions  were se lected  b y  so ftw are  c u t s  for t h e  

1983 data  as  shown in fig . 3 .5 . F o r  the 1934 d a t a ,  we h ad  two solid 

a n g le  d e f i n in g  p la s t i c  s c in t i l l a to r  c o u n t e r s  in  f r o n t  o f  th e  X0 -Y 0 

c h a m b e r s .  T h e  projection of th e se  co u n te rs  a t  th e  X0 -Y 0 cham bers  

a re  shown in f ig .  3,6 and 3 .7 . T h e  data  w ere  ana lyzed  u s in g  e i th e r  

c o u n t e r  s e p a r a t e l y  to  p ro d u c e  t h e  h igh  p rec is io n  r e s u l t s  d isc u s se d  

below. Table  3 .5  shows the symm etric angle  p a i r s  we m e a su re d  in th e  

1983 experim en t and  Table  3,6 the  an g le  p a ir s  we m easured  in  the  1984 

exper im en t.  T ab le  3.7 shows the  geom etry  fo r  th e  h igh  p re c is io n  data  of 

1984. A dditional asymmetric angle p a i r  data  w ere  ob ta ined  in the  1984 

e x p e r i m e n t .  A p a r t  o f  th e s e  d a ta  was an a ly z e d  h e re ,  a n d  will be 

d isc u sse d  su cc in c t ly  in section 5 .4 ; th e  o ther p a r t  has b een  an a ly zed  a t  

C .S .U .L .A ,(A n -8 5 ) ,

TABLE 3.5  
= 0 .5 0 7  GeV 

ANGLES MEASURED IN 1983
Minimum

p 3 Recoil
0 3 0 4 MeV T 4 MeV
    c MeV c
50 .°  50 .°  723, 240. 174.

52 .°  52 .°  706. 243, 223.

57 .°  57.° 672. 221. 362.

6 6 .0 66 .°  557. 149. 649.
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0 3

TABLE 3.6 
= 0 .508  GeV 

ANGLES MEASURED IN

I>3
©4 MeV

c

1984

t 4
MeV

Minimum
Recoil
MeV

c
38.13° 38.° 732. 252. -54.

44.13° 44 .° 732, 252. 46.

47.13° 47-° 729. 250. 106.

TABLE 3.7
Tj -  0 .506  GeV

ANGLES MEASURED FOR THE HIGH PRECISION DATA
Minimum 

P3 Recoil
e 3 0 4 MeV

c
t 4
MeV

MeV
c

41.36° 41.41° 735. 252. 1.9*

41.54° 41.41° 735. 252. 1.9

30.13° 53.75° 891. 150. 3.5

* Data w ith  sm aller A f t3 .

p 3, T 4 a re  calculated  fo r  minimum recoil, u s in g  th e  ang les  of 

the d e te c to r  ax is  ©3 and  ©4 .
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N ex t t h e  momentum P3 was calculated from the focal plane 

c o o rd in a te  XF of th e  MRS and magnetic field s t r e n g th  and the kinetic  

e n e r g y  T 4 from th e  p u lse  heights in the Nal(Tl) d e te c to rs  u s in g  the 

c a l i b r a t i o n  co n s ta n ts  g iven in Section 3 .3 . C orrections were applied 

fo r  e n e r g y  losses in th e  various a h so rb e rs  inc lud ing  the Cu p re c e d in g  

th e  Nal (T l)  d e te c to rs .

F ig. 3.8 shows a typical two-dimensional plot of T 3 v s .  for 

2 H ( p ,  2 p ) n  a t th e  41.54°-41 .41® angle pair an d  cen tra l  p 3 = 734. 

M eV/c, As ex p ec ted  most even ts  a re  concen tra ted  on a r idge  c o r re sp o n 

d in g  to q u a s i- f re e  sc a t te r in g .  T here  a re  also e v e n ts  due to nuc lear  

re a c t io n  e n e rg y  losses  in the Nal(Tl) d e te c to r ,  acc iden ta l e v e n ts  and 

b a c k g r o u n d  even ts  o r ig ina ting  from th e  walls (s tee l  windows) of the 

t a r g e t  c e l ls .  From th e  values of T 3 an d  T 4 we calcu lated  the missing 

mass mg Tor each ev en t:

m5 = fE§ - p g ) 1/2

Eg = Ei + m2 * E3 - E4
-> + + +

= P i  " P3 * P 4

w here  Ej a n d  p^ a re  e n e rg y  and momentum of the  projectile  p ro to n s ,  mj is 

th e  m ass o f the ta rg e t  nucleus (d e u te ro n ) ,  E3 , p 3 an d  E4 , P4 a re  en e rg y  

a n d  momentum of p a r t ic le  3 and  4; all variab les  a re  re fe r re d  to the 

la b o ra to ry  frame. A one-dimensional spec trum  of mg is shown in fig.

3 ,9 ,  w h ere  the  location of the selection window is also d isp layed . The 

p eak  a p p e a r s  a t  938 MeV instead  of 939 MeV; we did  not feel a  need  to 

c h a n g e  th e  T 4 - ca lib ra tion  to a d ju s t  mg. The two-dimensional spectrum  

of Tg v s .  T 4 ob ta ined  including all initial cu ts  an d  with a  c u t  of 14
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MeV c e n te re d  a t  th e  m issing  mass peak in f ig u re  3 ,9  is shown in f ig u re

3.10 . Fig. 3.10 shou ld  be com pared with f ig .  3.9 which is th e  same 

Bpectrum w ithout th e  cu t on th e  m issing m ass. The m issing mass cu t 

width was v a r ied  from 12 to 16 MeV, d e p e n d in g  on the  qua li ty  ( e n e rg y  

reso lu tion) of th e  d a ta .

The Nal pulse  he igh t information was not u se d  fo r  th e  41° and 30° 

h igh  precis ion  d a ta .  Pion p ro d u c tio n  contam ination in th e se  d a ta  could 

be a c e r ta in e d  d ire c t ly  from th e  e las tic  p p - d a ta ;  it was less th a n  10“^, 

For all o th e r  angle p a i r s ,  e i th e r  a n  e n e rg y  cu t o r  a m issing  mass cu t 

was app lied  to eliminate a n y  pion p roduc tion  contam ination , based  on the  

T 4 in fo rm a t io n  from th e  Nal pu lse  h e ig h t.  In th is  ca se ,  ( s e e  nex t 

s e c t io n )  we n e e d e d  a  co rrec t io n  fo r  e v e n ts  lost from the q u a s i- f re e  

r i d g e  e i t h e r  b y  n u c l e a r  r e a c t i o n ,  o r  b y  p i le -u p  pu lses  in the  Nal 

d e te c to r .

3 .6  CROSS SECTIONS AND UNCERTAINTIES

T h e  m easured  five fold d iffe ren tia l  c ro ss  sec tions  a re

d 5P _ N________
d f l^ d f l^ d T 3 AT-j  ti'jj I LT e j  e g

w here  N is the  num ber of e v e n ts  ( a f t e r  random s u b tra c t io n )  in th e  e n e rg y  

in te rv a l  AT3 an d  within solid a n g l e o n  LHS andA fl^  on RHS w here  the 

s ta t is t ica l  e r r o r  on N is g iven  b y :

A N  = ( N  + 2 N ‘ ) m
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w here  N is the total num ber of rea l e v en ts  and N1 is the num ber of 

acc iden ta l e v e n ts .

Ci is  th e  global co rrec t io n  fa c to r  for the  multi wire p ro p o r

tional cham ber (1983), an d  d r if t  cham ber (19B4) efficiencies:

C l  = R 1M 1

w here  I i  is the  num ber of p a r t ic le s  inciden t on the w ire planes and Ri 

is th e  num ber of p a r t ic le s  which sa tis fy  th e  imposed req u irem en ts .  The 

s ta t is t ica l  e r r o r  fo r  cham ber effic iencies  c i  is  given by

re la tiv e  e r r o r  = N accepted “ 1/ ̂ p r e s e n te d

Typica l va lu es  fo r  th e  efficiencies a r e  75% to 80%, a n d  the s ta tis tica l

e r r o r  is of th e  o r d e r  of 0 . 2% fo r  a  typical ( p ,  2p) r u n .

LT is  th e  live-tim e fa c to r  of th e  e lec tron ics  and com puter. 

T h e  v a lu e s  of LT r a n g e  f rom  60% to 85%, and the  s ta tis tica l e r ro r  

ca lcu la ted  as  above  is =0.1% fo r  th e  typ ica l (p ,  2p) ru n  at 41-41°.

c j  i s  a  c o r r e c t io n  fa c to r  fo r  the even ts  lost from the full 

e n e rg y  p eak  d u e  to  n u c le a r  reac tions  in th e  Nai and C u -a b so rb e r ,  and 

a lso  d u e  to the  p i le -u p  of p u lse s  in th e  Nat d e te c to r .  The eg values 

ra n g e  from 55% to 85% (B r-8 4 )  fo r  o u r  d a ta ,  with system atic  u n ce r ta in ty

of ± 1.%. eg = 1.0 fo r  th e  41° an d  30° h igh  precis ion  d a ta .

I is t h e  i n t e g r a t e d  i n c i d e n t  p r o to n  beam  c u r re n t .  it Is 

de te rm ined  from th e  se c o n d a ry  e lec tron  emission monitor (SEM) counts .

1 = C x Nk
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Ns  is  the  n u m b er  of c o u n ts  in SEM an d  C is  a  ca lib ra tion  

constan t w hich d epends  on  the in c id e n t  beam e n e r g y .  T h e  SEM was 

calib ra ted  a g a in s t  a  F a ra d a y  cup . T h e  value o f  C was 9.446+108 p ro to n /  

c o u n t , rep ro d u c ib le  to ±0,75%. T h e  s ta t i s t ic a l  e r r o r  on  I is "4 .7*10- ^ 

fo r  a  typical ( p ,  2p) r u n  a t  41°.

n p  is the n u m b er  of 2H n u c le i  p e r  u n i t  a re a ,  g iv en  by

n D = h g i * 0** e

where i p  is the  d e n s i ty  o f liquid d e u te r iu m , t t g^ is t h e  th ick n ess  of 

t h e  ta rg e t  cell an d  6  is  th e  ro ta t io n  angle o f th e  t a r g e t  re la tive  to 

th e  incident beam. The t a r g e t  th ic k n e s s  t^g^ w as d e te rm ined  as e x p la in 

e d  in section 3 .4 . All h ig h  p re c is io n  ( p ( 2p) d a ta  a t  41°, an d  the  

e l a s t i c  p p - d s t s  a t  41° w ere  tak en  a t  th e  same ta r g e t  an g le  0  = 0° ,  

an d  thus a re  not a ffec ted  by  an u n c e r t a in ty  on  0 .  H ow ever, th e  30° 

( P ( 2p) d a ta  were ob ta in ed  with 0  = 2 5 .° ;  an  u n c e r ta in ty  on 0  of ±1° 

tra n s la te s  in to  ±0.7% system atic  u n c e r t a in ty  on n p .

T h e  soiid angle i f l j  was d e te rm in e d  b y  so ftw are  c u t  on th e  MWPC 

(1903 da ta )  a n d  from th e  s ize  of t h e  c o u n te r s  A EB 0, in the 1984

d a ta .  The soiid  angle  was d e te rm in e d  from  the  s ize  of the  A E ^

c o u n te r .  T h e  u n c e r ta in t ie s  in solid  ang le  a r e  due  to th e  fin ite  size  

a n g u l a r  a c c e p ta n c e ,  beam spot a n d  ta rg e t  th ic k n e s s .  The estim ated  

u ncer ta in ty  d u e  to all a b o v e  is le ss  th a n  0 . 1%.

T h e  to ta l  s t a t i s t i c a l  u n c e r t a i n t i e s  in th e  d if fe ren tia l  c ro s s  

sections , ca lcu la ted  as  the  sq u a re  ro o t  of the sum  of th e  s q u a re s  of the
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frac tional u n c e r ta in t ie s  In N, c^ ,  LT, an d  C2 > a re  g iven  in th e  da ta  

t a b l e s .  F o r  t h e  h i g h  p r e c i s io n  d a t a  ( t a b l e  3 .7 ) ,  we estim ate the  

system atic  e r r o r  on th e  fa c to r  A f l j  to  be ±2.0% a t  41° d a ta ,  and

2,2% f o r  t h e  30° d a t a .  A t a l l  o th e r  a n g le s  fo r  th e  1984-data, the 

sy s tem atic  u n c e r ta in t ie s  become la r g e r ,  because  the d e tec ted  e n e rg ie s  

a r e  no lo n g e r  as fo r  h y d ro g e n ,  a n d  an  e n e r g y  cu t (o r  m issing maBE c u t)  

h ad  to b e  a p p lied ;  we es tim ate  th e  to tal u n c e r ta in ty  to be ±3%, For the  

1983-data, th e  to tal u n c e r ta in ty  is ±7%.



C h a p te r  [V

MULTIPLE SCATTERING AND IMPULSE APPROXIMATION

4,1  INTRODUCTION

We h a v e  c a l c u l a t e d  t h e  c ro s s  s e c t io n s  f o r  th e  r e a c t i o n  

^ H fp ,  2p ) n  in c lu d in g  th e  1A pp a n d  np sc a t te r in g  te rm s, as well as  two 

o t h e r  p r o c e s s e s ,  r e s c a t te r in g  of the  projectile and final s ta te  in te r 

ac t io n  (F S I)  am ong  th e  two nucleons of the d e u te ro n ,  following th e  work 

o f G la u b e r  (G l-5 9 )  an d  Wallace (Wa-72). The calculation uses non re la-  

t iv is t lc  NN am p li tu d es  an d  noncovarian t deu teron  wave function; how ever, 

a l l  k i n e m a t i c s  a r e  d o n e  r e l a t iv l s t i c a l l y . T h e  calculation ta k e s  spin 

fu lly  in to  a c c o u n t  a n d  it  u ses  th e  Paris  (La-81) NN - potential d e u te ro n  

w ave fu n c t io n  a n d  o n -sh e l l  NN am plitudes from A rndt e t  a l(A r-0 3 ) .  The 

r e s u l t s  will b e  com pared  w ith  o u r  d a ta ,  for small n e u tro n  recoil as  well 

a s  l a r g e  n e u t r o n  r e c o i l .  Section 4.2 conta ins  the deriv a tio n  of the 

c ro s s  s e c t io n  fo rm ulas  from gen era l  multiple s c a t te r in g  th eo ry . Section

4 .3  d e s c r ib e s  t h e  T m atrix  for th e  3-nucleon final s ta te  in te rm s of 

2 -b o d y  NN a m p l i tu d e s ,  a n d  e x p re s s e s  these in term s of the he lic ity  amp

l i t u d e s .  S e c t i o n  4 .4  d e s c r i b e s  the  details of the sp in  a lg e b ra  and 

a n t i s y m m e tr iz a t io n  r e q u ire m e n ts .  Section 4.5 contains the d esc rip tio n  

of th e  IA. R e s u l t s  of th e  calculation are p re se n te d  in section 4 .6 .

4.Z MULTIPLE SCATTERING

T h e  re a c t io n  p a r t ic ip a n ts  a re  Labelled as

1 + 2 + 3 + 4 + 5 ,

56
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w h e re  1 is th e  pro jectile  p ro to n ,  2 is th e  d e u te ro n  n u c le u s ,  3 

an d  4 a re  s c a t te re d  a n d  e jec ted  p ro to n s  a n d  5 Is th e  recoil n e u t r o n .

We w a n t  to  calculate the  f ive -fo ld  d if fe re n t ia l  c r o s s  sec t io n  

fo r  the  p ro to n - d e u te r o n  in te ra c t io n  lead in g  to a  3 -nuc leon  f ina l s t a t e ,  

in terms of th e  known p ro to n -p ro to n  ( p - p j  a n d  n e u t r o n -p r o to n  ( n - p )  am p

li tu d es  .

T h e  d if fe ren tia l  c ro s s -s e c t io n  in  te rm s of th e  T -m a tr ix  is

d 1 c  = \>l  1 1 V *  + +

K y »  , l | T | s , < 4 M
^  V s  E *  e *  E s  t ,

+ +
In  ( 4 .1 ) ,  | O, M; p j ,  S > r e p re s e n ts  the  in itia l s ta te  of the  s y s te m  

+
w ere  0  is th e  d e u te ro n  la b o ra to ry  momentum, M is  th e  Z-com ponent ( in

th e  beam d ire c t io n )  o f d e u te ro n  s p in ,  pj is th e  momentum of t h e  in c id e n t
+  +  +

p ro to n  a n d  S is the  p ro to n  sp in  (5  = a ,  p ) .  < p»j R| L | is  th e  

f ina l s ta te ;  h e re  th e  f i r s t  t h r e e  e n t r ie s  a r e  th e  f ina l nucleon  momenta, 

a n d  L d e n o te s  a  sp in  s ta te  fo r  th is  sys tem  of th r e e  s p in -1 /2  p a r t ic le s .

T h e  o b s e r v e d  d i f f e r e n t i a l  c r o s s  s e c t io n ,  a f t e r  th e  th r e e -
+ •*

dimensional in te g ra t io n  fo r  an d  P4 is c a r r ie d  o u t ,  is as  follows:

d l i j d O ^ c l T j  W  V *  *•**«■«)

X ■ 7  |< 1 >  f U ^ L | T l - 7 ,  ^  I 4  (4  2)
b '

T h e  fa c to r  of 1/6 a r is e s  from a v e r a g in g  on the  in it ia l  s p in  

s ta t e s ;  th e r e  a r e  t h r e e  d e u te ro n  sp in  s ta te s  to  be  com bined w ith  th e  

two sp in  s t a t e s  of th e  projectile  p ro to n .  The dynam ics  o f th e  I n te r 
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action a re  contained  in the  T - m a t r ix . T h e  T -m a tr ix  e lem ents  must be 

a n t i s y m m e t r i z e d  w ith  r e s p e c t  to t h e  p ro to n  v a r iab les .  We want to 

e x p re s s  th e  T -m atr ix  in  term s of th e  T ^ n m atrices fo r  th e  e las tic  p - p  

an d  p -n  in terac tions .

The multiple s c a t te r in g  s e r ie s  which we a re  going to d e r iv e  is 

more na tu ra lly  e x p re s se d  in term s of the  quan tum  mechanical s c a t te r in g  

m atrix x, which is th e  solution of th e  th re e -b o d y  L ippm ann-Schw inger 

equa tion  (Go-64).

T = V + V G x (4 .3 )

The tw o-body in te rac tion  po ten tia l V is g iven  b y : V = Vpn +

V n  + V p  = V1 + v 2 + v 3 ; p 1 Is th e  pro jec tile  p ro ton  a n d  p a n d  n a re  

th e  d eu te ro n  c o n s t i tu e n ts .  T h re e  body  fo rces  a r e  neg lec ted . It is a 

good approximation because  th e  two c o n s t i tu e n ts  of the d e u te ro n  sp en d  

most of th e ir  time fa r  aw ay from each  o th e r .  T he  ro o t-m e a n -sq u a re  n u c 

leon separa tion  is of th e  o rd e r  of 4 fm, w hereas  th e  s t ro n g  in te rac tio n  

ra n g e  is of the o rd e r  of th e  Compton w aveleng th  of th e  p ion , 1 .4  fm. 

Hence, the  p robab ili ty  is small fo r  pro jec tile  p ro to n  an d  bo th  nucleons 

b e in g  su ff ic ien tly  close d u r in g  th e  c o u rse  of th e  collision fo r  a s ig n i

f ican t th re e -b o d y  in te rac tio n , as long as th e  in te rn a l  momentum is of 

o r d e r  200 MeV/c o r  less . In 4 . 3 ,

r  ~ 1E - Hq +■ ic

^o ™ ^ p 1 + ^p  + Kn

w h e r e  K a r e  r e l a t i v i s t i c  k in e t i c  e n e r g y  o p e r a t o r s .  E Is the total



en ergy  of th e  system . Let us now d e r iv e  a  multiple s c a t te r in g  expansion  

of t :

3
t* = Vj + Vj G t so t h a t  x = Ex* (4 .4 )

i=l

We can now in troduce th e  tw o-body  free  pa r t ic le  sc a t te r in g  

m atrices, X|, sa tis fy ing  th e  two b o d y  Lippm ann- Schwinger equation ,

= Vt + Vj G Tt (4 .5 )

T h e  p re sen ce  of the th i r d  kinetic  e n e rg y  o p e ra to r  in H0 Is

perm issible since the k in e tic  e n e rg y  of th is  th i rd  n o n -in te rac t in g  p a r 

ticle is co n s ta n t.

T h e  s o lu t io n  o f e q u a t io n  ( 4 .3 )  in  te rm s  o f x* and  Xj is

(Wo-68)

T = Tj  +  X2 +  Tg + Xg G +  t 3  G  x ^ ( 4 . 6 )

+  T l  G  X^ +  X^ G T2 + G t  t j  O + .  . . .

T h e  details a r e  shown in A ppend ix  A. Retaining only term s to 

f i r s t  o rd e r  in G, that is  single an d  double s c a t te r in g  te rm s, we ob ta in :

x = + xjj +■ Xj + x j G 13 + G x2 +■ Tj G X3 (4 .6 a )

+ T1 G t 2 + l 2 G t l  + T3 G T1

We then make u s e  of the id e n t i ty



to sp li t  the double s c a t te r in g  co n tr ib u tio n  in to  two p a r t s :  a  p r in c i 

pal value p a r t  an d  an  e n e rg y  c o n se rv in g  p a r t .  The F irs t p a r t  e x a c t ly  

cancels all the  terms in equation (4 .6 )  con ta in ing  more than  tw o Tpn  

m atrices. F urtherm ore  the  p r inc ipa l  value p a r t  has  b een  estim ated  to  be 

much smaller than  the e n e rg y  co n se rv in g  p a r t . Using th e  above a rg u m en t 

and equation (4 .6 )  we ge t

x ~ TP*P + TP Tn  + xpn  " *n Tp 'p  B(E-H0 ) Tpin

in t  pin 6(E -H 0 ) x p 'p  " in ^pn ^ (E - H(>) t  p 'p

in xpn 5 (E -H 0 ) t  p ip - in xp 'p 6 (E - H0 ) xpn

- in xp .p 6(E -H 0 ) t p n  (4 .7 )

The f irs t  th re e  terms in equation ( 4 .7 )  a re  impulse a p p r o x i 

mation terms. We neglect the th ird  term b ecau se  it r e p re s e n ts  an i n t e r 

action of the two nucleons of th e  d e u te ro n ,  w ith  the projectile  p ro to n

p ass in g  th ro u g h  undef lec ted .

Now we can ob ta in  the e x p ress io n s  fo r  the m atrix  elem ents oF 

the various term s of equation  (4 .7 ) .  If final momentum of th e  p ro je c -  

tile p ro ton  is pg, the f i r s t  term o f  equation ( 4 .7 )  can be e x p re s s e d  as

L I T , ,  I * £ < U V
W

Where a complete set of p ro to n -n e u tro n  plane w ave s ta te s  < qp q^ L* f is 

u s e d .  The s p in  s ta te s  | L1> a r e  th re e -p a r t ic le  s ta te s .  The above  

express ion  simplifies as follows s. /  i * 1 d> ( S

u
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T h e  c o r re sp o n d in g  T m atrix  element is

T h e  re la tion  betw een T m atrix  a n d  T m atrix  is a s  g iven  below

^ jv & < i w v >
HrnWl N* 1 Vvv*) ^  ^

S im i la r ly  we f in d  th e  e x p re s s io n  For the T m atrix  element 

of th e  second  term  of eq n  (4 .7 )  to  be

< (4 a b  1

U
Fig . (4 .1 a )  an d  (4 ,1 b )  shows th e  d iagram s fo r  above p ro c e sse s .

Following th e  same p ro c e d u re ,  th e  m atrix  element of the fo u r th  

te rm  in  equa tion  (4 .7 )  is

. s  f , A  i * S u  f  v  [  <  a t * '  >̂‘l> ^  ^  ^
= " - U fa. V Cv&i 1 t*»^ L V w tjJ^U ' jaVE^^NE^

X W*?CVV V So K*-ev- ES5

, ^ r y f >  < C ’ \ <#»t n  M £ > 1 ,  * « r t \

n̂ j l*° S(6r *0

Note th a t  qp -  -q^^ is th e  in te rn a l  momentum of th e  nucleons in th e  d e u -  

te ro n .  A fte r  c a r ry in g  ou t th re e -d im en s io n a l  Ŝ j in teg ra tio n  and  th e  q n -
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in teg ra tio n  a long the  d irec tion  of pg + we g e t  th e  following e x p r e s -

a r e  co n se rv e d  a t  e a c h  v e r te x .  We also  have  rep laced  b y  q. The

(pg + u n d e r  th e  in teg ra l  s ig n  ind ica tes  a  tw o-dim ensional I n te g ra -
-+ + + 

tion o v er  th e  component of q p e rp e n d ic u la r  to pg + p^. T he  com ponent of

momentum co n se rv a t io n .  The q -v e c to r  v a r ie s  o v e r  a s u r f a c e  symm etrical
+ +

w ith  re sp e c t  to  th e  ax is  + P4 * Details abou t th e  in te g ra l  element

d 2q and th e  calcu lation  of | q  J a r e  g iven  in A ppend ix  B.

Equation ( 4 . 9a) d e sc r ib e s  a  double s c a t te r in g  p ro c e ss  in which 

th e  p ro to n  p ro jec tile  collides f i r s t  with th e  n e u t ro n  an d  th e n  with the 

ta rg e t  p ro to n  as show n in Fig, 4 .2 a .  F o r  symm etric a n g le s  of p a r t ic le s  

3 and 4 , th e  p -n  in te rac tio n  is n e a r ly  s c a t te r in g  a n d  th e  p - p  in t e r 

action  9 0 ° - s c a t te r in g ,  This is t r u e  fo r  all fou r  d iag ram s.

1 m T  4  l ’C  t ty *  V i .

Implied in th e  above e x p re s s io n  is th a t  e n e r g y  a n d  momentum
-+  +

■+ ■+ -»
q  paralle l to pg + p j ,  deno ted  b y  is d e te rm in ed  from e n e r g y  and

Similarly t th e  T m atrix  element fo r  th e  f if th  term  in equation

(4 .7 )  can be w ritten  as :

X
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E qua tion  (4 .9 b )  also d e sc r ib e e  a  double s c a t te r in g  p ro c e s s ;  h e re  the  

p r o je c t i l e  p ro to n  f i r s t  collides w ith  th e  t a r g e t  p ro to n  a n d  then  with 

the  n e u t r o n ,  a s  i l lu s t r a te d  in f ig u re  4 . 2b .

T h e  s ix th  a n d  s e v e n th  te rm s in  equa tion  ( 4 .7 )  co r re sp o n d  to  a 

final s ta te  in te rac tio n  (F S I ) .  T h e  T m atr ix  element for th e  s ix th  term

„ < W V y L 1 l T >r 1?, r%.L"><^' 1 g>
(4 .9 c )

E q u a t io n  ( 4 . 9 c )  d e s c r i b e s  t h e  s c a t t e r in g  of th e  projectile  

p ro to n  from th e  t a r g e t  p ro to n ,  w hich th e n  collides with th e  n e u tro n -  

T h is  i s  a s in g le  s c a t t e r i n g  p ro c e ss  followed by a  final s ta te  i n t e r 

action  of the  ta rg e t  n u c leo n s ,  as  show n in f ig .  4 .2 c .

T h e  T m atrix  elem ent fo r  th e  s e v e n th  te rm  in equation  (4 ,7 )

. - 5 5 , X  ( ‘ S W i - H W

< 1t k». l V V ^ ’1 < U y U s >

\ + \%+\\) tlV* V v V v  \
( 4 . 9 d )

V
E q u a t io n  ( 4 . 9 d )  d e s c r i b e s  t h e  s c a t te r in g  of th e  projectile  

p ro to n  from  th e  n e u t ro n ,  which th e n  collides with th e  t a r g e t  p ro to n .  

A g a in ,  t h i s  is  a s i n g l e  s c a t te r in g  p ro c e s s  followed by a final s ta te  

in te ra c t io n  of the  t a r g e t  nuc leons  as  show n in f ig u re  4 .2 d .



FIGURE 4 .2 c

i

2

FIG URE 4 . 2 d



67

We n eg lec t  th e  e ig h th  and n in th  terms of equation  (4 .7 )  b e -  

c a u s e  t h e y  c o r r e s p o n d  to  a n  in i t ia l  s t a t e  In teraction  of the  ta rg e t  

n u c le o n s  b e fo re  the  p ro je c tile  collides w ith  the d e u te ro n .

F i n a l l y ,  t h e  T m a t r ix  c a lc u la te d  h e r e  is th e  sum of the  

s in g le ,  doub le  a n d  f ina l s ta te  in teraction  terms:

T = T PP' + T p ’n + Ta  + T b + T c + Td (4 .10 )

E q u a tio n  (4 .L 0) antisym m etrized  and s u b s t i tu te d  in equa tion  

( 4 .2 )  g iv es  t h e  d if fe re n t ia l  c r o s s  section.

4 .3  TWO-BODY T MATRICES

T h e  re la tio n  be tw een  the o n -e n e rg y -sh e l l  nucleon-nucleon  T 

m a t r i c e s  a n d  th e  n o n - re la t iv is t ic  c e n te r  of mass s c a t te r in g  am plitude

f c m  iB
ijlj

< %  \  X  / * >  i t r  y  ̂

w h ere  s  = ( p 3 + p.^)^ = (p{j + p ^ )Z, 8  is the CM s c a t te r in g  

a n g le  a n d  t h e  angle  be tw een  initial an d  final reaction  p lanes .

In ( 4 .1 1 ) ,  | m> is th e  spin w ave function for a  system  of two 

s p i n - 1 / 2 p a r t i c le s .  T a k in g  a a n d  (1 to d e n o te  the sp in -u p  and sp in -d o w n  

s t a t e s ,  th e  t r ip le t  sp in  s ta te s  a re  J 1 > = aa , | O > = (op + pa) 

a n d  | -1> = p p . U sing  m = s to denote th e  s in g le t  s ta te ,  | s  > =

( o p  -  p a ) .
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T h e  < m' | F | m > a r e  the s in g le t - t r ip le t  r e p re s e n ta t io n

m atrix  e lem ents  M8ST M ^ ,  Moo* ^ 0 - 1 * M- l l>  M- 1 0 > M -l-1

of S tap p  e t a l, ( S t -57) B ecause  of th e  sym m etry  p ro p e r t ie s  o f  M's:

th e re  a r e  only s ix  in d e p e n d e n t  M 's, which a r e  th e n  calcu la ted  in  terms 

o f th e  h e l i c i t y  a m p l i t u d e s  H of A rn d t  e t a l ,  (A r-8 3 )  T h e  re la tion  

be tw een  th e  M’s a n d  H's a r e :

MSS = 2 ^ / k

Mqq = 2 (H5 co sS  + H4 s in 8 ) /k

MU = <H3 cos© + H4 sin© + H2 ) /k

Ml0  -  -J~2 (H 5 sin© - H4 c o s 9 ) /k

Mqi = -J2  ( -H 3 sin© + H4 co s© )/k

Mf_i = (H2 * cos© - H4 s in 0 ) /k  ^

Where k is the  CM momentum and 0  is  th e  CM a n g le .  The M

m atrix  e lem ents  a r e  non -an tisy m m etrized  and  an tisym m etriza tion  is  p e r 

form ed in e q n s ,  (4 .17) to  (4 .2 1 ) ,  The two s p in - f l ip  am plitudes  Mjq 

a n d  Mqi change  s ig n ,  when (0 , cp) is  rep laced  by  ( 0 , qj +1&0D) ,  an d  this 

p r o p e r t y  Is t a k e n  in to  a c c o u n t  s y s t e m a t i c a l l y  in  t h e  c a l c u l a t i o n .  

(S t-5 7 ) .

M il = M_w  

M - u  = M i- i

M01 -  -M0_! 

MjO " "M-10
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T h e re  a re  six  Initial a n d  e igh t f ina l s p in  Btates. T o g e th e r

they  give 48 am plitudes. The 90° CM pp a n d  pn in te ra c t io n  is dominated

by sp in  flip co n tr ib u t io n s .  As we have s e e n ,  th is  in te ra c t io n  f ig u re s  

im portan tly  in all the d iagram s. So it is im portan t to include nucleon 

sp in  in to  o u r  an a ly s is .

T h ree  spin  1/2 p artic le s  can be combined to  g ive  e ig h t  o r th o 

gonal s p in  wave functions  (Wu-48):

| 1 > = « i  32 “3

| ^ > = Pi P2 03

I 3 > = ( Pl a 2  Q3 + a l ^2 a 3 a 2  P3)

I 4 > = V3 ( a l P2 + P1 a 2 ^3 + P2 a 3^

I 5 1 = V6 (P 1 °2  a 3 + a l PZ a 3 " 2al  a 2 P3>

I 6 >  ~  V6 t a l  PZ P3 + P1 a 2 P 3 “ 2 P 1 P2 a 3^

I 7 > = ( “ l  P 2 "  P 1 a 2  > a3

I 8 > = J  <P1 a2 ’ a l P2 > P3 , 4 ' 13)

The th i rd  s ta te  is  taken  to be t h a t  of th e  n e u tro n .  The sp in

wave func tions  j 1 > to | fi > a r e  sym m etric  w ith  re sp e c t  to  p ro ton

s p in s ,  an d  | 7 > an d  | 8 > a re  an tisym m etric . T h e  p re se n c e  of two 

p r o t o n s  in  t h e  f in a l  s ta te  r e q u ire s  th a t  all p h y s ica l  s ta te s  be a n t i 

symm etric with re sp ec t  to all p ro to n  v a r iab les .  As a  co n seq u en ce , the  

an tisym m etrized  final s ta t e s  of the system  a r e



70
■+ +  ■> . -*  +  ■+

< p j  P5 » L 1 < R4 P3 ps, L t -  For L = i to  6 (4-14)
+ For L = 7 > 8

T h e  in i t ia l  s t a t e s  o f the system  can also be e x p re sse d  in 

te rm s  of th e  th re e -p a r t ic le  sp in  s ta te s  (4 .1 3 ) .  F i r s t  we n eed  to write 

th e  momentum space  deuteron  wave function  in  th e  form:

1 -» w here m > is the
(q )  - £ (q )  | m > tw o-partic le  spin

m=-l wave function .

T h en  the six  initial s ta te s  of the  system  a re :

| O, M; P i  , S > = L | p i  , L > £ < L | * 5  fq )  | m S > ( 4 l 5 )
L=1 m = -l

= I P l ’ 2 > ( q)  + ( l Pi  ■«>  ^ 3  ‘ I P i -  6 J ^

* I V J > T *  * U ^

J+ ( l p i -  3 > 4 + I ^  ■ 5 > 3 e ‘  I P i ’ ?  >=/i  J ( q

Where u p p e r  signs an d  numbers app ly  for S = a  an d  th e  lower ones for S = 

p. The d e u te ro n  wave function components In (4 .15) a re

•*?

■ *

( q ) = u- .(a J  
q

Y -f -J— ™ - t i l i  y  ( 000  V 1 0  q  20 1 q  1 V  = <*!
+

( q )

( q ) J  3
V io

V - L s l y  ( 0  (D ) — (p 0  q  1 21 q" Vq J - I
+

( q )  =
■ *

(q>

4*  ̂ (q ) = ^ -  W Y ( 0  to ) -  <t>1 (□)
n  i q j  V5 q 22 1 q* -1

ifP fq )  = u  tQ ) y  - y ( 0  m ) (4 16)0 lq J  q 00 JlO q  20 1 q  * ^  1 ( J
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w h ere  6 q , <pq a r e  the  a n g le s  of q  re la t iv e  to th e  s p in  q u an t i f ic a t io n  

d i re c t io n ,  h e re  t h e  beam d ire c t io n .  T h e  S -  a n d  D -s ta te  ra d ia l  wave 

fu n c tio n s  o f  th e  d e u te ro n  a r e  u ( q )  a n d  w ( q ) ,  r e s p e c t iv e ly .

t i d e  s p in  s t a t e s  w h e r e a s  th o se  of e q u a t io n s  (4 ,121  a r e  tw o -p a r t ic le  

sp in  s ta te s .  U s in g  eq u a tio n  (4.131 we th e n  f in d  th e  t h r e e - p a r  t i d e  sp in  

s t a t e s  for the  n u c le o n -n u c le o n  am plitudes .  T h e se  am p li tu d e s  a re  w r i t te n  

o u t in  A ppendix  C .

Finally , u s in g  e q u a t io n s  ( 4 ,8 ) ,  ( 4 .1 1 ) ,  ( + .14) a n d  (4 .1 5 )  we 

o b ta in  the following T m atrix  elem ent fo r  th e  s ing le  s c a t t e r i n g

Where |\| -  p o r  n .

8  o r  ip a r e  d e te rm in e d  from th e  in itia l a n d  f ina l momenta of 

the p-N in te ra c t io n .

T h e  s p in  s ta te s  of e q u a t io n s  ( 4 .8 )  an d  (4 -9 )  a r e  t h r e e - p a r -
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Similarly u s in g  eq u a tio n s  (4 .9 ) ,  ( 4 .1 1 ) ,  (4 .14)  a n d  (4 .15)  we 

get th e  following T m atrix elem ents fo r  th e  two double s c a t te r in g  d ia 

grams an d  two FS1 d ia g ra m s : . - * . \

^  C , » r f  +

C p j - t  K.'*i_

-  y  v )  4> * i y ) 1 ^ ^ - , (419)

+ + l H R t V V \ > W

w here  th e  a ’s a r e  found in a p p e n d ix  D and  

s = ( p 3 + p 4) 2

r ' .  c i ’ d
UW (M)«h 4 }\^  I  ST-1 K V  iV ^O E fy ♦ J

( v V i

r j j j L ^ k t . ^ ' )  ~iZ « . » >

+  )  *■ U i „ + ' v f s |> e ^ V 1E-( ^ + f s ~ V ^ 1 3
_ a  ^  .

w here  th e  b ’s a r e  found in A ppend ix  D and  

s = ( P 3 o r (  + P5>2

v ;  " i f  c f  w >  « t - v r g
A  « v t t * V l ' , f V * V ‘ tV V V \~ J C  -  i ^ W i  ____

L m  ( w T l3 ^  4

+  ^  1  ^  (4 .20)

C v
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where the  c ’s a r e  g iven in Appendix  D and  

s = (P3 o r  4 + P5>2

s ' = (P i  + q )2 ^

- I .  r  r V  T r  <*'

y i i
* u * w )  K Q y r x

\
^  ■ in  - -  -  - ^  ’ ’ '  '

t V  ft»^L (4 .21 )

+ ^ <& %  c  V ^ j l  \

( V ^ - L

where th e  d 's  a r e  g iven in Appendix  D and

s  = (P3 o r 4 + P5)2

s 1 = <pj + q ) 2

E q u a t io n s  ( 4 .1 7 )  - ( 4 .2 1 )  co m b in e d  with F am p li tu d es  of 

A p p e n d ix  1C, t h e  s in g le t - t r ip le t  r e p re se n ta t io n  m atrix  e lem ents  M's, 

equation  (4 .1 2 ) ,  a n d  th e  wave function  fo rm ulas , eq u a tio n  ( 4 .1 6 ) ,  give 

th e  c o m p le te  s e t  o f  e q u a t io n s  f o r  ca lcu la ting  the  s ingle  s c a t te r in g ,  

d o u b le  s c a t t e r i n g  an d  FS1 co n tr ib u tio n s .  To ob ta in  the  d if fe ren t ia l  

c ross  sec tio n  we s u b s t i tu te  (he T m atrix  (4 -17 ) to (4 .2 1 )  in to  equation  

(4 -2 ) .  T h is  completes th e  der iva tion  of all th e  form ulas one n eed s  to 

calculate th e  2H (p ,  2p )n  d ifferen tia l  cross sec tio n s .
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4,5 IMPULSE APPROXIMATION

What is commonly r e fe r r e d  to , b o th  In th e  l i t e r a tu r e ,  and In 

C h a p te r  5, as the 1A estim ate of th e  c ro ss  section  fo r  ( p ,  2p )  is the 

c o n t r ib u t i o n  of t h e  f i r s t  te rm  in th e  multiple s c a t te r in g  e x p an s io n ,  

fo rm u la  ( 4 , 7 ) .  E x p ress io n  (4 .2 )  fo r  th e  c ross  sec tion  can then  be 

w ritten  as follows, w hen (4 .17) only is u sed  fo r  the T -m atr ix :

d is t r ib u t io n  (SNMD) fo r  th e  d e u te ro n ,  which we tak e  from th e  Paris
PP

N N -potential; ( d o / d H ) ^  is th e  p ro to n -p ro to n  o n -sh e ll  CM d iffe ren tia l  

c ross  section and K is the  kinematic fac to r .

4.6 RESULTS OF THE CALCULATION

We show h e re  the deta iled  re su l ts  of th e  calculation inc lud ing  

the  two IA g ra p h s  of Fig. 4 .1a  an d  4 ,1 b  and th e  4 g r a p h s  of Fig. 4 .2a  to 

4 .2c .  Of p a r t ic u la r  in te re s t  a re  the re su l ts  fo r  the  4 l -4 ° -4 1 ,4 °  con

f i g u r a t i o n ,  b ec a u se  th is  is  th e  kinematics fo r  which we h av e  b e t t e r  

d a ta .  Displayed in f ig . 4.2 is the q u a n t i ty  ( R - l )  v s .  n e u tro n  recoil 

momentum w here  Rgiofcai is th e  ratio of th e  c ross  sec tio n  inc lud ing  all 

g r a p h s ,  to the 1A p p  c ro ss  section  alone

(4 .22)

Where | <t> (P^> is a theo re tica l  s ing le  nucleon momentum
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I? , I T ^ +T tn T  X .1- P  /  I T  *  I*
’ r *  t k ' t  Vir /

d  \ « f c

Similarity! we define 14.23)

\ T : r * T . ' r . i T T M i / i T « i >
X h

w here i = a ,  b t c ,  d  fo r  each  d iag ram .

T h u s  ( R - l )  is the p e rc e n ta g e  c o r re c t io n  to be a p p lied  to the p p  IA-term 

acco rd in g  to  o u r  re&ults. T he c u r v e s  labelled a )  th r o u g h  d )  co rresp o n d  

to th e  inclusion  of one of th e  g r a p h s  of fig. 4 .2  a t  a  time. T h e  curve 

la b e l le d  " g l o b a l ’' c o r re s p o n d  to all g r a p h s  in c lu d e d .  Only g r a p h  a) 

c o n tr ib u te s  a  positive co rrec t io n  to  th e  IA. G rap h s  b ) ,  c) an d  d )  p ro 

d u ce  a  n e g a tiv e  c o r re c t io n ;  a d d ed  all to g e th e r  th e  4 g r a p h s  r e s u l t  in a 

nega tive  c o r re c t io n  to th e  IA.

A prim ary  c r i te r iu m  to c h eck  the c o r re c tn e s s  of th e  calcu la

tion re su l ts  was sym m etry . We e x p e c t  th e  r e s u l t s  to  be  symm etric about 

th e  minimum recoil w hen th e  two p ro to n  a n g le s  a r e  equal ( se e  f u r th e r  

d iscuss ion  o f this po in t in  the n e x t  c h a p te r ) .  In f a c t ,  all r e su l ts  for

symm etric an g le  kinem atics have b een  found to  be sym m etric. In f ig .  4.3
■*

the dots  c o r re s p o n d  to P3 b e ing  sm alle r  th a n  p j  ( c e n tra l  pg j ( i . e .

po in ting  on th e  same s id e  as  p j )  a n d  th e  c ro sse s  a r e  for p j  la r g e r  than
+  +

P3 ( I .e .  pg p o in tin g  on th e  same s id e  as  p^ ) .  It is obvious in f ig .  4.3

th a t  t h e  r e s u l t s  a r e  symm etric fo r  all ind iv idua l  g r a p h s ,  as  well as

globally. We have a lso  ch e c k e d  th a t  we find th e  same r e su l ts  a t  600 MeV

as shown in Wallace's r e fe re n c e  (Wa-71)
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Fig. 4 .4  show s th e  values o f ( R - l )  fo r  all g r a p h s  com bined 

v s .  the  n e u tro n  recoil momentum fo r  the  sym m etric  ang le  p a i r s  a t  36°, 

44° an d  47°. Here also th e  r e s u l t s  a r e  sym m etric  a b o u t  th e  minimum 

recoil as  e x p e c te d .  Finally , f ig .  4 .5  show s th e  global v a lu e s  of ( R - l )  

v s .  n e u tro n  recoil momentum fo r  the  asym m etric  ang le  p a i r  30° - 5 3 .7 5 ° .  

In th is  case  the r e s u l t s  need  no t be sym m etric  a b o u t  minimum reco il ,  a n d  

ind eed  th e y  a re  n o t .  We a lso  notice from all th e  g r a p h s  sh o w n , th a t  

th e  c o r re c t io n  due  to multiple s c a t te r in g  is minimum at minimum reco il .  

T h is  is because  a t  minimum recoil momentum the  c ro s s  s e c t io n  is dom in

a te d  by  th e  IA p r o c e s s ,  w h e re a s  a s  P 5 In c reases  th e  m u ltip le  s c a t te r in g  

c o n tr ib u t io n s  become in c re a s in g ly  im p o rtan t.

F inally , f ig .  4 .6  show s R a s  a  fu n c t io n  of angle  f o r  sym m etric  

a n g le s  an d  momenta p j  an d  The co r re c t io n  d u e  to m ultip le  s c a t te r in g

is n eg a tiv e  and small u p  to a b o u t  54°. T h e n  the  c o r re c t io n  becomes 

pos itive  a n d  it  r i s e s  v e ry  f a s t .  N early  aLl o f  th e  c o n tr ib u t io n  to th is  

fa s t  r ise  cornea from th e  f i r s t  g r a p h ,  a l th o u g h  th e  c o n tr ib u t io n  from th e  

o th e r  th re e  g r a p h s  becomes p o s it iv e  a lso .  In th e  same f ig u r e ,  th e  c o n 

t r ib u t io n  d u e  to IA n p  s c a t te r in g  is show n s e p a ra te ly .  T h e  IA n p  p r o 

c e s s  n e a r ly  doubles  the  c ro ss  sec tion  a t  66°.
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C h a p te r  V 

RESULTS AND DISCUSSION

5.1 INTRODUCTION

T h e  r e s u l t s  p r e s e n te d  in th is  c h a p te r  concern the reaction 

2\\ ( p ,  2p ) n ,  i . e . ,

p  + 1̂1 + p + p +  n

1 + 2 + 3 + 4 + 5

w h e r e  1 is  t h e  in c id e n t  p ro to n ,  2 is  the t a r g e t  d e u te ro n ,  3 and 4 

a r e  th e  d e t e c t e d  s c a t t e r e d  a n d  k n o c k e d - o u t  p ro to n s ,  re sp e c tiv e ly ,  

a n d  5 is th e  recoil n e u tro n .

S e c t i o n  5 . 2  d e s c r i b e s  t h e  k in e m a t ic s  fo r  t h e  r e a c t i o n  

( p ,  2p )n . In Section 5 .3  we p re s e n t  the r e su l ts  for small n eu tro n  

recoil momenta for s e v e ra l  symm etric p ro to n  ang le  pairs and  one asym 

m e t r ic  a n g le  p a i r .  In Section 5.4 we p re sen t  th e  re su l ts  fo r  large  

n e u t r o n  r e c o i l  m om enta f o r  s e v e ra l  symmetric an d  asym m etric  ang le  

p a i r s .  We c o m p a re  o u r  r e s u l t s  w i th  th e  prediction  of the  impulse 

approximation (IA) a n d  with those  of o u r  multiple s c a t te r in g  calculation 

(d esc r ib ed  in c h a p te r  IV). We also compare our  re su lts  w ith  p rev io u s  

(p ,  2p) and  (e ,  e fp) r e su l t s .

01



5 .2  KINEMATICS

92

In o r d e r  to  de te rm ine  th e  final s ta te  e n t i re ly  (Kinematical

ly complete re a c t io n ), one needs  to m easure  12 v a r ia b le s , 9 components 

of momenta and 3 m asses, fo r  th e  3-nucleon final s ta te .  T h e  masses of 

the 2 p ro tons  a re  determ ined  from th e ir  TOF an d  d E /d x  (see  section 2 .6) ,  

an d  we req u ire  the momentum an d  e n e rg y  to be co n se rv ed  in th e  initial 

and  final s ta te s  (4 re la t io n s ) ;  so finally we need  to m easure  1 2 - 2 - 4  

= 6 additional in d ep en d en t v a r iab le s  in genera l  to de term ine  the final 

s ta te  en tire ly ,  We m easured p g ,  ©3 , tpj, T4 , ©4 and tp4 fo r  each de tec ted  

even t (see  f ig u re  5 .1 ) .  The 41° an d  30° d a ta  will be analyzed  w ithout 

th e  T 4- information. T he  recoil momentum pg was th en  ob ta ined  from p 4 

calculated as in eq n .  5 .9 .

and e n e rg y  conserva tion  a re  u se d  to calculate  pg fo r  each  e v en t:

Most of the d a ta  will be p re se n te d  in the form of a momentum 

d e n s i ty ,  4>^, as a function  of the  n eu tro n  recoil momentum p g . Momentum

+ + ■* -+
P i  = P3 + P 4 + P5

Ej + m2 = E3 + E4 + Eg

(5 .1 )

(5 .2 )

The invar ian t mass of p artic le s  i an d  j is

(5 .3 )

where Ejj -  Ej + Ej = Ei  + m j - E^, (5 .4 )

and ptj -  Pi + Pj - Pi '  Pk- (5 .5 )
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w here i,  j ,  k  a re  from  3 to S. U s ing  e q u a t io n s  (5 .1 )  to  (5 .5 )  one can 

write

Eg = (E45 - E4) 2 , (5 ,6 )

P3 = <^45 * P4>2 * <5 -7 )

Equations (5 ,6  - 5 .7 )  g ive

mig = (E45 - E4 ) 2 - <?4S - p 4 ) 2 (5 .8 )

Equation 5 .8  is a q u a d ra t ic  re la tion  from w hich  j p 4 j c a n  be ca lcu la ted  

(see  f ig u re  5 .1 ) ;  the  r e su l t  is3 C  C  U g l i i  S-T M t X. ^  |  Lfelv £ W-D- U.X L I n  ^  

b  -  f i s  Cos*  ** P ^ c * v x <*)
9)

where c x = M$5 + m | - mg,

a  = 0 4 - 0 X,

a n d  0 X = ta n - * ( p 3 s in 0 g / (p^  -  p 3 c o s0 g))

Now p5 can  be ob ta ined  from (5 .9 )

= p 4 s in a /a in p  (5 .10 )

w here  0 = t a n -1 (p 4 s in a / ( P 45 - p 4 cosa))

T h e  momentum density  <t>2 is o b ta in ed  from  th e  m easu red  c ro ss  

sections u s in g  the IA as  follows:

+ d5o/dftj dn 4 dT3
I <*> ( p 5) I 2 =  i r p — f 5 - 11)

K ( d o / d f i ) CM 

w here  K is a  kinematic fa c to r  g iven  by ;

K = P3 p |  mJ4 / p i (E5 p4 - E4 p 5 cosG4&)
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and  (do/dfl>Q fl is the  CM p p  o n -sh e ll  d if fe re n t ia l  c ro ss  sec tion  obtained  

from th e  VPI p h a s e - s h i f t s  (A r-8 3 )  at th e  collision e n e rg y  T34 and  CM 

angle 63 as  follows:

T 34 = (M§4 - (m3 + Jti4)2 )/2m 3
63 = cos-1 (( yp3 cose334 - nEaJ/p^)

w here  p 3 atid E3 a r e  lab o ra to ry  frame q u a n t i t ie s ,  is th e  momentum of

p a r t ic le  3 in th e  CM -system  of p a r t ic le s  3 an d  4,

h = fP3 + P4 )/M 34 , / =  (E3 + E4 )/M 34
+ ■> +

a n d  6334 is the la b o ra to ry  ang le  betw een p j  and  P3 + p4 .

I *  ) | 2 is th u s  the  r e s u l t  of th e  ex p er im en t ,  when th e  IA

is  u s e d .  T h e  p h y s ic a l  i n t e r p r e t a t i o n  of t h e  4»2- s p e c t r a  p re se n te d

in th e  nex t sec tions  is th u s  a s  follows; in th e  a b se n c e  of an y  c o n tr i

bu tion  o th e r  th an  s in g le  p p  s c a t te r in g ,  i t  would be th e  d e u te ro n  s ingle

nucleon momentum d e n s i ty .  But b ecau se  o th e r  co n tr ib u tio n s  a r e  always 

p r e s e n t  to  some d e g re e ,  <t>2 is in  fac t not th e  t r u e  momentum d is t r ib u 

tion .

T h e  c a l c u l a t e d  va lue  of p 5 u s in g  (5 .10)  is then  co rrec ted  

u s i n g  a  M onte C a r lo  s im u la t io n  I n c lu d in g  th e  f in i t e  a c c ep tan ce  of

th e  d e te c to r s ,  Monte Carlo e v e n ts  a re  g e n e ra te d  b y  choosing  5 in d ep en 

d e n t  variab les  ( p 3 , 0 3 , <p3 , 8 4  an d  (p4) of th e  ex p er im en t uniform ly over  

th e  in te rv a ls  defined  b y  th e  ex p er im en ta l  g eom etry ,  an d  assum ing  the 3 

nucleon m asses. Each ev en t  is th en  w eigh ted  a c c o rd in g  to  th e  th e o r 

etical p ro b ab il i ty  fo r  the  n e u tro n  recoil of th e  e v e n t .  For each e n e rg y  

i n t e r v a l ,  T 3 , one  o b se rv e s  a  d is t r ib u t io n  of p j  values due to  the 

f in i te  solid a n g le s ,  as well as f in ite  t a r g e t  th ic k n e ss  an d  beam size.
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F u r th e r m o r e ,  m ultip le  s c a t t e r i n g  in th e  ta rg e t  deu terium  a n d  asso r ted  

fo i ls  i s  i n c l u d e d .  T h e  most likely v a lu e  of is then  determ ined . 

C a ll in g  th e  most likely  va lue  pg (MC), th e  re su l ts  of the  Monte Carlo 

s im ulation  fo r  6 3  = 9 ^  = 41.41° a r e  show n in f ig .  5.2 as  a  func tion  of 

t h e  P 5 v a l u e s  c a lc u la te d  from (5 ,1 0 ) ;  th e  co rrec tion  is la rg es t  n ea r  

zero  reco il.

5 .3  SMALL NEUTRON RECOIL DATA

O n e -n u c ie o n  k n o c k -o u t  reac t io n s  like ( p ,  2p) and (e ,  e 'p )  are 

s tu d ie d  in o r d e r  to d e te rm in e  th e  s ingle  nucleon momentum d is tr ibu tion  

o f a  b o u n d  nuc leo n  in a n u c le a r  system . In the q u as i- f ree  sc a t te r in g  

domain ( i . e . ,  small recoil r e g io n ) ,  one would expect the  IA to be a good 

a p p r o x i m a t i o n ,  a s  t h e  d i s t o r t i o n s  a r e  small in the e n e rg y  ra n g e  of 

i n t e r e s t  h e r e ;  a lso  th e  p ro to n  knocked o u t is n e a r ly  on-she ll  in this 

r e g i o n .  We p r e s e n t  f i r s t  o u r  d a ta  in thiB domain of small neu tron  

recoil momenta ( P u -8 5 ,  P u -8 5 a ) .

All t h e  d a t a  d i s p la y e d  in th is  section and section 5 .4  a re  

t a b u la te d  in d a ta  ta b le s  1 th ro u g h  16 (see  TABLE CAPTIONS); the u n c e r 

ta in t ie s  in th e se  ta b le s  a r e  s ta t is t ic a l  o n ly ;  random and  ta rg e t  empty 

c o r re c t io n s  h av e  been  m ade w here  n e c e s sa ry .

F ig . 5 .3  show s the  m easu red  cross  sec tions  fo r  the 41,54° - 41.41° 

a n g le  p a i r  a n d  fo r  th e  so lid  a n g le s  = 0.528 mer a n d A n 4 - 1.19 m s r . ,  

a s  a  f u n c t i o n  o f  T j ,  t h e  e n e r g y  of o n e  of t h e  d e tec ted  p ro to n s .  

S t a t i s t i c a l  e r r o r  b a r s  a r e  sm alle r  than  th e  size of the d a ta  po in ts .  

T h e  o v e ra l l  s y s te m a t ic  u n c e r t a in ty  is es tim ated  to be ±2.0% fo r  cross
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s e c t io n s  ( d e ta i l s  a re  given in sec tion  3 .6 ) .  The c ro ss  sec tio n s  are  

n e a r ly  symmetric about the minimum reco il , which occu rs  a t Tg s 253 MeV 

a n d  is  ze ro  k in e m a t ic a l ly .  This  minimum recoil is approx im ate ly  10 

Mev/c when resolution is taken in to  acco u n t .  This symmetry in cross  

sec tio n s  occu rs  because of the  m irro r  sym m etry  of the kinematics. The 

value of | | for P3 - 6p3 is the  same as  for P 3 + &P31 as show n in

fig .  5 .3 .

The in te rn a l  momentum d e n s i ty  <b2 c o rre sp o n d in g  to th e  d a ta  in 

f i g .  5 .3  is show n in f ig .  5 .4  a s  a f u n c t io n  o f t h e  n e u tro n  recoil 

momentum P5 . Is obtained  from eq n .  (5 .11) and  from th e  Monte

Carlo re su l ts  in fig . 5 .2 . T h u s  th e  d a ta  a re  c o r re c te d  fo r  re so lu tio n . 

When compared to the dens ity  of th e  Paris  (La-81) deu te ro n  wave func tion  

^ a r i s f the  d a ta  a g r e e  r a t h e r  n ic e ly  in sh ap e , b u t a re  below the 

t h e o r e t i c a l  d i s t r i b u t i o n  by  4 .7  to 14,6% over the range  of n e u tro n  

recoil momenta 13 to 80 MeWc. We could not show th e  da ta  p o in ts  a t 

recoil momenta smaller than  13 MeV/c, becau se  of the hydrogen  con tam ina

tion in  the  deu terium  ta rg e t .  To f in d  the  amount of hydrogen  contam ina

tion in th e  t a r g e t ,  we analyzed th e  d a ta  with v e ry  small solid ang le  by 

p u t t in g  softw are c u ts .  The h y d ro g e n  peak  is seen v e ry  clearly  For solid 

angle A 03  = .0327 m sr, as  shown in f ig .  5 .5 ,  where it does not o ccu r  at 

the  e n e rg y  of zero recoil in (p ,  2 p ) ,  b u t  somewhat h ig h e r .  The amount 

of h y d ro g e n  in the deu terium  was found to be  = 1.5 10“ ^.

it  was found n ecessa ry  to a d ju s t  the  cen tra l  values of the  

ang les  on the MRS-side to achieve p rec ise  symmetry between th e  lo w -p j 

and h ig h -p 3 values of <t>2 . For th e  large solid  angle d a ta ,  63 - 41 .54°,
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and  fo r  the small solid ang le  83 = 41.36°. A m isadjustm ent of th e  two 

solid ang le  defin ing  c o u n te r s  AEgQ a n d  AGgj of 0 . 1° is d i r e c t ly  seen  in  

the d isp lay  of the (Xq - Y q )  position  d e te c to r .  The u n c e r ta in ty  o f ±1 

MeV in  th e  e n e rg y  of th e  beam t ra n s la te s  in to  a n  angle u n c e r ta in ty  of 

±0.07°, Thus the co rrec t io n  app lied  is  within experim en ta l u n c e r ta in ty .  

The sam e correction  was also used  fo r  all the  o th e r  an g les .

In f ig .  5 .6  we d isp la y  th e  ra tio  R of the m easured  c ro ss  

section  to the 1A c ro ss  section v s .  n e u tro n  reco il  momenta fo r  the same 

d a ta .  T h e  e r ro r  b a rs  a r e  s ta t is t ica l  only . T h e  IA cross  sec tion  is fo r  

the  P aris  wave function as  shown in  eq n .  ( 4 .2 2 ) .  The c u r v e  labelled a s  

"6 g r a p h s "  is  t h e  r e s u l t  of t h e  m u l t ip le  s c a t te r in g  calcu la tion , a s  

d e sc r ib e d  in c h a p te r  4. The r a t io  R for th is  c u rv e  is ca lcu la ted  a s  

sh o w n  in formula (4 .2 3 ) .  The d a ta  a re  s t i l l  below ex p ec ta t io n  w hen 

multiple sca t te r in g  is ta k e n  into a c c o u n t .

The best way to estim ate th e  d is c re p a n c y  b e tw een  da ta  a n d  

th e o ry  is to compare va lues  of th e  p ro b ab il i ty  P of f in d in g  a p ro to n  

betw een given limits of in te rn a l  momentum. We define  P to be

For the  d a ta  in fig . 5 .6 ,  w ith  = 16 and q ^ x  = 56 MeV/c we find P =

0.298. The co r resp o n d in g  value fo r  th e  Paris momentum d e n s i ty  betw een  

t h e  sam e  Limits of q is 0,322; so  abou t ( 7 .4  ±0.4)% of th e  p ro to n  

momentum density  is m iss ing  over th i s  range  o f in te rn a l  momentum. When 

th e  multiple sc a t te r in g  re su l ts  a re  ta k e n  into a c c o u n t  the m issing
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s t r e n g t h  is  reduced  to (5 .7  ±0.4)%. The e r r o r  quoted is statistical 

on ly . T he  system atic  e r r o r  on P is mostly due to uncerta in ty  in and 

we es tim ate  it to be ±1.9%. The system atic  u n ce r ta in ty  on <b2in Fig. 5 .4  

and  R in Fig. 5.6 is ±1.8%, again  mostly due to th e  uncerta in ty  in p^.

T he  d a ta  shown in fig. 5.7 as R vs . p^ are  a subse t of the

da ta  in f ig .  5 .3  th ro u g h  5 .5 .  T hese  data  a r e  for solid angle Aft 3 -

0.107 m sr an d  AJI4 = 1.19 m sr; £113 is defined by coun te r  Egg on the MRS 

s id e .  ( s e e  section 2 .5 ) .  T h e  ra tio  R for th ese  data and the multiple 

s c a t te r in g  c u rv e  a re  ca lcu la ted  as  explained above. The e r r o r  bars a re  

s ta t is t ic a l  on ly . The d a ta  a re  low by 2.0% to 6.9%, compared to the

P a r i s  w a v e  f u n c t io n  a n d  b y  0.3% to 5,6%, compared to the multiple

s c a t t e r i n g  calculation. When the probability  P Is compared with the  

Paris  wave function , the  d a ta  a r e  found to be low by (6.1 ±0.5)%; when 

com pared with th e  multiple s c a t te r in g  calculation the data  a re  low by  

(4 ,6  ±0,5)%, The sys tem atic  u n c e r ta in ty  is again  1, 9%, Comparing the

d a ta  in f ig .  5 .6  and  f ig .  5 .7  ind ica tes  good agreem ent below P5 " 60

MeV/c, bu t d if fe ren t  b eh av io r  above 60 MeV/c. T he  difference may be due 

to n o n - l in e a r i ty  in th e  MRS momentum calibration which was not corrected 

f o r ,  o r  to MRS t r a n s m is s io n  inefficiencies. Both effects affect the 

d a ta  from the  la rg e r  solid ang le  most.

We also have d a ta  in the same range of neu tron  recoil momenta,

from a  m easurem ent of d 5o fo r  the asymmetric ang le  pair 30°. 1 - 53.75°;

th e  solid ang les  w ereA flg  = 0,528 msr a n d d f ^  = 0.792 msr. The data a re  

p lo tted  as  <t>2 vs . n eu tro n  recoil momenta pg in f ig ,  5,8. The e rro r  bars 

shown a r e  s ta t is t ica l  on ly . A gain , th e  agreem ent with the shape of
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the th eo re t ic a l  momentum d e n s i ty  is go o d , b u t  th e  <t>2 v a lu e s  a r e  too 

small b y  5% to 18V We also d isp lay  th e s e  d a ta  a s  R v b ,  th e  n e u t ro n  

re c o il  m om enta  in f i g .  5 .9 .  N o tice  t h e  tw o  b r a n c h e s  (a sy m m etr ic  

k in e m a t ic s )  t o r  th e  multiple s c a t te r in g  r e s u l t s .  C o m p arin g  th e  d a ta  

p lo tted  by  d o ts  with th e  u p p e r  c u r v e ,  a n d  th e  c ro s s e s  w ith  th e  lower 

c u rv e ,  the  d isc re p a n c y  with th e  d a ta  is 1% to  6%. T h e se  d a ta  a re  in  

good ag reem en t with the  data  a t  th e  sym m etric  a n g le  p a i r  4 1 .4 ° .  T he  

P-value  is low by  (6 .4  ±.5)%, w hen com pared  to  th e  P a r is  w ave fu n c t io n ;  

the m iss ing  s t r e n g th  is red u ced  to (5,1 ±.5)% w hen P is co m p ared  w ith  

th e  m u l t ip le  s c a t t e r i n g  r e s u l t . H e re  t h e  sy s te m a tic  u n c e r t a in ty  is 

2.7%, la rg e r  th an  a t 41 .4° becau se  the t a r g e t  th ic k n e s s  u n c e r t a in ty  does 

not cance l out (see  se c .  3 .6 ) .

T h e  two r e su l ts  from  the 41 .4° d a ta  a re  com patib le  w ith  th e  30 .1° - 

53.75° (see  Table  5 .1 )  r e s u l t .  T h e  a v e ra g e  of th e se  th r e e  r e s u l t s  g iv es  

a m issing  s t r e n g th  of 5.1% +{0.7% s ta n d a r d  d e v ia t io n ) .  T h is  im p o rtan t  

re su lt  will be d isc u s s e d  f u r th e r  w hen we c o n c lu d e .

N ex t,  we d iscu ss  two o th e r  s e ts  o f small recoil momentum d a ta .

Fig. 5 .1 0  shows the  d a ta  for th e  44.1° sym m etric  an g le  p a i r .  Here th e  

solid, a n g le s  w ere  A flj = 0,528 m sr  an d  = 1 .19  m sr .  P lo t te d  in f ig .

5.10 a r c  4*^-values  v s .  pg. When com pared  to th e  P a r is  th e  solid

c u rv e ,  we o b s e rv e  th a t  the  d a ta  a re  in e x c e s s  of th e  IA b y  a b o u t  2% on 

the a v e ra g e .  T h e  m ultiple s c a t te r in g  c o r re c t io n  is -1% to -3%, So when 

th e  d a t a  a re  com pared with th e  multiple s c a t t e r i n g  r e s u l t s ,  th e y  a r e  

found to be in e x cess  b y  3% on th e  a v e r a g e .  T h e  e r r o r  b a r s  show n a r e  

the s ta t is t ica l  u n c e r ta in t ie s  only .
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Table s . i

In te g ra te d  p ro b a b il i ty  P fo r  n - recoils in range  16 to 56 MeV/c

P - defec t 
lA when com pared to

6 g ra p h s  
(%)

5.7 +0.3

4 .6  ±0.5

5.1 +0.5

5.1 ±0.7

^sta tis t ica l  e r r o r  only 

^ s y s t e m a t i c  u n c e r ta in ty  

* * * s tan d a rd  dev ia tion  

****smaller solid ang le  on MRS-side

Proton ^ d a ta  ^  Paris
Angles {%)

41° 0.298 0.322 7 .4  ±0.3*
( ± 1 . 9 ) * *

41°**** 0 .334 0.353 6 .1  ±0.5
( ±1 . 9 )

30°-53 ,8° 0 ,326 0.353 6 .4  ±0.5
(±2,7)

a v e rag e  6 .6  ±0,7

The d a ta  shown in f ig .  5.11 as 4>^-values v s ,  p5 a r e  fo r  the  

38.1° sym m etric  a n g le  p a ir .  The solid a n g le s  were as in f ig .  5 .10 . 

These d a ta  a re  low b y  (16 .5  ±4.3)% ( s t a n d a r d  dev ia tion )  on  a v e ra g e  over  

the  reg ion  of n e u tro n  recoil momenta of in t e r e s t ,  when com pared with the 

Paris 4>2 , the so lid  c u rv e .  Compared to th e  d ash ed  c u r v e ,  the multiple 

s c a t te r in g  r e s u l t ,  the  d a ta  a r e  low b y  (13.2 ±4.6)% ( s ta n d a r d  dev ia tion) 

on a v e ra g e .  The obvious d iffe ren ce  between th is  re su l t  an d  the 44°- 

re su lt  will be d isc u s s e d  in th e  following sec tio n .
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5 .4  LARGE NEUTRON RECOIL AND ASYMMETRIC ANGLES DATA

In all p rev io u s  <p, 2p) experim en ts  i t  was observed that at

n e u tro n  recoil momenta la rg e r  than  200 MeV/c, the cross  section and 

momentum d is t r ib u t io n  s top  d e c re a s in g  with in c reas in g  recoil momentum. 

O u r  large  n e u tro n  recoil d a ta  a re  in agreem ent with these  resu lts .  The 

multiple s c a t te r in g  calculation does expla in  a  large  par t  of this 

enhancem ent to r  v e ry  large recoil momenta an d  a n o th e r  par t  is explained 

b y  the calculation of a non-IA  g ra p h  which includes  v irtua l excitation 

of th e  A(1232) re so n an ce ,  a s  shown recen tly  b y  AJ Yano (Ya-85), and in 

th e  p a s t  b y  Wilkin (C r-6 9 ,  A l-77).

Fig. 5.12 shows the d is t r ib u t io n  of values as a function of 

n e u tro n  recoil momenta for symm etric angle pa irs  47°, 50° and 52°. 

Com paring th e  d a ta  with the P ar is  ^ - d i s t r i b u t i o n ,  the  solid cu rve , we 

see  th a t  th e  47° d a ta  a re  low b y  <7.3 +G,0)% ( s ta n d a rd  deviation) on 

a v e ra g e  in th e  n e u tro n  recoil ra n g e  106 to 140 MeV/c. When the multiple 

s c a t te r in g  co rrec t io n  is taken in to  account ( th e  d a sh e d  c u rv e ) ,  the data 

a r e  low b y  (2 .4  ±7.0)% ( s ta n d a rd  dev ia tion) on average  over the same

recoil r a n g e .  The d a ta  for 50° and 52° show two sep a ra te  branches for 

P3 ^ P3 = minimum recoil) a n d  P 3  > P 3 . Wr do not expect to see tw o  

b ra n c h e s  for sym m etric  kinematics as d isc u sse d  in section 5 .2 , and 

w ithou t a  mis s in g -m ass  c u t ,  we f ind  th a t  th e  two b ranches  agree ra ther  

well. It is  in te r e s t in g  tha t b o th  at 50° and  52°, th e  complete calcu

lation in c lu d in g  multiple s c a t te r in g  gives a  cross  section smaller than 

th e  IA va lue . H ow ever, the d a ta  show a d if fe re n t  behavior; at 50° the 

4>2-v a lu es  a r e  indeed below th e  . b u t  a t 52° th e y  a re  above. The
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minimum recoil fo r  50° d a ta  is 174 MeV/c an d  for 52° d a ta  it is 222 

M eV /c; so we do see  that the  d a ta  s ta r t  d ev ia t in g  from th e  IA p red ic tion  

s t a r t i n g  a t recoil momentum of about 200 MeV/e.

T h e  d a ta  d isp layed  in fig. 5.13 a s  <t>^-values v s .  pg a r e  for 

th e  asym m etric  an g le  pa irs  41.54° - 50°, 41,50° - 57° an d  51.54° - 66°.

H ere  the  solid c u r v e  r e p re s e n ts  the  ^ a r i s  d i s t r ib u t io n ,  an d  the  

d a s h e d  c u r v e  is f rom  the multiple sc a t te r in g  calculation. We see th a t  

th e  d a ta  a t  small recoil s t a r t  below th e  P a r i s '  th en  c ro s s  over and  

rem ain  in e x c e s s .  For the  ang les  41.54° - 50° the co rrec tion  d u e  to

m ultip le  s c a t te r in g  is -1.9% to  -11,3% fo r  the recoil momenta of 78 to 

180 MeV/c. For th e  angles 41.54° - 57° the correc tion  fo r  the recoil

r a n g e  157 to 261 MeV/c v a r ie s  from -7.6% to -16.0%, For the an g les  

41 .54° - 68° th e  c o rrec t io n  t u r n s  positive a n d  ra n g e s  from +8,3% to  

+41%; th e  c o r re s p o n d in g  p 5 values a re  287 to  383 MeV/c. The <J>2 d i s t r i 

b u t io n  o b ta in ed  from  the 3 an g le  pairs  va r ie s  smoothly a n d  con tinuously  

o v e r  the  la rg e  recoil range c o v e red ,  78 to 383 MeV/c, A g a in , a d is t in c t  

d e p a r t u r e  from the  IA pred ic tion  can be se e n ,  s ta r t in g  a t  about 200 

M eV/c recoil momentum.

N ex t,  f ig .  5.14 show s th e  d a ta  fo r  asym m etric  angle p a i r s  

30 .14° - 44°, 30.14° - 61° a n d  30.14° - 68° in the form of th e

d i s t r ib u t io n  as  a function  of pg. Again th e  solid c u rv e  is  'fcparig and  

th e  d a s h e d  line is from  the multiple s c a t te r in g  calculation. The d a ta  

fo r  30 .14° -44° a re  a s  much a s  19% below |f>$Qris at the minimum recoil of 

66 MeV/c an d  th e n  c ro ss  o v e r  an d  are In e x c e ss  by as  much as one and  

h a lf  times a t  th e  recoil of 184 MeV/c. T he da ta  fo r  30.14° - 61°
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ag ree  well w ith  4*fSQrjB o v e r  th e  whole recoil ra n g e  of 61 MeV/e to 169 

MeV/c, The d a ta  fo r  30,14° - 68° a lso  a g re e  well w ith  e x c e p t  the

last two d a ta  p o in ts .  The multiple s c a t te r in g  values  a re  below <D$a r ja 

fo r  all th re e  ang le  p a ir s  an d  ra n g e  from , -6.0% to -2,00% fo r  30.14° - 

44°, -2.5% to -7.5% fo r  30.14° - 61° and  -1 .5  to -10% fo r  30.14° - 60°.

When th e  <t>2 d is t r ib u t io n s  ob ta ined  from th e se  d a ta  a re  

compared with th e  <|>z ob ta ined  from th e  d a ta  of o th e r  a n g le s ,  we see tha t  

the  <t>z-va lues  from 36° - 39° and  30.14° - 44° d a ta  a g re e  w here  th e y

o v er lap ;  the  <frz -v a iu e s  o b ta ined  a t  44° - 44°, 41.54° - 61° and  30.14° - 

61° also a g re e  w here  th e y  over lap . T h is  may not be fo r tu i to u s .  The 

f i r s t  se t  of ang les  is  c h a ra c te r iz e d  b y  £ 3  + 0 ^ < 83 ,0° and  second b y  ©3 

+ 84 > 8 3 .0 ° ;  o r  e q u iv a le n tly ,  the f i r s t  se t  has p ^  < 0 ( i . e .  an t i -  

para lle l  to p p ,  th e  second  pg^ > 0 ( i . e .  para lle l  to p ^ ) .  This 

b ehav io r  might be re la te d  to re la t lv is t ic  e ffec ts  not inc luded  in the  

re la tlv is t ic  t re a tm e n t  of th e  k inem atics. S ev era l  p re sc r ip t io n s  to 

t re a t  th e  problem  of the o f f-sh e l ln ess  of the s t r u c k  nucleon ex is t  in 

the  l i te ra tu re  ( fo r  exam ple Gugelot (G u -8 4 ) ,  K obushkin  (K o-82) ,  B er-  

tocchi (B e-7 6 )1 . All h ave  in common th a t  they  lead to an  in te rn a l  

momentum which is sm aller th a n  when P5 > 0 , an d  l a r g e r  in abso lu te

value than  p 5 when p 5 < 0. A lthough we will not a ttem pt h e re  a  deta iled  

ana lys is  of th is  s o r t ,  th e se  re la t lv is t ic  e ffec ts  will ten d  to b r in g  the  

two s e ts  of d a ta  m entioned in close ag reem en t.

Fig. 5 .15 shows th e  <t>z d is tr ib u t io n  for th e  57° an d  66° sym 

m etric angle  p a i r s .  The e r r o r  barB a re  for s ta t is t ic a l  u n c e r ta in ty  

on ly . When th e  d a ta  a re  com pared to  the  solid c u r v e ,  the
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d isc rep an cy  with the d a ta  is Large fo r  b o th  angle  p a i r s .  T h e  d ash ed  

c u rv e ,  ob ta ined  from th e  multiple s c a t te r in g  calcu la tion , doeB c o n tr i 

bute th e  same f rac tion  of the  4»^-data at 57° and  66°. The va lues  a t

57° a n d  at 41.54° - 68° ag ree  well with each  o th e r  in th e  o v e r lap p in g

region of recoil momenta.

Finally in  fig. 5.16 we show the 4 ^ - values a t  the  minimum 

recoil momentum fo r  all th e  symmetric angle  pa irs  we m easu red .  T he  d a ta  

points fo r  the ang le  pa irs  41,54° - 41 .41°, 38° an d  50° a r e  below the

^i^aris* r e p re s e n te d  by th e  solid c u rv e .  T he  d a ta  a t  44° a n d  47° ang le  

pair a r e  r ig h t  on the c u rv e  an d  th e  d a ta  at 52°, 57° a n d  66° a re

system atically  h ig h e r  th a n  ^ ^ a r i s 1 T he  d a sh e d  c u rv e  r e p r e s e n t s  the  

multiple s c a t te r in g  calculation re su l ts  an d  the d a s h e d -d o t  ted  c u rv e  

labelled " A 1' is  th e  calculation of th e  non-1A g ra p h  show n in f ig .  5 .16 , 

which includes  a  p n +n v e r te x  an d  A -ex c ita t io n  th ro u g h  ex ch an g e  of the  

pion, followed b y  de-exc ita tion  of th e  A th ro u g h  a  second pjon (o r  rho )  

exchange  (Y a-85). The multiple s c a t te r in g  calculation b y  itse lf  

explains a large  p a r t  of th e  d a ta  fo r  large recoil momenta, a n d  so does 

the r e s u l t  of th e  "A" calculation. It is possible th a t  if we combined 

the am plitudes of th ese  two p ro c e sse s ,  th e  r e su l t  would a g re e  w ith  

exper im en t.  This is a d iff icu lt  ta sk  which will not b e  a t tem p ted  h e re .

5.5 COMPARISON WITH l e .  e ’p )  AND PREVIOUS {p . 2p) DATA

Fig. 5 .17 d isp lays  the d a ta  of the  p r e s e n t  ex p er im en t ,  the  

^H(e, e 'p ) n  experim en t of Bernhelm e t  al (B e-81) and  th e  ®H(p, 2p) 

experim ent of Witten et a l .  {Wi-75) a s  v s .  pg. The solid c u rv e  is
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th e  P aris  d e u te r o n  momentum d e n s i ty .  The (e ,  e ’p ) data  a r e  sy s te m a ti

c a l ly  low by  18 to 20% com pared to th e  4 $ a r iB’ ô r  P5 between 0 and 100 

M eV /c , a n d  a r e  low by  10 to 12% w hen compared with our d a ta .  The same 

( e ,  e 'p )  d a t a  a r e  show n in fig . 5.18 {fig . 7 from Ar-82) a f t e r  severa l  

c o r re c t io n s  s u c h  a s  f ina l s ta te  in te ra c t io n s ,  meson exchange  c u r re n ts  

a n d  iso b a r  c o n f ig u ra t io n s  a r e  taken  in to  account. Even a f t e r  all th e  

c o r re c t io n s  m en tioned  ab o v e , the ( e ,e 'p )  d a ta  as  seen in fig . 5.19 

fwrh ich  is f ig ,  5 in {A r -8 2 )) a re  low by  a few p e rc e n ts  in th e i r  "k in e 

m atic s-!  r e g io n ,"  b u t  one has to co n s id e r  the system atic u n c e r ta in t ie s  

b e fo re  d r a w in g  a n y  co n c lu s io n s .

T h e  ( p ,  2 p )  d a ta  of Witten et al. (Wi-75) at 585 MeV a re  

ty p ica l ly  13% below th e  1A. A no ther  (p ,  2p) experim ent a t  800 MeV 

(F e -7 8 )  a lso  show ed  s im ilar  d isc rep an cy  when compared to  the IA; the  

d a t a  a re  11% too low (see  Table 1 .1 ) .  These two r e s u l t s  must be

co m p ared  w ith  o u r s ,  w hich a re  7% below the 1A, The system atic  u n c e r 

ta in t ie s  fo r  th e  o th e r  {p, 2p) d a ta  is typically  10-15%, for o u r  data it 

is 1.8%. T h u s ,  o u r  r e s u l t s  a re  compatible within system atic e r r o r s  with 

th e  o ld  o n e s ,  b u t  the  re a l i ty  of the missing s t r e n g th  is now confirmed 

a t  th e  2% level.

T h e  d a ta  fo r  pt, > 100 MeV/c a r e  d isp layed  in f ig .  5 .20  as 

v s  p^ ,  In c lu d e d  h e r e  a r e  th e  (e»e 'p )  data  of Bernheim e t a l, (B e-81), 

w h ich  r e a c h  u p  to p 5 o f 335 MeV/c an d  of Mehnert (Me-B4) from  335 to  645 

M eV /c, {p , 2 p ) d a ta  of Witten e t a) (Wi-75) up to pg of 420 MeV^c a n d  

o u r  ( p ,  2p) d a ta  up  to of 674 MeV/c. The v e ry  f ir s t  th in g  we no tice  

is t h a t  th e  ( e ,  e rp) d a ta  more o r less follow the IA curve  all th e  way
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up  to  645 MeV/c. T h e y  do not show a n y  s u d d e n  d e p a r tu re  from th e  IA

pred ic tion  as  the (p ,  2p) data  do s t a r t in g  a t 200 MeV/c. The two ( p ,

2p) experim ents  a re  of a d if fe re n t  n a tu re ;  the  data  of Witten e t  al 

(Wi-75) were obtained  keeping th e  ang les  f ixed  a n d  ch an g in g  the e n e rg y  

sh a r in g  among th e  two p ro to n s ;  th e  d a ta  of th e  p re se n t  experim ent w ere 

ob ta ined  chang ing  the angles of th e  two p ro to n s  symmetrically w ith  

re sp ec t  to the incident beam d irec tio n . The d a ta  from b o th  experim ents  

show a d is t in c t  deviation from th e  1A p red ic t io n  s ta r t in g  a t abou t 

200 M eV/c, su g g e s t in g  th a t  the [A no longer  d e sc r ib e  the ( p ,  2p) d a ta  in 

th is  recoil region. The asymmetric k inem atic  d a ta ,  which reaches  u p  to

380 MeV/c recoil show the same k ind  of b ehav io r ,  also s ta r t in g  a t

200 MeV/c (see  f ig .  5 .13 ).  T h e  enhancem ent in s t a r t in g  a t recoil

momentum above 200 MeWc had a lre a d y  been  c learly  seen  in the ( p ,  2p) 

da ta  a t  600 MeV of P erd risa t e t  al (P e -6 9 ) .  Similar behavior is 

also exhib ited  by  the data  of F e ld e r  e t  al (F e -7 6 ) ,  s ta r t in g  at th e  

recoil of 200 MeV/c. It thus a p p e a rs  th a t  in th e  energy  range  500 to 

800 MeV, th e  same a b ru p t  devia tion  from th e  (A s t a r t s  a t  the same 

neu tro n  recoil momentum, 200 MeV/c,



CONCLUSIONS

The two re su l ts  of th is  experim en t will be d isc u sse d  h e re .

F i r s t ,  as  was shown in C h a p te r  V, fo r  n -reco il  smaller than  

100 MeV(c, the c ross  sec tion  data  a r e  lower th a n  the  IA p red ic t io n .  The 

re su l ts  a re  collected to g e th e r  in T ab le  5 .1 .  T he  missing p ro b ab il i ty  to 

find th e  proton in the d eu te ro n  is b.6% re la t iv e  to th e  I A, 5.1% when 

r e s c a t t e r i n g  a n d  f in a i  s ta te  in te ra c t io n  c ro ss  sections a re  included . 

(System atic u n c e r ta in ty  a r e  given in th e  T a b le .)  So what a re  the p o ss i

ble causes for the m issing s t r e n g th  in the small n -reco il  range? Here 

we mention and  d iscuss  3 possible o r ig in s  for th is  m issing s t r e n g th .

( I ) R eferring  to th e  multiple s c a t te r in g  expansion  d e sc r ib e d  in 

C h ap te r  IV, both  th e  s ing le  s c a t te r in g  and the  double s c a t te r in g  term s 

are  affected by the use of on-shell am plitudes  instead  of ha lf-o ff-she ll  

o n e s ,  a l th o u g h  in d i f f e r e n t  w ays. Calculations of h a lf -o ff-sh e ll  NN 

am plitudes have in the p a s t  been limited (Mo-69) to e n e rg ie s  of 300 to 

400 MeV by the d iff icu lty  of o b ta in in g  NN poten tia l  p a ram ete rs  above 

the pion production th re sh o ld .  A calculation b y  th e  TRIUMF theo ry  g ro u p  

(F e -65 ) ,  based on new P aris  po ten tia l  p a ra m e te rs ,  might soon be av a i l 

a b le .  It Is thus  possible that th e  m issing s t r e n g th  now well e s ta b 

lished for th e  ^H (p, 2 p )n  reaction , will p rove  exp la inab le  when p ro p e r  

o ff-shell amplitudes a r e  u se d  in th e  eva lua tion  of the theo re tica l  c ross  

s e c t io n .  I t  i s ,  h o w e v e r ,  not p o s s ib le  a t  t h e  p r e s e n t ,  to p re d ic t
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w h e th e r  th is  nex t s te p  on th e  th eo re t ic a l  s ide  will im prove, o r  on the  

c o n t r a ry  make th e  ag reem en t with th e  d a ta  w orse .

(2) T he  d a ta  from th is  w ork have b een  com pared with th e  Paris  

p o ten tia l  d e u te ro n  wave fu n c tio n ,  which con ta ins  5.7% D -s ta te .  A deu- 

t e r o n  w a v e  fu n c t io n  con ta in ing  a la rg e r  D -s ta te  component, like the 

Reid s o f t - c o re  (R e-68) po ten tia l with 6.47% D -s ta te ,  will d ec rease  the  

d isc re p a n c y  betw een th e o ry  a n d  d a ta  b y  2%. C o n v e rse ly ,  the Bonn p o ten 

t ia l  w h ic h  g iv e s  a b o u t  4.7% fo r  the D -s ta te  p ro b ab il i ty ,  leads to a 

d is c re p a n c y  la rg e r  b y  4%. A lthough th e  re su l ts  of th is  experim ent are  

c le a r ly  se n s i t iv e  to th e  D -s ta te  p ro b a b i l i ty ,  it canno t be sa id  tha t  a  

b e t t e r  know ledge of th e  ac tu a l  D -s ta te  p ro b a b i l i ty  haB been ga ined . A 

more d ire c t  m easurem ent of th is  Im portan t p r o p e r ty  of th e  d e u te ro n  might 

h ave  to come from a  determ ina tion  of th e  momentum d e n s i ty  in the  region 

200 - 600 M eV/c, w here th e  D -s ta te  is dom inant. The ( p ,  2p) d a ta  c le a r 

ly  in d ic a te  th a t  th is  is a reg ion  w here  th e  pion d e g re e s  of freedom 

become im p o rtan t .  It might be t h a t  in th is  reg io n , non-nucleonic  p a r t s  

o f  th e  w a v e  f u n c t io n  become too im portan t to allow an  experim ental 

determ ina tion  of P p .  It is in fac t q u es tio n ab le  w h e th e r  th is  q u a n t i ty  

is ac tually  access ib le  to an  experim ental de te rm ina tion  (F r -7 9 ) .

As a  conclusion , th e  p r e s e n t  d a ta  could su p p o r t  a  d e u te ro n  

w ith  a D -s ta te  p ro b ab ili ty  somewhat la rg e r  th a n  th a t  of the Reid so f t 

co re  p o ten tia l .

(3) T h e  d e u te ro n  is e x p e c te d  to con ta in  iso b ar  components like

A  A  , NN*(152Q) NN* (1688) an d  more (W e-78), w ith  a summed p robab ili ty  

o f  1 - 2%. The sp in  an d  p a r i ty  of th e se  Isobars  re q u ire  an  o rb ita l
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a n g u la r  momentum fo r  the  N N *-sta tes  w ith  L Z 1; ev en  fo r  the A  A  s ta te  

which can have L -  0 ,  L = 2 a n d  4 a r e  more p ro b a b le .  Ail th e se  s ta te s  

have momentum d e n s i t ie s  v an ish in g  a t q = U, a n d  as  a c o n se q u e n c e  th e i r  

p re se n c e  tends to d e c re a se  the  value of (Pg = 0 ) .  No unam biguous  

experim enta l ev idence  fo r  th e  re a l i ty  of su c h  com ponents  e x i s t s  a s  o f  

y e t .  O u r  r e s u l t s  r e q u i r e s  th a t  th e  to ta l iso b ar ic  com ponent In the  

d e u te ro n  be a t least 6%, which a p p e a r s  u n l ik e ly .

Finally, a  6 -q u a rk  b a g  com ponent h as  been  p o s tu la te d  (K o-62) 

to exp la in  an  anomaly in the d e u te ro n  b r e a k u p  c ro s s  sec tio n s  a t  0° for 

9 .9  GeV/c d eu te ro n s  by  Ableev e t a l. (A b -8 3 ) .  The p a ra m e te rs  Ableev 

found  n e c e s sa ry  fo r  th i s  6 -q u a rk  component to ex p la in  th e  anomaly re su l t  

in a  d ec rease  of (q  = Q) b y  4%. A lth o u g h  th is  num ber  comes c losest 

to the  6% observed  in o u r  experim en t,  much s t r o n g e r  ev id en ce  is r e q u i re d  

to ru le  out o th e r  possib ili t ies .

T o  c o n c lu d e ,  n o n e  of the  above  possib ili t ie s  by  i t s e l f ,  a p p e a r s  

likely  to explain  the missing s t r e n g th  o b s e rv e d  p re v io u s ly  as  well as  in 

th is  experim en t.  B u t obv iously , f u r t h e r  ca lcu la tio n s  a re  r e q u i r e d .

Second, i t  h as  been o b s e rv e d  in all th e  p re v io u s  ( p ,  2p) e x 

perim en ts  as  well as  in  the p r e s e n t  one th a t  fo r  recoil momenta pg > 200 

MeV/c, s tops  d e c re a s in g ,  s u g g e s t in g  b reak d o w n  of the  LA so t h a t  <J>2 is 

no longer  a  momentum d is t r ib u t io n .

As best s e e n  In f ig .  5 .1 6 ,  th e  inc lu sion  of th e  pn s c a t t e r in g  

term of the  !A, and o f r e s c a t te r in g  a n d  final s ta te  in te ra c t io n  im proves 

th e  ag reem en t (c u rv e  labelled "6 g ra p h s " )  w ith  o u r  d a ta  in th e  re g io n  of
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n -reco il  l a r g e r  than  200 MeV/c. In th e  same f ig u re ,  it is also a p p a re n t  

th a t  th e  A  excita tion  mechanism calcu la ted  b y  Yano, b y  itse lf  almost 

f i t s  t h e  d a t a .  F u th e rm o r e ,  re la t iv is t ic  e f fe c ts  connec ted  to b ind ing  

( see section  5 .4 )  lead to values of th e  in te rn a l  momenta smaller than 

Pg , and th e re fo re  exp la in  some of the  a p p a re n t  e x cess  in we o b se rv e .

O b v io u s ly ,  c r o s s  s e c t io n  m e a s u re m e n ts  a r e  insu ff ic ien t to 

d i s e n t a n g l e  th e  severa l  poss ib le  c a u se s  fo r  th e  e x c e ss  of in the 

l a r g e  r e c o i l  r e g io n .  It Is p o s s ib le  th a t  fu tu re  polarization e x p e r i 

m e n ts  (W i-7 9 ) ,  e i th e r  with po larized  p ro to n s ,  o r  v e c to r -  and  tensor  

po larized  d e u te ro n s ,  will b r in g  th e  add it iona l inform ation needed  fo r  a 

complete u n d e r s ta n d in g  of th e  d e u te ro n  s t r u c t u r e .



A ppendix  A 

x EXPANSION IN TERMS OF t* AND Xi

F ro m  e q n s .  (4 ,4 )  a n d  (4 .5 )  we find  the following o p e ra to r

I T ’S " : J  T  c  - t i  .  \  ♦ 1 ^  G T *  -  v ,  - M t

~  *’ * _ x w  -

■%*X
S ince  V j G  is  not th e  id e n t i ty  o p e r a to r ,  we must have

xi = x, + j £  4 X, G xi (A 2)

E q n s .  (A2) a r e  th e  F ad  dee v eq u a tio n s .  Equation (4 .6 )  follows

from  a b o v e :

3 . 3  
x  = .  J L j  x*  = j _ L  ^  [ X) +■ j G  x l  ]

- + T 2 + T3 + TlG x2 + x^G t3 )

+ t 2GT* + x2C t  ̂ + t3Gt1 + T3Gx2

a g a in  u s in g  e q n .  A2 g iv e s :
x  = Tj^ +  +  t 3  +  t ^ G  ( x 2  +  x 2 G x 3 +  X2G X 1 ]

+  X | G  [ X3  -t t j G x 1  +  X3 G X 2  ] +■ t 2 G ( X |  + t j G x 2  +  X j G t 3  ]

+ t 2 G  [ x 3  +  x j G t 1 +  t 3 G x 2  ] + x 2 G  [ t j  +  X j G l 2  + X | G X 3 J

+ XjG [ x 2 + t 2 G t1  + t 2G x 3 J ( A 3 >
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E q u a tio n  (4 .6a) follows from (A3) if one leaves te rm s  with 

more than  one G ou t,  i .e .  keeps only  graphs with 2 in te rac tions .



Appendix  B 

INTEGRAL d*q AND KINEMATICS

E nergy  and  momentum a re  c o n se rv e d  a t  b o th  v e r t ic e s  fo r  the  

r e s c a t te r in g  and  final s ta le  in terac tion  d iag ram s. I show here  how the 

momentum j q j was calculated at th e  second  v e r te x  from the e n e r g y  and  

momentum conserva tion  fo r  diagram 4 . 2b,

p35 = p 3 + p5

^35 = E (P 3 ) + E (P5 )

-> + -+ -*
= E ( p 3 + p 5 - q )  + E (q )

= / ( p j  + P5 - X )2 + m + (B21

Tak ing  the sq u a re  of (B2) on bo th  s ides will give

^  I----- --^ 4
= f p 35 - q )2 + m2 + q 2 + m2 + 2 J  m2+(P35 - q ) 2 * /  q 2 + m2

<B3)

(B3J is a q u a d ra t ic  equation  in q ,  and  so lv ing  th a t  equa tion  will give

[ y  w<s  k  -  -  w k u - T f U s )  ]  (B4)
*  '  z U i s -

We see from (B4)  th a t  q is only d e p e n d e n t  u p o n  0 ^ .  Since th e  In te g ra l  

is two d im ensional, we can transfo rm  d 2q to d e ^ .
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= 2nq Bin0q q d 0 q 

= 2uq2 sinQ q dOq.



A ppend ix  C

THE NUCLEON-NUCLEON AMPLITUDES FOR THE 

THREE PARTICLE SPIN STATES

In  th is  p a r t  I g iv e  th e  nucleon-nucleon  am plitudes fo r  all 

possib le  th re e -p a r t ic le  spin  s ta t e s .  These  am plitudes a re  taken  from 

Jon Wallace's thesis (Wa - 71) a n d  th ey  a r e  c o r re c te d  fo r  a  few e r r o r s  

in s ign .

f *” * \ v >  = n ™  < . « , < $ )  *  < * '  p *” 4 ' * >

< t  I p f l J l V ,  -  o =.

< . x \ * r , \ =  < * '  F r “ | 3 > € M

< i \ \ ^  ^ r„ t +  ^ ~ < 4 ^ P

? / v  * £  -

N = p , n
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F h j f  i» , 4h* — < t  \ t=P' | a> eai<?
< *  \  F p * M O  e ' 4 ' ^

* I F " |v >  t  ^'4 = < r |  FP<*|,>

< 3 \  p P P  | 0 „  ^ 3 (  P l o o  ( » .  <P) -  M „ ( F ,  ( p ^  =  <41 F p p l  6 >

- < s - | F P P | j ' >  _ < t | p p p | 4^

< 3I F  *  1 6  >  •  i  O C ( » ,  < ? )  ♦  *  M P P ( » ,  4 )  £  * 4 )  .  -  < 4 !  F f p !  r >  f  * “ ?  

< 6 iF PfU>= iCM.P,P(e,<P) * ^nTo C®. = - - s C lF ^ l^ e ^ ^

<*1 FpP |  r >  i  (0,<?) ■♦ J  < PC®,0 )  -  <41 f "  14>

V /  F P P J 4 >  (  r t «  ! • . < «  t  * ' #  -  < M ) ) =  - < « l  F P P  k X ,,<(?

<7lFw‘|7>- Mf/Ce.-P) = t l̂pppjg^
=  < e |  F p p l 7 ><7 |F ppie> ,0  = < e ,p,. , v

f  r n , | J >  - O  -  <  g  1 F p p |  i" >6

<s-| fF" j -JX* mP"(9. ̂  Uŝ
<M Fh* |*>4 * j T  ^  j « 4<f

■ <41 -< r |F f ”'|a> ,

< *1 |r>„ » ]^  (n *  (M>)- n£(o,<P» * <4( f^O *
.  <s-|Fr|iX * <M fN«->

[ 3 ^  P > fT (» ,p )e a "<) +  n p* ( e ,  f l ) )  * - ^ 1  F tm  | 4 ^  « a i l94



< 6  I Fr" =  7Yfr<!^ce,V)+2MlPV , p J + I? n IP"c®,Pj)=<s|Fpn|6 ,^

f 1 , r r ® . p | = ' < 6 l F  P" l 5 > t  e  1MO

</Y j F P” i7 > + =  i  ( 2 i' +  =  < * /  F

< 7 / F P " l ^ =  £ ( < W " '  M , M «  '  < * /  F p "  ^

<i | f =  - {  w C t e ‘■p) =  "  ^ I F F "  * g )F e  **

<7/f , "Ji V  'ir < % ,* >  = -  <* / f7'"’ l i \ e  1,y!

< ^ | F r " / 7 ^ =  \ 7 t  m X m ) e  * ’ =  < ' I F f 7

= <'TlFr' l ’- \ e!*'"t = <* lF r''U%
( 3 l F r * l 7 ) i f= ' J z (  M , I " 8 . * >  -  =  < ^ 4 -1F f  " I * \

< 1 1 F P7 7 > ^  ( n %  e Z i y +  1  < c a ‘v l)  = - < 3 l f  F" >  '  V * ‘ *

< 7 /  f  F "  /  f  n f j  e ' 11 ^  « P V ' v > j ) = - < *  I F  i  3> f e

^ | i - ' f 7 7 \ =  ^ ( 2 n , r t e ' y’; + , v , S ‘iV!' _ 3 , v , s 7 f e ' w) = ^ 7 f r P 7  ^

-  < v ; f p ” / 5 > ^ =  < s i f p" 1 6 ^

<7/ F I ^  « sis ( M f c v e * !  Mf>,*>)=-<*/ f  s>4 e

Mo index < r e te r s  to th e  n o n - in te ra c t in g  p a r t ic le .



A ppendix  D

a ,  b ,  c .  d  COEFFICIENTS

T his  a p p e n d ix  conta ins  th e  a ,  b ,  c , an d  d  coeffic ien ts  which 

a p p e a r  in e q n .  4.19 to 4 .21 . T h e se  a r e  a lso  ta k e n  out of Jon Wallace's 

th es is  and a r e  also  c o r re c te d  fo r  a few s ig n  e r r o r s .

d . L K f8,y,® ',y> ') =  ^ < L | F i P® , w | L ' X l l  | f F * > ' ) |  l \

l [ < i - \  r V e , ^ ) I L ) ( l L j  F ' f o  * ' ) } ? ) $

K M ' * '  *' = £  [<L IF  V. , * ) l i i ) ( < L \ F  f t y > l  n f  

t j . ,  „  f t  «e. s\ * ' )  =  £  < L /  I F ;” I i >

t u , O '  V, b> 5  = £ / < l | F pB| i ^ < t |  F | 4 )  f

L j l p  t i

+  < L | F
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Cm* (e<9s,< ? * ) ' l < i - |F ^ |L ,>3 <u,\ F»+l!i>

CL,o  ̂{©<)«'<<)') = £t<>-l Ft“> \L'>-<V, \F»’h  *>1*
L,0 f i  4  3

-  \s>2* * < q F r * | L V > f t J > i ]

CLJ-K • £ [cUFf' Il'S <L' | fH*| *S 5.
C  n  a /  3

+  < M F t - U ' ^ l  f P p i  H  j

d L >  w C *  4>tf <>•) = 2, <L | F h  1 L->3 < L' I F t > "  I  z>4
u , '- lJ l  U

d U o<C -  £X<M  f  ► " 1 ^ \ < L'  I ' l \  H -\!ty  L»

-  P f * '  1 L* >  < ^ \  F f*H \ e >  S< u \ p r  \  ^  '  t  ^  t

d L>, w  ( . e - W )  = l t > ^

-  < . l \  \  0 > s <  o  ( r Y *  \ *  ^  S L .  1
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F ig ,

F ig .

F ig .
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F ig .
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F ig .

1,1 P l c tu r i a l  R e p r e s e n t a t i o n  o f t h e  IA f o r  t h e  2 H ( p ,  2 p ) n  
reac t io n .

.1 Layout of th e  pro ton  beam line 4B a t  TRIUMF.

,2 Diagram of th e  Liquid 2 H- and c r y o s ta t  assem bly ,

.3 L a y o u t  o f t h e  e x p e r im e n ta l  s e t u p  show ing  th e  s c a t t e r i n g  
cham ber f th e  six c o u n te r  te le sc o p es  1 to  6 on  th e  RHS, a n d  
A E q q , A E q |  and the MRS on th e  LHS.

.4 Diagram of t h e  MRS show ing  the  f ro n t  e n d  ch am b ers  (EE C ), th e  
q u ad ru p o le  Q , dipole D, th e  v e r t ic a l  d r i f t  ch am b ers  (VDCfs )  
a n d  focal p la n e  sc in t i l la to rs .

,5a C onfigu ra tion  of the 'U' and  fX' co o rd in a te s  in th e  VDC's.

,5b  C o n f i g u r a t i o n  of t h e  v e r t i c a l  d r i f t  ch am b ers  show ing  th e  
E - f ie ld  in  t h e  d r i f t  r e g i o n s  a n d  a t y p i c a l  p a r t i c l e  t r a 
je c to ry ,

.6 Simplified schem atics  fo r  th e  medium re so lu t io n  s p e c t ro m e te r  
(MRS) e lec tro n ics .

.7 Schematic of th e  e lec tro n ics  u se d  to  g e n e ra te  th e  RHS t r i g g e r  
s igna l from 1 of the 6 RHS te le sc o p es .

.8 S ch em atic  o f the e lec tro n ic s  to  d e te c t  a co inc idence  ( L .R )  
betw een RHS t r ig g e r  a n d  e i th e r  o r  AEgg on th e  LHS, T h e
l a t c h  d i s a b l e s  d a ta  a c q u i s i t i o n  u n t i l  r e s e t  b y  "co m p u te r  
r e s e t , "

. 1 O ne-d im ensional h is tog ram  of th e  t im e -o f- f l ig h t  th ro u g h  th e  
magnetic sp e c tro m e te r  from  th e A E p  c o u n te r  to t h e  focal p lan e  
s c i n t i l l a t o r s .  T h e  a r r o w s  i n d i c a t e  t h e  c u t s  to  c h o o s e  
"p ro ton"  e v e n t s  and r e je c t  the  "random " e v e n ts .  T h e  n u m b e r  
of e v e n ts  in  th e  "p ro to n "  reg io n  h as  b e e n  d iv id e d  by  a  f a c to r  
of 200.

.2 O ne-dim ensional h istogram  of th e  t im e -o f- f l ig h t  from th e  le f t  
(A Eg) to th e  r ig h t  (A E ^ ) c o u n te r s . T h e  a r ro w s  in d ica te  th e  
c u ts  to s e p a r a te  " re a l" -  an d  " random " e v e n ts  ( s e p a r a te d  b y  
43 n s ) .  T h e  num ber o f e v e n ts  in  th e  " re a ls "  re g io n  h as  b e e n  
d iv ided  b y  a fac to r  o f  50,
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Fig.

F i g .

Fig .

Fig.

F i g .

Fig.

Fig.

Fig.

F i g .

Fig.

Fig.

Fig.

Fig.

3.3 Geom etry in focal p lane  show ing the focal p lane XF, an d  Xj 
co o rd in a te s  an d  th e  c o n s ta n ts  F, G an d  H. Also shown a re  
th e  a n g le s  0  be tw een  par tic le  t ra je c to ry  and  p lane an d  6 
betw een focal p lane and  VDC's. 6 -  0 in o u r  case .

3.4a T h e  focal p lane co o rd ina te ,  XF (C h an n e ls )  v s .  P3 . Calib
ra t io n  of focal p lane . (1983 da ta )

3 .4b  Plot of Nal pulse  he igh t v s .  T^. E n e rg y  ca lib ra tion  for NAl 
c r y s ta l .  (1983 d a ta )

3.5 T w o-d im en s io n a l  plot of th e  Xq and  Yn coord ina tes  a t  the  
e n t r a n c e  of the  MRS. A rrow s shown a r e  th e  c u ts  on the Xq and  
Yq - coo rd ina tes  to define th e  solid ang le  (19B3 d a ta )
A ny wire h it is sh o w n T re g a rd le s s  of f re q u e n c y .

3.6 Tw o-dim ensional plot of th e  X0-Yq co o rd in a tes  a t  the  d r i f t  
cham ber FEC. T he  solid ang le  A n 3 Is defined  b y  the  p las tic  
s c i n t i l l a t o r  AEo^ of 3 .5  cm. d iam eter . The pro jection  of 
th is  c o u n te r  is c lea r ly  seen .  The FEC was located 40cm dow n
s tream  from A E g i .

3.7 Plot of th e  Xq-Yq co o rd in a tes  a t  th e  FEC cham ber for th e  
sm aller solid angle  defined  b y  c o u n te r  A F rq of 1.7 cm d ia 
m eter.  T h e  d is tance  be tw eenA E qq a n d  th e  cnam ber was 29 cm.

3.8 Tw o-dim ensional e n e rg y  sp ec tru m  fo r  th e  two d e te c te d  p ro to n s  
in *H (p, 2 p )n .  T he  locus c o r re sp o n d s  to q u a s i- f re e  s c a t 
te r in g .

3 .9  One dimensional sp e c tru m  of m issing mass m j. T h e  a r ro w s  show 
th e  cu t  to  se lec t re a l  e v e n ts  with a reco iling  n e u tro n  and  
re jec t  random s.

3.10 Same as 3 .9  b u t inc lud ing  th e  m issing mass c u t .

4 .1a  Impulse approx im ation  diagram s fo r  (a )  p p  s c a t te r in g ,  an d  (b )
an d  p n  s c a t te r in g .
4 .1b

4.2a R e sc a t te r in g  diagram : pn in te rac tion  followed b y  pp r e s c a t 
te r in g .

4 -2b R e sc a t te r in g  d iagram : p p  in te ra c t io n  followed b y  p n  r e s c a t 
te r in g .

4 .2c  Final s ta te  in te ra c t io n  d iagram : pp  in te ra c t io n  followed b y
p n  in te ra c t io n  of th e  two ta rg e t  nuc leons .

4 .2d Final s ta te  in te ra c t io n  d iagram : p n  in te ra c t io n  followed by
pn  in te ra c t io n  of the two ta r g e t  nucleons.



135

Fig. 4.

Fig. 4.' 

F ig. 4,: 

Fig. 4.1

Fig .  5 . 1

Fig. 5.!

Fig.  s . ;

Fig. 5 .<■ 

Fig. 5,(

Fig,  5 , t

Fig. 5.1 

Fig. 5.fc 

Fig, 5.S

3 P e r c e n t a g e  c o r r e c t io n  (R - l)  to IA for pp  s c a t te r in g ,  v s .  
recoil momentum P5 fo r  the 41.41° symmetric angle p a ir .M D  
c o r re sp o n d s  to d iag ram  4 .2a , * A to 4 .2 b ,  to 4 .2c a n d
1 *0  to 4 .2 d .  The solid  cu rve  ia the global re su lt  in c lu d in g  

all s ix  d iagram s in f ig u re s  4.1 a n d  4 .2 .  Filled symbols a r e  
fo r  p 3 < p 3 ( p & = 0 ) .

P e r c e n t a g e  c o r re c t io n  (R - l)  fo r  the symm etric  ang le  p a i r s  
38°, 44° a n d  47°. Only the global re su l ts  a re  shown h e re .  
The d o ts  a r e  for p 3 < p 3 (minimum of p 3 ).

Same as  4 .3  for th e  asymmetric ang le  pair 30° - 53.75°. O nly  
th e  global c u rv e  is show n. T he dots  c o r re sp o n d  to p 3 < p 3 
(P 5 = 0),

T h e  so lid  c u r v e  is  th e  r a t io  R of th e  c a l c u l a t e d  c r o s s  
sec tion  inc lud ing  all s ix  diagrams to the IA (p p  on ly )  c ro s s  
sec tion  a t th e  minimum recoil fo r  the sym m etric  angle p a i r s .  
The d a s h e d  c u rv e  is  IA (pp  + n p )  divided b y  IA (p p  o n ly ) .

Schematic of k inem atics: p 3 is beam momentum, p 3 an d  P 4 a re
th e  m om enta  of th e  detected  p ro to n s ;  0 3 a n d  ©4 a r e  the  
ang les  betw een in c id en t beam an d  the c e n te r  o f the d e te c to r s  
on LHS an d  RHS. a ,  0 X and P^g a re  calcu la ted  q u a n t i t ie s  a s  
d e sc r ib e d  in section 5 .1 .

Plot of pg calcu la ted  from (5 .1 0 ) ,  v s .  value of pg o b ta in ed  
from a Monte Carlo simulation of the experim ental g e o m e try ,  
P 5 (MC).

T w o -d im en s io n a l  sp e c tru m  of c ro ss  section v s .  T3 , k in e t ic  
e n e rg y  of one of th e  de tec ted  p ro to n ,  for the  symmetric ang le  
p a ir  41.41° a n d A f l3 =■ 0.528 msr.

Plot of momentum d e n s i ty  (p2 vs, pg(MC) for 41 .41& sym m etric  
angle p a i r  a n d A f t3 = 0.528 msr. The c u rv e  is for P a r is  <X>̂ .

Spectrum  of R = (d ^ o  (m easured  Wd5o ( P a r i s ) )  vs . T 3 fo r  
A f l3 = 0 .0 3 2 8  m sr  an d  41.41° symmetric an g ie  p a i r .  T h e  
red u c e d  solid  angle fa v o rs  the co rre la ted  p a i r s  from p^H .

Plot of R v s .  pg (MC) for the same data  as in 5 .4 .  The c u rv e  
c o r re sp o n d s  to the multiple s c a t te r in g  r e s u l t ,  an d  shows th a t  
the  n e t  e f fe c t  is a  nega tive  correc tion  to the  I A.

Same as  f ig . 5 .6  b u t  f o rA f t3 = 0.107 m sr.

Same as  f ig .  5.4 b u t  fo r  asymmetric angle  p a i r  30° - 53 .75°.

Same as  f ig  5 .6 ,  fo r  geometry of fig . 5 .8 .
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Fig.

Fig.

Fig-

Fig.

Fig.

Fig.

Fig.

F ig .

Fig.

Fig .

Fig.

>.10 Momentum d e n s i ty  v s .  p j j ( M C ) ,  f o r A f t j  = 0.526 m sr and  
symmetric ang le  p a i r  44°, The dashed  c u rv e  r e p re s e n ts  the 
c o r r e c t i o n  d u e  to  r e s c a t te r in g  mid final s ta te  in te ra c t io n ,  
and  the solid c u rv e  is th e  Paris  <*>*.

.11 Same as  f ig .  5 .10 , fo r  th e  symm etric angle  p a i r  38°-

,12 Same as f ig . 5 ,10 , fo r  symm etric angle  p a ir s  47°, 50° and
52°.

.13 Momentum d en s ity  v s .  ca lcu la ted  p e , fo r  A fig  = 0.528 m sr 
and  asymm etric angle  p a ir s  41.41° - 50°, 41,41° - 57° and 
41.41° - 68° .  The solid c u rv e  is fo r  P a r is .  T h e  d ash ed  
c u rv e s  show the multiple s c a t te r in g  re su l ts .

.14 Same as  f ig .  5 .13 , fo r  asym m etric  angle p a ir s  30° - 44°, 30°
- 61° and 30° - 68° .

.15 Same as f ig .  5 .13 , fo r  symm etric angle  p a ir s  57° and  66°.

.16 Momentum d e n s i ty  4>̂  v s .  minimum recoil momentum fo r  all the
s y m m e tr ic  a n g le  p a i r s .  The solid c u rv e  is ♦ P a r is -  T he  
d a s h e d  c u r v e  is t h e  m u lt ip le  s c a t t e r i n g  r e s u l t  a n d  the 
d a s h e d 'd o t  c u rv e  is fo r  th e  calculation of "A" exc ita t ion .

.17 S p e c t ru m  of momentum d e n s i ty  v s .  recoil momentum P5
from  0 to 100 MeV/c fo r  o u r  (p ,  2p) d a ta ,  the l e ,  e 'p )  
d a ta  of Bernheim e t  a l .  (B e-81 ),  and the  ( p ,  2p )  d a ta  of 
Witten et al fWi-75). Solid c u rv e  r e p re s e n ts  th e  Paris

.18 T he  momentum d is t r ib u t io n  of th e  Reid s o f t -c o re  (RSC) p o te n 
tia l  c o m p a re d  to the  ( e ,  e 'p )  d a ta  of r e f .  (B e -8 1 ) ,  a f te r  
c o r r e c t i o n  f o r  F S I ,  m eson  e x c h a n g e  c u r r e n t  a n d  isobar  
component b y  Arenhovel ( f ig u re  7 in A r-8 2 ) .

.18 Ratios of experim ent to  to tal th eo ry  based on RSC po ten tia l
(from A r-62, f igure  5) fo r  the d a ta  of (B e -8 1 ) ;  k inem atics i 
c o r re sp o n d s  to  the same n-reco il  ra n g e  as  In f ig u re s  5 .6 ,  5.7 
and  5 .9 ) .

.20 Plot of <t>2 v s .  recoil momentum p^ from 100 to 700 MeV/c.
q  c o r r e s p o n d s  to o u r  a s y m m e tr ic  4 l ° - d a t a ,  X  to  oup 

symmetric d a ta  a t 47°, 50°, 52°, 57° and  66° , ^  to (e ,  e 'p )  
d a ta  of Bernheim et a l .  , ^  to (e , e 'p )  d a ta  of M ehnert
(Me-85) an d  A  to ( p ,  2pJ d a ta  of Witten e t  a l .  T he  solid 
c u rv e  is th e  4,'Z P a r i s .



T A B L E  C A PT IO N

T a b le s  1 th ro u g h  16 con ta in  all the r e s u l t s  of th is  e x p e r i 

m ent, th a t  w ere ana lyzed  s t  th e  College of William an d  Mary. In the

T a b le s , T1 c o r re s p o n d s  to beam e n e rg y .  THETA3 and  THETA4 a re  the angles
p p

with re sp ec t  to th e  inc iden t beam on LHS and  RHS, re sp e c t iv e ly .  doQ^ is 

th e  e las tic  p p  ( o n - s h e l l )  c r o s B  s e c t i o n .  a n d  A n ^  a re  the solid

an g le s  defined  b y  th e  A E qq o r  A E g j (1984) co u n te rs  and  by software 

cu ts  (1983) on LHS an d  b y  th e  A E ^  c o u n te r  on RHS. T3 is the kinetic 

e n e rg y  of th e  d e te c te d  p ro to n  on th e  LHS, KIN P5 is the p 5 calculated 

from  e q n ,  ( 5 . 1 0 ) .  MC P5 is th e  ob ta ined  from th e  Monte Carlo 

simulation of th e  experim en ta l g eom etry .  d 5o is th e  m easured  five-fold 

d i f f e r e n t i a l  c r o s s - s e c t i o n  an d  d 5o is th e  abso lu te  s ta t is t ica l  e r ro r .  

K is th e  kinem atic f a c to r .  is  th e  momentum space d e n s i ty  and  <t>2

th e  c o r re s p o n d in g  abso lu te  s ta t is t ic a l  e r r o r .  Energies in MeV, momenta
t  rt PP

in M ev/c , solid  a n g le s  in m sr ,  d °o  in mb/sr^MeV, d o ^  in  m b /s r ,  K in 

106 MeV2 , in MeV- 3 . A bsolu te  u n c e r ta in t ie s  a r e  s ta t is t ic a l  only.
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T A B LE  1

I IN K M A T IC S  ,O IO S 8  SECTION AND NOMENTUN DENSITY 

T l - 5 0 8 . 0 0  THETA3 - 4 1 . 5 4  I H B T A 4 - 4 1 . 4 1

d « * ĉ  - 3 . 4 4 0  A l t j - 0 , 5 2 8  6 5 1 ^ - 1 . 1 8 8

r i  t i s  p s  mc p s  t  4 ^

2 1 3 . 7 3
2 1 6 .2 3
2 1 8 . 7 3
2 2 1 .2 3
223 .73
226 .23
228 .75
231 .25
2 3 3 .7 3
2 3 6 . 2 5
2 3 8 .7 5
2 4 1 .2 5
2 4 3 .7 5
2 4 6 .2 5
248 .75
251 .25
233 .75
2 5 6 .2 3
238 .75
261 .23
263 .75
2 6 6 . 2 5
268 .75
271 .25
273.75
276.25
2 7 8 . 7 5
2 8 1 . 2 5
2 8 3 . 7 5
2 8 6 . 2 5

8 0 ,0 0
7 4 . 9 0
6 9 . 9 0
6 4 . 8 0  
5 9 . 7 0
5 4 . 6 0
4 9 . 5 0
4 4 . 3 0
3 9 .2 0
3 4 . 0 0
28 .80
2 3 . 5 0
1 8 . 3 0
1 3 . 0 0  

7 . 7 0
2 . 3 0
3 . 3 0  
8 . 6 0

1 4 . 0 0
1 9 . 5 0
2 3 . 0 0
3 0 .6 0
3 6 . 2 0
4 1 . 9 0
4 7 . 6 0
5 3 . 3 0
5 9 . 2 0
6 3 . 0 0
71 .00
77 .00

7 9 . 3 0
7 3 . 8 0
6 8 . 8 0
6 3 . 5 0
5 8 . 5 0
5 3 . 5 0
4 8 . 8 0
4 3 . 8 0
3 8 . 8 0
3 3 . 8 0
2 9 . 3 0
2 4 . 8 0
2 0 . 8 0  
1 6 . 0 0
1 3 . 0 0
1 1 . 3 0
1 1 . 5 0
1 3 . 3 0
1 6 . 0 0  
2 1 . 0 0
2 6 . 5 0
3 0 . 8 0
3 3 . 8 0
4 1 . 5 0  
4 7 . 0 0
5 2 . 3 0
5 7 . 5 0  
63 . 3 0
6 9 . 5 0
7 3 . 5 0

0 . 5 4 2 3  
0 . 6 9 1 5  
0.866B 
1 . 1 4 5 0  
1 . 4 7 1 0  
1 .9 3 1 0  
2 .4 2 6 0  
3 .0 4 6 0  
3 . 8 8 6 0  
4 . 8 7 5 0  
5 .9 4 9 0  
7 . 2 0 7 0  
8 . 3 7 5 0  
9 .7 2 0 0  

1 0 .8 6 0 0  
1 1 .8 7 8 0  
1 2 .0 4 8 0  
1 1 .5 6 3 0  
1 0 .4 6 7 0  

8 .7 5 9 0  
7 . 1 7 5 0  
3 .9 4 6 0  
4 .8 1 9 0  
3 .7 5 3 0  
2 ,9 1 0 0  
2 . 2 6 6 0  
1 . 7 3 8 0  
1 .3 4 0 0  
1 .0 1 9 0  
0 . 7 8 1 0

0.0100
0.0120
0 . 0 1 3 0
0 . 0 1 5 0
0 . 0 1 7 0
0 . 0 1 9 0
0 .0220
0 . 0 2 4 0
0 . 0 2 7 0
0 . 0 3 1 0
0 , 0 3 4 0
0 . 0 3 7 0
0 , 0 4 0 0
0 . 0 4 3 0
0 .0 4 5 0
0 . 0 4 7 0
0 , 0 4 8 0
0 . 0 4 7 0
0 . 0 4 4 0
0 . 0 4 1 0
0 . 0 3 7 0
0 . 0 3 4 0
0 . 0 3 0 0
0 . 0 2 7 0
0 . 0 2 4 0
0 .0210
0 . 0 1 8 0
0 . 0 1 6 0
0 . 0 1 4 0
0 . 0 1 2 0

2 .1 0 6  
2 .1 2 1  
2 . 1 3 6  
2 . 1 5 0  
2 . 1 6 5  
2 . 1 7 9  
2 . 1 9 4  
2 . 2 0 8  
2 . 2 2 2  
2 . 2 3 7  
2 . 2 5 1  
2 . 2 6 5  
2 . 2 8 0  
2 . 2 9 4  
2 . 3 0 8  
2 . 3 2 3  
2 . 3 3 7  
2 .3 5 1  
2 . 3 6 6  
2 . 3 8 0  
2 . 3 9 5  
2 . 4 1 0  
2 . 4 2 5  
2 . 4 4 0  
2 . 4  55 
2 . 4 7 0  
2 . 4 8 5  
2 . 5 0 1  
2 . 5 1 7  
2 . 5 3 3

0 . 0 7 5 0  
0 . 0 9 5 1  
0 . 1 1 8 4  
0 . 1 5 5 4  
0 . 1 9 8 3  
0 . 2 5 8 5  
0 . 3 2 2 7  
0 . 4 0 2 5  
0 . 5 1 0 2  
0 . 6 3 1 6  
0 . 7 7 1 3  
0 . 9 2 8 3  
1 . 0 7 2 0  
1 . 2 3 7 0  
1 . 3 7 3 0  
1 . 4 9 3 0  
1 . 5 0 4 0  
1 . 4 3 5 0  
1 . 2 9 2 0  
1 . 0 7 4 0  
0 . 8 7 4 5  
0 . 7 2 0 1  
0 . 5 8 0 3  
0 . 4 4 9 1  
0 . 3 4 6 1  
0 . 2 6 7 9  
0 . 2 0 4 3  
0 . 1 5 6 4  
0 , 1 1 8 2  
0 . 0 9 0 0

0 , 0 0 1 4
0 .0 0 1 6
0 . 0 0 1 8
0 .0 0 2 0
0 .0 0 2 3
0 .0 0 2 6
0 .0 0 2 9
0 .0 0 3 2
0 .0 0 3 6
0 . 0 0 4 0
0 .0 0 4 3
0 . 0 0 4 8
0 .0 0 5 0
0 .0 0 5 4
0 .0 0 5 7
0 ,0 0 5 9
0 . 0 0 5 9
0 ,0 0 5 8
0 .0 0 5 5
0 , 0 0 5 0
0 .0 0 4 5
0 .0 0 4 1
0 , 0 0 3 6
0 . 0 0 3 2
0 . 0 0 2 8
0 .0 0 2 5
0.0022
0 ,0 0 1 9
0 .0 0 1 6
0 .0 0 1 4
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TABLE 2

KINEMATICS, CKO88 SECTION AND MOMENTUM DENSITY

T1-3 0 8 .0 0  THETA3-41.36 THETA4-41 .41

c U < T ^  >3 .440 i J l  3 -O

T3 KTN P5 MC P5 d V

2 1 6 .2 5 76 .30 75 .00 0 ,7 5 1 4 0
223 .73 6 1 .1 0 59 .70 1 .54630
231 .25 45.80 4 4 .8 0 3 .0 0 6 3 0
238 .73 30 .30 3 0 .1 0 5 ,91100
2 4 5 .0 0 17.30 1 8 .6 0 9 .11100
2 5 0 .0 0 6 .7 0 11 .60 11 .13000
2 5 3 .7 J 1 .50 10 .80 13 .06500
2 3 6 .2 5 6 .8 0 12 .00 13 .34500
2 5 8 .7 5 12.20 14 .80 11 .28000
2 6 2 .5 0 20 .40 2 1 .5 0 8 .53500
2 6 7 .3 0 31 .50 3 1 .4 0 5 .93300
272 ,50 42 .80 42 ,10 3 .7 6 1 0 0
277 .50 54,20 53 .30 2 .3 0 6 0 0
283 .75 68 .60 6 7 .8 0 1 .18900

107 i J l ^ - 1 , 1 8 8

K

0 .0 1 5 0 0 2 .112 0,1033 0.0021
0 .0 2 2 0 0 2.156 0.2082 0 .0 0 3 0
0 .0 3 1 0 0 2 .198 0 .3969 0 .0041
0 .0 4 3 0 0 2 .241 0.7657 0 .0055
0 .0 6 5 0 0 2 .277 1.1630 0 .0081
0 .0 7 2 0 0 2 .3 0 5 1.4030 0 ,0092
0 .1 1 0 0 0 2 .326 1.6310 0 .0 1 4 0
0 .1 1 2 0 0 2 .3 4 0 1 .6560 0 .0140
0 .1 0 2 0 0 2 .3 5 5 1 .3920 0 .0 1 3 0
0 .0 6 3 0 0 2 .3 7 6 1 .0430 0 .0 0 7 4
0 .0 5 3 0 0 2 .4 0 5 0 .7167 0 ,0 0 6 4
0 .0 4 2 0 0 2 .435 0 .4489 0 .0 0 5 0
0 ,0 3 3 0 0 2 .465 0 .2669 0 .0 0 4 0
0 .0 2 0 0 0 2 ,503 0 .1381 0 .0023



TABLE 3

KINEMATICS. CBOS& SECTION AND MOMENTUM DENSITY

T1-SOS,00 IHETA3-30.13 TBBTA4-S3.75

- 0 . 5 2 8  A  - 0 . 7 9 2

T3 K IN  PS MC P5 A d V E
At***

3 0 0 . 2 5 1 1 4 . 0 0 1 1 4 . 0 0 0 . 1 0 6 6 0 . 0 1 0 0 2 . 1 0 6 3 . 4 3 9 0 .0 1 4 6 0 . 0 0 1 4
3 0 3 . 7 3 1 0 7 . 2 0 1 0 7 . 2 0 0 . 2 0 5 0 0 . 0 1 4 0 2 . 1 2 1 3 . 4 3 8 0 .0 2 8 3 0 . 0 0 1 9
3 0 7 . 2 3 1 0 0 . 3 0 1 0 0 . 3 0 0 .2 3 0 1 0 . 0 1 5 0 2 . 1 3 6 3 . 4 3 8 0 .0 3 1 6 0 .0 0 2 1
3 1 0 . 7 5 9 3 . 4 0 9 3 . 4 0 0 .3 2 5 1 0 . 0 1 7 0 2 . 1 5 0 3 .4 4 3 0 .0 4 4 3 0 . 0 0 2 4
3 1 4 . 2 5 86 . 3 0 8 6 . 5 0 0 . 4 6 8 0 0 ,0 2 1 0 2 . 1 6 5 3 .4 4 5 0 .0 6 3 3 0 , 0 0 2 8
3 1 7  .7 3 7 9 . 5 0 7 9 . 5 0 0 . 6 4 1 7 0 . 0 2 4 0 2 .1 7 9 3 .4 4 9 0 .0 8 6 2 0 . 0 0 3 2
3 2 1 . 2 5 7 2 . 4 0 7 2 . 5 0 0 . 8 5 1 6 0 . 0 2 8 0 2 . 1 9 4 3 . 4 5 4 0 .1 1 3 5 0 , 0 0 3 7
3 2 4 , 7 5 6 5 . 2 0 6 5 . 2 0 1 .0 5 1 2 0 , 0 3 1 0 2 . 2 0 8 3 .4 5 9 0 .1 3 9 0 0 . 0 0 4 0
3 2 B . 2 5 5 8 . 0 0 5 8 , 0 0 1 .6 1 0 0 0 . 0 3 7 0 2 . 2 2 2 3 .4 7 1 0 .2 1 0 9 0 . 0 0 4 9
3 31  ,7 3 5 0 . 7 0 5 0 . 7 0 2 , 2 7 6 9 0 . 0 4 5 0 2 . 2 3 7 3 . 4 8 0 0 .2 9 3 7 0 . 0 0 5 8
3 3 5 . 2 5 4 3 . 3 0 4 3 . 3 0 3 .3 9 9 6 0 . 0 5 5 0 2 . 2 5 1 3 .4 9 1 0 .4 3 7 6 0 . 0 0 7 0
3 3 8 . 7 5 3 5 . 8 0 3 5 . 8 0 4 .5 2 0 5 0 . 0 6 3 0 2 . 2 6 5 3 .5 0 3 0 .5 7 6 3 0 . 0 0 8 0
3 4 2 . 2 3 2 8 . 2 0 2 8 . 2 0 6 . 1 9 6 9 0 . 0 7 3 0 2 . 2 8 0 3 .5 1 7 0 .7 7 8 8 0 , 0 0 9 2
3 4 5 . 7 5 2 0 . 6 0 2 1 . 0 0 8 .1 9 6 2 0 . 0 8 4 0 2 . 2 9 4 3 .5 3 3 1 .0 2 3 6 0 . 0 1 0 5
3 4 9 . 2 5 13 .0 0 1 5 . 5 0 1 0 .0 5 9 7 0 , 0 9 3 0 2 . 3 0 8 3 .5 5 0 1 ,2 4 1 6 0 . 0 1 1 4
3 5 2 . 7 5 3 . 9 0 1 1 . 2 0 1 2 ,3 8 4 3 0 , 1 0 3 0 2 . 3 2 3 3 .5 6 3 1 ,5 1 4 8 0 . 0 1 2 6
3 5 6 . 2 5 3 . 5 0 1 1 . 0 0 1 3 . 0 2 6 7 0 , 1 0 6 0 2 . 3 3 7 3 ,5 8 5 1 .5 7 3 3 0 . 0 1 5 1
3 5 9 . 7 5 1 2 . 8 0 1 5 . 4 0 1 1 .0 8 9 9 0 , 0 9 6 0 2 . 3 5 1 3 . 6 0 9 1 .3 2 1 6 0 . 0 1 1 6
3 6 3 . 2 5 2 1 . 0 0 2 1 . 5 0 8 .8 1 6 2 0 . 0 8 7 0 2 , 3 6 6 3 .6 3 4 1 .0 3 6 3 0 . 0 1 0 3
3 6 6 . 7 5 2 9 . 5 0 2 9 . 5 0 6 . 3 9 5 2 0 . 0 7 4 0 2 . 3 8 0 3 .6 6 3 0 .7 4 7 0 0 . 0 0 8 5
3 7 0 , 2 3 3 8 . 4 0 3 8 . 2 0 4 . 5 3 0 9 0 . 0 6 3 0 2 , 3 9 5 3 .6 8 5 0 .5 1 7 6 0 .0 0 7 2
3 7 3 . 7 3 4 7 . 4 0 4 7 , 0 0 3 .1 4 2 2 0 . 0 5 3 0 2 . 4 1 0 3 .7 1 8 0 . 3 5 3 0 0 . 0 0 5 9
3 7 7 . 2 3 5 6 . 7 0 5 5 . 5 0 2 . 1 0 0 3 0 . 0 4 3 0 2 .4 2 5 3 .7 3 6 0 .2 3 2 7 0 . 0 0 4 8
3 8 0 . 7 5 6 6 . 4 0 6 5 . 0 0 1 . 3 5 3 0 0 .0 3 5 0 2 . 4 4 0 3 .7 7 7 0 ,1 4 7 0 0 . 0 0 3 8
3 8 4 . 2 5 7 6 . 3 0 7 4 . 0 0 0 . 9 5 1 8 0 .0 2 9 0 2 . 4 5 5 3 .8 0 5 0 .1 0 1 6 0 . 0 0 3 1
3 8 7 . 7 5 8 6 . 7 0 8 4 . 0 0 0 . 5 8 5 0 0 .0 2 3 0 2 . 4 7 0 3 .8 5 0 0 .0 6 1 0 0 . 0 0 2 4
3 9 1 , 2 5 9 7 . 5 0 9 4 . 5 0 0 . 3 5 9 9 0 .0 1 8 0 2 . 4 8 5 3 .8 8 3 0 .0 3 6 7 0 . 0 0 1 9
3 9 4 . 7 5 1 0 8 . 8 0 1 0 5 . 2 0 0 , 2 6 1 4 0 . 0 1 6 0 2 .5 0 1 3 . 9 1 9 0 .0 2 6 0 0 . 0 0 1 6

*  TO CALCULATE .USED KENOKMALISATION FACTOE 3 . 3 8 5 / 3 . 8 7 4
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TABLE 4

KINEMATICS, CKOSS SECTION AND MOMENTUM DENSITY

T l-5 0 6 .0 0  THETA3-44.I3 THBTA4-44.00

* 3 . 1 1 0  A i l ^ - 0 . 5 2 8  A I L 4 * 1  . 1 8 8

T3 K I N  PS MC PS d 5 < r A d Sa* K 4 *

2 2 1 . 2 3 8 4 .1 0 62 , 0 0 0 . 3 9 7 5 0 . 0 2 6 0 2 . 2 6 5 0 ,0 8 4 1 0 , 0 0 3 7
2 2 3 . 7 3 7 9 . 6 0 7 7 . 0 0 0 . 7 1 4 7 0 . 0 2 9 0 2 . 3 0 3 0 . 0 9 9 8 0 , 0 0 4 0
2 2 6 . 2 3 7 5 . 2 0 7 3 . 0 0 0 . 8 7 6 2 0 . 0 3 1 0 2 . 3 2 0 0 .1 2 1 7 0 .0 0 4 3
2 2 1 . 7 3 7 1 . 0 0 6 9 . 5 0 1 . 0 2 9 7 0 . 0 3 4 0 2 . 3 3 8 0 . 1 4 1 6 0 . 0 0 4 6
2 3 1 . 2 3 6 6 . 9 0 6 4 . 5 0 1 . 2 2 3 6 0 . 0 3 6 0 2 . 3 5 6 0 . 1 6 7 0 0 . 0 0 5 0
2 3 3 . 7 5 6 3 . 1 0 6 1 . 0 0 1 . 5 0 1 9 0 . 0 4 0 0 2 . 3 7 4 0 .2 0 3 4 0 , 0 0 5 4
2 3 6 . 2 3 5 9 . 3 0 5 7 . 0 0 1 . 7 3 1 7 0 . 0 4 3 0 2 . 3 9 2 0 . 2 3 2 8 0 . 0 0 5 7
2 3 8 . 7 3 5 6 .3 0 5 4 . 5 0 2 . 0 4 2 9 0 . 0 4 6 0 2 . 4 1 0 0 .2 7 2 6 0 . 0 0 6 2
2 4 1 . 2 5 5 3 . 4 0 5 2 . 0 0 2 . 2 7 6 0 0 . 0 4 6 0 2 . 4 2 8 0 . 3 0 1 4 0 . 0 0 6 4
2 4 3 . 7 3 5 1 . 1 0 4 9 . 5 0 2 . 5 7 6 0 0 . 0 5 1 0 2 . 4 4 6 0 .3 3 8 6 0 . 0 0 6 7
2 4 6 . 2 5 4 9 . 3 0 4 6 . 0 0 2 . 7 6 0 3 0 . 0 5 2 0 2 . 4 6 4 0 .3 6 0 2 0 . 0 0 6 9
2 3 0 . 0 0 4 7 . 9 0 4 6 . 7 5 2 . 9 1 6 8 0 . 0 3 7 0 2 . 4 9 2 0 . 3 7 6 6 0 . 0 0 4 9
2 5 3 . 7 5 4 7 . 9 0 4 6 . 5 0 2 . 6 9 5 2 0 , 0 5 3 0 2 . 5 1 9 0 .3 6 9 6 0 . 0 0 6 8
2 3 6 . 2 5 4 8 . 8 0 4 9 . 0 0 2 . 8 4 1 9 0 . 0 5 3 0 2 . 5 3 8 0 .3 6 0 0 0 .0 0 6 7
2 5 8 . 7 3 5 0 . 5 0 5 0 . 5 0 2 , 3 1 7 3 0 . 0 4 9 0 2 . 5 5 7 0 . 3 1 6 6 0 . 0 0 6 2
2 6 1 . 2 5 5 2 . 9 0 5 3 . 0 0 2 . 2 9 4 2 0 . 0 4 7 0 2 . 5 7 6 0 .2 8 6 4 0 . 0 0 5 9
2 6 3 . 7 5 5 3 . 8 0 5 5 . 0 0 2 . 0 0 7 7 0 . 0 4 4 0 2 . 5 9 5 0 . 2 4 8 8 0 . 0 0 3 4



lU2 

TABLE 5

K IN E M A TIC S , CSOSS SECTION AND MOMENTUM DENSITY 

T l - 3 0 8 ,0 0  THETA3- 3 8 , 1 3  T B E TA 4-3B .O O

- 3 , 7 1 0  i J l 3  * 0 . 5 2 8  d J l ^ - 1 . 1 8 8

T3 I I N  PS MC PJ

218.75
2 2 1 . 2 5
2 2 3 . 7 5  
226  .2 5  
2 2 8 . 7 3
2 3 1 . 2 5
2 3 3 . 7 5
2 3 6 . 2 5
2 3 8 . 7 5
2 4 1 . 2 5
2 4 3 . 7 5
2 4 6 . 2 5
2 4 8 . 7 5  
2 5 1 . 2 3
2 5 3 . 7 5
2 5 6 . 2 5
2 5 8 . 7 5
2 6 1 . 2 5
2 6 3 . 7 5
2 6 6 . 2 5
2 6 8 . 7 5
2 7 1 . 2 5
2 7 3 . 7 5
2 7 6 . 2 5
2 7 8 . 7 5
2 8 1 . 2 5

8 0 .1 0
7 6 .8 0
7 3 .5 0  
7 0 . 4 0
6 7 . 5 0
6 4 . 8 0  
62 .2 0
5 9 .8 0
5 7 .9 0  
56 .2 0
5 4 .8 0
5 3 .7 0  
53 ,1 0
5 2 .8 0
5 3 .0 0  
53 ,6 0
3 4 .7 0  
56 .1 0
5 7 .9 0
6 0 .0 0
6 2 .5 0
6 5 .3 0
6 8 .3 0  
7 1 . 6 0  
7 5 .1 0
7 8 .8 0

7 9 .5 0
7 7 .0 0
7 3 . 0 0
7 0 . 5 0
6 7 . 5 0
6 5 . 0 0
6 2 . 0 0  
6 0 . 0 0
5 7 . 5 0
5 6 . 3 0
3 5 .0 0
5 3 . 8 0
5 3 . 0 0
5 2 . 0 0
5 2 .5 0
5 3 .0 0
5 3 .8 0
5 5 .0 0
5 6 . 3 0
3 9 . 5 0
6 1 . 0 0  
63 .0 0  
67  ,0 0
7 0 . 0 0
7 3 .0 0
7 6 . 3 0

0 .5 6 9 8  
0 .6 3 8 5  
0 . 7 6 0 1  
0 .8 2 4 7  
0 . 9 7 9 5  
1 .1 0 8 6  
1 . 1 4 0 8  
1 , 2 2 7 1  
1 .4 0 6 9  
1 .5 4 9 0  
1 .6 2 8 5  
1 .6 9 2 6  
1 .8 9 7 0  
1 . 8 6 0 8  
1 . 7 6 8 8  
1 .8 4 9 3  
1 . 7 7 6 9  
1 .5 8 0 7  
1 . 6 0 7 9  
1 .3 6 5 1  
1 .3 9 3 3  
1 .1 6 4 2  
0 .9 9 4 1  
0 . 8 6 6 5  
0 . 7 5 7 6  
0 .6 2 3 3

0 . 0 3 4 0
0 . 0 3 5 0
0 . 0 3 8 0
0 . 0 3 9 0
0 . 0 4 1 0
0 .0 4 4 0
0 .0 4 4 0
0 . 0 4 6 0
0 . 0 4 8 0
0 . 0 5 0 0
0 . 0 5 2 0
0 . 0 5 2 0
0 . 0 5 5 0
0 . 0 5 4 0
0 . 0 5 3 0
0 . 0 5 4 0
0 . 0 5 3 0
0 . 0 5 0 0
0 . 0 5 0 0
0 . 0 4 6 0
0 . 0 4 7 0
0 .0 4 3 0
0 , 0 3 9 0
0 . 0 3 7 0
0 . 0 3 4 0
0 . 0 3 2 0

1 .9 3 5
1 .9 6 6
0 . 9 7 7
1 .9 8 7
1 . 9 9 5
2 . 0 0 8
2 . 0 1 8
2 . 0 2 9
2 . 0 3 9
2 . 0 4 9
2 , 0 5 9
2 . 0 6 9
2 . 0 7 9
2 , 0 8 9
2 . 0 9 9
2 . 1 0 9
2 . 1 1 9
2 . 1 2 8
2 . 1 3 8
2 . 1 4 8
2 . 1 5 7
2 .1 6 7
2 .1 7 7
2 . 1 8 6
2 . 1 9 6
2 ,2 0 6

0 .0 7 8 6
0 . 0 8 7 5
0 . 1 0 3 6
0 . 1 1 1 9
0 . 1 3 2 3
0 . 1 4 8 8
0 , 1 5 2 4
0 . 1 6 3 0
0 . 1 8 6 0
0 . 2 0 3 8
0 . 2 1 3 2
0 . 2 2 0 5
0 . 2 4 5 9
0 . 2 4 0 1
0 . 2 2 7 1
0 . 2 3 6 4
0 . 2 2 6 0
0 .2 0 0 2
0 . 2 0 2 7
0 . 1 7 1 3
0 , 1 7 4 1
0 . 1 4 4 8
0 . 1 2 3 1
0 . 1 0 6 8
0 , 0 9 3 0
0 . 0 7 6 2

0 . 0 0 4 5
0 , 0 0 4 7
0 .0 0 5 1
0 . 0 0 5 2
0 . 0 0 5 5
0 . 0 0 5 8
0 , 0 0 5 8
0 . 0 0 5 9
0 . 0 0 6 3
0 . 0 0 6 6
0 . 0 0 6 7
0 . 0 0 6 8
0 . 0 0 7 1
0 . 0 0 6 9
0 , 0 0 6 7
0 . 0 0 6 8
0 , 0 0 6 7
0 . 0 0 6 2
0 . 0 0 6 2
0 . 0 0 5 8
0 . 0 0 5 8
0 . 0 0 5 3
0 .0 0 4 B
0 . 0 0 4 5
0 . 0 0 4 2
0 . 0 0 3 8



TABLE 6

U N B K A T IC S , CSOSS SECTION AND NO KEN TUN DENSITY 

1 1 - 3 0 8 . 0 0  IV E T A S - 4 7 , 1 3  T H B T A 4-47  .00

- 0 . 5 1 8

T3 U N  P i  NC P3 <!5<r E ^

2 1 5 ,0 0 1 3 7 .8 0 1 3 5 . 8 0 0 . 0 7 4 4 0 0 .0 0 8 1 0 2 .3 9 5 2 . 7 1 0 0 .0 1 0 6 5 0 .0 0 1 3 D
2 2 0 .0 0 1 3 0 ,6 0 1 2 8 , JO 0 . 0 9 0 4 0 0 .0 0 8 5 0 2 , 4 4 0 2 . 6 9 0 0 .0 1 2 8 0 0 . 0 0 1 4 0
2 2 5 .0 0 1 2 4 .2 0 1 2 2 .0 0 0 . 1 0 3 1 0 0 . 0 0 9 2 0 2 . 4 8 5 2 . 6 6 0 0 .0 1 4 5 0 0 . 0 0 1 4 0
2 3 0 . 0 0 1 1 8 . 6 0 1 1 6 .5 0 0 . 1 4 0 7 0 0 . 0 1 0 0 0 2 . 5 3 1 2 . 6 5 0 0 .0 1 9 6 0 0 . 0 0 1 6 0
235 .0 0 1 1 4 ,0 0 1 1 2 .0 0 0 . 1 7 7 3 0 0 . 0 1 2 0 0 2 . 5 7 7 2 . 6 3 0 0 .0 2 4 7 0 0 . 0 0 1 7 0
2 4 0 .0 0 1 1 0 . 6 0 1 0 8 .8 0 0 . 1 9 2 5 0 0 . 0 1 2 0 0 2 .6 2 3 2 . 6 3 0 0 .0 2 6 5 0 0 , 0 0 1 7 0
247 .3 0 1 0 8 . 3 0 1 0 6 .4 0 0 . 2 2 4 1 0 0 ,0 0 9 2 0 2 . 6 9 J 2 . 6 3 0 0 .0 2 9 9 0 0 . 0 0 1 8 0
235 .0 0 1 0 9 .1 0 1 0 7 .6 0 0 . 2 0 2 8 0 0 . 0 1 2 0 0 2 . 7 7 0 2 . 6 2 0 0 .0 2 6 2 0 0 . 0 0 1 7 0
2 6 0 .0 0 1 1 1 . 8 0 1 1 1 . 0 0 0 , 1 8 1 7 0 0 . 0 1 1 0 0 2 .8 2 2 2 . 6 2 0 0 .0 2 3 1 0 0 . 0 0 1 5 0
2 6 5 .0 0 1 1 6  .10 1 1 5 .2 3 0 . 1 6 4 4 0 0 . 0 1 1 0 0 2 . 8 7 6 2 . 6 3 0 0 .0 2 1 7 0 0 . 0 0 1 4 0
2 7 0 .0 0 1 2 2 .1 0 1 2 1 .2 5 0 . 1 2 3 2 0 0 .0 0 9 2 0 2 .9 3 2 2 . 6 5 0 0 ,0 1 4 6 0 0 . 0 0 1 3 0
2 7 5 .0 0 1 2 9 .6 0 1 2 8 . JO 0 . 0 9 5 6 0 0 ,0 0 8 1 0 2 . 9 9 2 2 . 6 8 0 0 .0 1 0 9 0 0 . 0 0 1 0 0
2 8 0 .0 0 1 3 8 ,5 0 1 3 7 .5 0 0 , 0 8 7 4 0 0 . 0 0 7 8 0 3 . 0 5 5 2 . 7 2 0 0 ,0 0 9 5 0 o . o o i o o

TABLE 7

E IN B M A TIC S , CKOSS SECTION AND HOHENTUH DENSITY 

T l - 5 0 7 . 0 0  TOETA 3 - 5 0 . 0 0  I E H T A 4 - 5 0 . 0 0

- 0 , 5 7 0  A - f t * - 0 . 8 2 9  

T3 U N  P5 HC P5 < J V  A d St f"  ■ ^

2 0 7 .5 0 2 0 1 . 0 0 2 0 0 .0 0 0 . 0 0 5 5 1 0 .0 0 0 6 8 2 . 4 6 0 2 . 2 5 0 0 .0 0 0 9 9 0 . 0 0 0 1 2
2 1 4 .5 0 1 9 2 . 0 0 1 9 2 . 0 0 0 , 0 0 6 8 2 0 .0 0 0 7 1 2 . 5 4 0 2 . 2 0 0 0 .0 0 1 2 2 0 . 0 0 0 1 3
2 2 1 .5 0 1 8 5 . 0 0 1 8 4 ,0 0 0 , 0 0 7 4 9 0 .0 0 0 7 3 2 . 6 2 0 2 . 1 5 0 0 .0 0 1 3 3 0 , 0 0 0 1 3
2 2 8 .5 0 1 7 9 . 0 0 1 7 8 , 0 0 0 , 0 0 8 6 5 0 .0 0 0 7 9 2 . 6 8 0 2 . 1 5 0 0 .0 0 1 4 9 0 . 0 0 0 1 4
2 3 5 .5 0 1 7 6 . 0 0 1 7 5 .0 0 0 . 0 1 0 3 0 0 .0 0 0 8 4 2 . 7 7 0 2 , 1 5 0 0 .0 0 1 7 2 0 . 0 0 0 1 4
2 4 2 .5 0 1 7 4 . 0 0 1 7 3 .0 0 0 . 0 1 1 6 0 0 . 0 0 0 8 8 2 . 8 6 0 2 . 1 0 0 0 .0 0 1 9 2 0 . 0 0 0 1 5
2 4 9 .5 0 1 7 4 . 0 0 1 7 2 . 5 0 0 . 0 1 3 6 0 0 .0 0 0 9 6 2 . 9 4 0 2 , 1 0 0 0 .0 0 2 1 8 0 . 0 0 0 1 5
256 .5 0 1 7 7 .0 0 1 7 5 . 0 0 0 . 0 1 3 7 0 0 .0 0 0 9 5 3 . 0 3 5 2 . 1 5 0 0 .0 0 2 0 9 0 , 0 0 0 1 4
2 6 3 .5 0 183 ,0 0 1 8 1 .0 0 0 . 0 1 3 3 0 0 .0 0 0 9 5 3 . 1 4 0 2 . 1 5 0 0 .0 0 1 9 6 0 . 0 0 0 1 4
2 7 0 .5 0 1 9 2 . 0 0 1 8 8 . 0 0 0 . 0 1 2 0 0 0 .0 0 0 8 8 3 . 2 3 0 2 . 2 0 0 0 .0 0 1 6 6 0 . 0 0 0 1 2
2 7 7 .5 0 2 0 3 . 0 0 2 0 1 . 0 0 0 . 0 1 1 3 0 0 .0 0 0 8 7 3 . 3 8 0 2 . 2 5 0 0 .0 0 1 4 8 0 . 0 0 0 1 1
2 8 4 .5 0 2 1 8 . 0 0 2 1 3 . 8 0 0 . 0 0 8 8 0 0 . 0 0 0 7 8 3 . 5 4 0 2 . 3 0 0 0 .0 0 1 0 7 0 . 0 0 0 0 9
1 9 1 .5 0 236  .0 0 2 3 1 . 3 0 0 . 0 0 9 0 9 0 .0 0 0 8 2 3 . 7 2 0 2 . 4 0 0 0 .0 0 1 0 0 0 . 0 0 0 0 9

2 9 8 .5 0 2 5 9 , 0 0 2 5 3 . 7 0 0 .0 0 3 4 5 0 .0 0 0 6 4 3 ,9 6 0 2 . 5 3 0 0 .0 0 0 5 3 0 . 0 0 0 0 6
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TABLE 8

KINEMATICS t (BOSS SECTION AND MOMENTUM DENSITY 

T l - 5 0 7 . 0 0  T H B T A 3 -5 2 .0 0  TBETA4 - 5 2  ,00

A J L j  - 0 . 5 7 0  * J l 4  - 0 . 8 2 9

T3 K IN  P5 HC P5 d V K r

2 1 4 ,5 0 2 3 5 . 0 0 2 3 3 . 0 0 0 . 0 0 5 0 0 0 .0 0 0 6 1 2 .6 4 0 1 . 9 5 0 0 .0 0 0 9 7 0 .0 0 0 1 2
2 2 1 .5 0 2 2 9 . 0 0 2 2 8 . 0 0 0 , 0 0 5 1 5 0 . 0 0 0 5 8 2 . 7 4 0 1 , 9 3 0 0 .0 0 0 9 6 0 .0 0 0 1 1
2 2 8 .5 0 2 2 5 . 0 0 2 2 4 . 0 0 0 . 0 0 4 3  9 0 .0 0 0 6 7 2 . 8 2 5 1 . 9 0 0 0 . 0 0 1 1 9 0 .0 0 0 1 2
2 3 5 .5 0 2 2 3  .00 2 2 1 . 5 0 0 .0 0 5 7 1 0 .0 0 0 6 2 2 .9 2 0 1 . 9 0 0 0 . 0 0 1 0 3 0 .0 0 0 1 1
2 4 2 .5 0 2 2 3  .00 2 2 2 . 0 0 0 ,0 0 7 1 7 0 . 0 0 0 7 0 3 .0 2 0 1 . 9 0 0 0 . 0 0 1 2 5 0 . 0 0 0 1 2
2 4 9 .5 0 2 2 3 . 0 0 2 2 5 . 0 0 0 . 0 0 8 2 4 0 , 0 0 0 7 4 3 . 1 2 0 1 . 9 0 0 0 . 0 0 1 3 9 0 , 0 0 0 1 2
236 .50 2 3 0 . 0 0 2 2 8 . 0 0 0 . 0 0 7 9 1 0 .0 0 0 7 3 3 .2 4 0 1 . 9 5 0 0 , 0 0 1 2 5 0 . 0 0 0 1 1
2 4 3 .5 0 2 3 7  .00 2 3 5 . 0 0 0 . 0 0 7 1 4 0 , 0 0 0 6 9 3 .3 9 0 2 . 0 0 0 0 . 0 0 1 0 5 0 , 0 0 0 1 0
2 7 0 .3 0 2 4 8 . 0 0 2 4 5 , 5 0 0 . 0 0 9 0 0 0 . 0 0 0 7 6 3 . 5 4 0 2 , 0 0 0 0 . 0 0 1 2 7 0 .0 0 0 1 1
2 7 7 ,5 0 2 6 2 . 0 0 2 3 7 . 5 0 0 . 0 0 5 3 6 0 ,0 0 0 6 3 3 . 7 3 0 2 . 0 5 0 0 . 0 0 0 7 0 0 . 0 0 0 0 8
2 8 4 .5 0 2 7 9 . 0 0 2 7 7 . 0 0 0 .0 0 5 4 6 0 . 0 0 0 6 4 3 . 9 6 5 2 . 2 0 0 0 .0 0 0 6 3 0 . 0 0 0 0 7
2 9 1 .5 0 3 0 2 . 0 0 2 9 9 . 0 0 0 , 0 0 6 7 4 0 .0 0 0 7 1 4 . 3 2 0 2 . 3 5 0 0 . 0 0 0 6 6 0 . 0 0 0 0 7
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TABLE 9

KINEMATICS .CROSS SECTION AND WOMENTUN DENSITY

T l - 5 0 8 . 0 0 IH B T A 3 - 4 1 . 5 4 IH B T A 4 - 5 0 .Q 0

- 0 . 5 2 8 —o .7 9 2

T3 K I N  PJ i

2 1 3 .0 0 1 7 7 . 9 0 0 . 0 2 3 7 0 0 . 0 0 2 5 0 2 . 0 9 0 2 .9 9 0 0 . 0 0 3 7 9 0 . 0 0 0 4 4
2 2 0 ,0 0 1 6 8 . 3 0 0 . 0 2 6 8 0 0 . 0 0 2 9 0 2 . 1 2 6 2 . 9 7 0 0 ,0 0 4 2 3 0 . 0 0 0 4 8
2 2 5 . 0 0 1 5 8 .9 0 0 . 0 4 0 6 0 0 . 0 0 3 0 0 2 . 1 6 1 2 . 9 4 0 0 . 0 0 6 3  9 0 .0 0 0 5 3
2 3 0 . 0 0 1 4 9 ,5 0 0 . 0 5 0 6 0 0 . 0 0 3 5 0 2 . 1 9 6 2 . 9 3 0 0 . 0 0 7 8 5 0 , 0 0 0 5 9
2 3 5 . 0 0 1 4 0 . 3 0 0 . 0 6 5 3 0 0 . 0 0 3 8 0 2 . 2 3 2 2 . 9 1 0 0 .0 1 0 0 3 0 , 0 0 0 6 2
2 4 0 . 0 0 1 3 1 . 4 0 0 . 0 8 6 9 0 0 . 0 0 4 3 0 2 . 2 6 7 2 . 8 9 0 0 . 0 1 3 3 0 0 , 0 0 0 6 9
2 4 5 . 0 0 1 2 2 . 7 0 0 . 1 1 5 9 0 0 . 0 0 5 0 0 2 .3 0 3 2 . 8 8 0 0 . 0 1 7 5 0 0 .0 0 0 7 1
2 5 0 , 0 0 1 1 4 . 3 0 0 . 1 4 4 8 0 0 . 0 0 5 4 0 2 . 3 3 8 2 . 8 7 5 0 . 0 2 1 5 0 0 . 0 0 0 7 8
2 5 5 ,0 0 106  .4 0 0 . 2 0 8 0 0 0 , 0 0 6 0 0 2 . 3 7 4 2 . 8 7 0 0 . 0 3 0 5 0 0 . 0 0 0 8 8
2 6 0 .0 0 9 9 . 1 0 0 . 2 7 3 0 0 0 . 0 0 6 8 0 2 .4 1 1 2 . 8 6 0 0 . 0 3 9 6 0 0 . 0 0 1 0 0
2 6 5 ,0 0 9 2 . 6 0 0 . 3 4 2 4 0 0 . 0 0 7 2 0 2 .4 4 7 2 . 8 5 0 0 . 0 4 9 1 0 0 .0 0 1 1 0
2 7 0 . 0 0 8 7 . 1 0 0 .4 2 3 5 0 0 . 0 0 4 4 0 2 .4 8 5 2 . 8 5 0 0 . 0 5 9 8 0 0 .0 0 1 2 0
2 7 5 .0 0 8 3 . 0 0 0 . 5 3 0 6 0 0 . 0 0 8 5 0 2 .5 2 3 2 . 8 5 0 0 . 0 7 3 7 0 0 . 0 0 1 3 0
2 8 0 . 0 0 8 0 . 3 0 0 . 6 0 7 1 0 0 . 0 0 9 1 0 2 .5 6 1 2 . 8 5 0 0 . 0 8 3 2 0 0 . 0 0 1 4 0
2 8 5 . 0 0 7 9 . 6 0 0 , 6 2 7 3 0 0 . 0 0 9 4 0 2 . 6 0 1 2 . 8 5 0 0 . 0 8 4 6 0 0 . 0 0 1 4 0



TABLE 10

KIN E M A T IC S , CROSS SECTION AND MOMENTUM DENSITY

T l - 5 0 8 . 0 0  T H E T A 3 -4 1 .J 4 I H E T A 4 - 5 7 . 0 0

A  J l + - 0 . 7 9 2

T 3  K IN  P5 I * < &  + 1
A l t 3 -

2 1 5 . 0 0 2 * 2 . 7 0 0 .0 1 0 1 0 0 . 0 0 1 9 0 2 . 0 1 2 2 . 6 9 0 0 ,0 0 1 8 6 0 . 0 0 0 3 9
2 2 0 . 0 0 2 5 3 ,5 0 0 .0 0 9 3 0 0 . 0 0 2 1 0 2 . 0 5 1 2 . 6 5 0 0 . 0 0 1 2 4 0 . 0 0 0 3 6
2 2 5 . 0 0 2 4 4 .5 0 0 ,0 0 7 0 0 0 . 0 0 1 9 0 2 . 0 9 0 2 , 6 1 0 0 , 0 0 1 7 7 0 . 0 0 0 4 8
2 3 0 . 0 0 2 3 5 .6 0 0 .0 0 7 5 8 0 , 0 0 2 4 0 2 . 1 2 9 2 . 5 7  5 0 . 0 0 1 3 6 0 . 0 0 0 4 5
2 3 5 . 0 0 2 2 7 .0 0 0 .0 0 9 3 3 0 , 0 0 3 2 0 2 . 1 6 9 2 .5 4 5 0 . 0 0 1 4 6 0 . 0 0 0 5 1
2 4 0 . 0 0 2 1 8 .4 0 0 .0 1 0 5 0 0 . 0 0 1 6 0 2 . 2 0 8 2 . 5 1 0 0 . 0 0 1 6 9 0 . 0 0 0 5 1
2 4 5 . 0 0 2 1 0 .2 0 0 ,0 0 8 6 3 0 , 0 0 1 3 0 2 . 2 4 8 2 . 4 6 5 0 . 0 0 1 5 4 0 . 0 0 0 5 1
2 5 0 . 0 0 2 0 2 .0 0 0 .0 1 3 5 0 0 . 0 0 2 1 0 2 . 2 8 9 2 . 4 5 5 0 . 0 0 2 3 9 0 . 0 0 0 6 4
2 5 5 . 0 0 1 9 4 ,3 0 0 .0 1 3 5 0 Q .0 0 2 2 0 2 . 3 3 0 2 . 4 3 5 0 . 0 0 2 3 3 0 . 0 0 0 5 8
2 * 0 . 0 0 1 8 6 .9 0 0 .0 1 4 9 0 0 . 0 0 2 0 0 2 , 3 7 1 2 . 4 1 5 0 , 0 0 2 6 0 0 . 0 0 0 5 4
2 * 5 , 0 0 1 8 0 .0 0 0 .0 2 0 1 0 0 . 0 0 2 3 0 2 . 4 1 3 2 , 3 9 5 0 . 0 0 3 4 7 0 . 0 0 0 5 9
2 7 0 . 0 0 1 7 3 ,5 0 0 .0 2 4 9 0 0 . 0 0 2 4 0 2 . 4 5 5 2 . 3 7 5 0 . 0 0 4 2 6 0 . 0 0 0 5 4
2 7 5 . 0 0 1 6 7 .6 0 0 .0 3 3 0 0 0 . 0 0 2 5 0 2 . 4 9 9 2 . 3 6 0 0 . 0 0 5 6 0 0 , 0 0 0 5 4
2 8 0 , 0 0 1 6 2 .4 0 0 .0 3 4 3 0 0 . 0 0 2 6 0 2 . 5 4 3 2 . 3 5 0 0 . 0 0 5 7 4 0 . 0 0 0 5 4
2 8 5 . 0 0 1 5 8 .0 0 0 .0 4 3 0 0 0 . 0 0 3 0 0 2 . 5 8 9 2 .3 J O 0 , 0 0 7 0 7 0 , 0 0 0 5 2

TABLE 11

KINEMATICS,CROSS SECTION AND MOMENTUM D EN SITY

T l - 5 0 8 .00 I H B T A 3 - 4 1 . 5 4 1 H E T A 4 - 6 8 .0 0

- 0 . 5 2 8 AJl4-o .7 9 2

T3 K IN  P5 K & 4 1-

2 2 2 , 5 0 3 7 7 .1 0 0 .0 0 2 4 1 0 . 0 0 0 4 7 1 .8 4 9 2 . 3 8 0 0 . 0 0 0 5 5 0 . 0 0 0 1 3
2 3 7 . 5 0 3 5 2 .8 0 0 .0 0 2 6 1 0 . 0 0 0 5 4 1 . 9 7 5 2 . 3 0 5 0 . 0 0 0 5 7 0 . 0 0 0 1 7
2 5 2 . 5 0 3 3 0 ,1 0 0 .0 0 3 5 9 0 . 0 0 0 7 1 2 , 1 0 6 2 . 2 4 5 0 . 0 0 0 6 8 0 . 0 0 0 1 4
2 6 7 . 5 0 3 0 9 .7 0 0 .0 0 4 6 6 0 . 0 0 0 7 4 2 . 2 4 5 2 . 1 8 5 0 . 0 0 0 9 5 0 . 0 0 0 1 7
2 8 2 . 5 0 2 9 2 .5 0 0 ,0 0 3 6 0 0 . 0 0 0 5 0 2 . 3 9 5 2 .1 6 0 0 . 0 0 0 6 9 0 . 0 0 0 1 4
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TABLE 12

K IN E M A T IC S . (SOSS SECTION AND MOMENTUM DENSITY

T l - 5 0 8 .0 0 T S E T A 3 -3 0 .1 3 I H E T A 4 - 4 4 .0 0

- 0 . 5 2 8 - 0 .7 9 2

T3 K IN  P5 d V A d V t “ K 4*

3 0 9 . 0 0 7 1 . 7 0 0 . T 0 9 0 0 0 . 0 1 8 0 0 1 . 9 1 0 3 . 7 4 4 0 . 0 9 9 1 0 0 . 0 0 2 5 0
316  . 0 0 6 8 , 0 5 0 . 8 3 0 2 0 0 . 0 1 9 0 0 1 ,9 2 6 3 . 7 4 5 0 . 1 1 5 1 0 0 . 0 0 2 7 0
3 2 3 . 0 0 6 6 , 6 5 0 , 8 9 9 2 0 0 . 0 2 0 0 0 1 .9 4 1 3 . 7 4 8 0 . 1 2 3 6 0 0 . 0 0 2 8 0
3 3 0 . 0 0 6 7 . 8 0 0 . 6 7 0 6 0 0 . 0 2 0 0 0 1 ,9 5 6 3 . 7 5 4 0 . 1 1 8 6 0 0 , 0 0 2 8 0
3 3 5 . 2 5 7 0 . 3 0 0 . 8 1 6 5 0 0 . 0 2 8 0 0 1 . 9 6 8 3 . 7 5 9 0 . 1 1 0 4 0 0 . 0 0 3 8 0
3 4 0 . 5 0 7 4 .4 0 0 . 6 3 8 9 0 0 . 0 1 7 0 0 1 . 9 7 9 3 .7 6 7 0 . 0 8 5 7 0 0 . 0 0 2 5 0
3 4 7 . 5 0 8 1 .7 0 0 . 4 9 0 0 0 0 , 0 1 6 0 0 1 . 9 9 5 3 . 7 7 9 0 . 0 6 5 0 0 0 . 0 0 2 3 0
3 5 4 . 5 0 9 1 .1 0 0 . 3 8 1 0 0 0 . 0 1 5 0 0 2 ,0 1 3 3 .7 9 4 0 . 0 4 9 9 0 0 . 0 0 2 1 0
3 6 1 . 5 0 1 0 2 . 2 0 0 . 2 4 5 9 0 0 . 0 1 2 0 0 2 .0 3 1 3 .8 8 1 0 , 0 3 1 8 0 0 . 0 0 1 6 0
3 6 8 . 5 0 1 1 4 , 9 0 0 . 1 7 2 6 0 0 . 0 0 9 6 0 2 ,0 5 3 3 .8 3 1 0 . 0 2 2 6 0 0 . 0 0 1 6 0
3 7 5 . 3 0 1 2 9 , 3 0 0 .1 1 J 2 0 0 . 0 0 8 4 0 2 . 0 8 0 3 . 8 5 2 0 , 0 1 4 2 0 0 , 0 0 1 3 0
3 8 2 . 5 0 1 4 5 . 3 0 0 . 0 0 7 6 7 0 . 0 0 7 2 0 2 , 1 1 4 3 , 8 7 4 0 . 0 0 9 3 7 0 . 0 0 1 1 0
3 6 9 . 5 0 1 6 3 . 3 0 0 , 0 5 0 9 7 0 . 0 0 5 1 0 2 .1 6 3 3 . 8 9 7 0 . 0 0 6 0 6 0 . 0 0 0 9 0
3 9 6 . 5 0 1 8 3 . 9 0 0 .0 3 5 8 6 0 . 0 0 4 2 0 2 . 2 3 8 3 . 9 1 9 0 . 0 0 4 1 0 0 . 0 0 0 6 0

T3

TABLE 13

K IN E M A T IC S , CROSS SECTION AND MOMENTUM DENSITY 

T l - 5 0 8 , 0 0  THETA3 - 3 0 . 1 3  THETA4 - 6 1 . 0 0  

A-ft.3 - 0 . 5 2 8  - 0 . 7 9 2  

K IN  PS Ad5^  K 4 * " A ^ 3"

3 0 2 . 0 0 1 6 9 . 0 0 0 , 0 2 2 8 4 0 . 0 0 3 3 0 1 . 9 2 6 3 . 0 9 1 0 . 0 0 3 8 4 0 . 0 0 0 7 0
3 0 9 . 0 0 1 5 5 . 6 0 0 .0 3 2 7 2 0 ,0 0 4 3 0 1 .9 5 6 3 . 1 0 1 0 . 0 0 5 4 0 0 . 0 0 0 8 0
3 1 6 . 0 0 1 4 2 . 2 0 0 . 0 5 2 6 8 0 . 0 0 5 4 0 1 . 9 8 7 3 . 1 1 1 0 . 0 0 8 5 6 o . o o i i o
3 2 3 . 0 0 1 2 6 . 8 0 0 .0 8 2 9 1 0 , 0 0 6 6 0 2 , 0 1 7 3 . 1 3 2 0 . 0 1 3 1 2 0 . 0 0 1 2 0
3 3 0 . 0 0 1 1 5 . 5 0 0 . 1 2 5 6 0 0 . 0 0 7 4 0 2 . 0 4 8 3 , 1 6 1 0 . 0 1 9 3 8 0 . 0 0 1 3 0
3 3 7 . 0 0 1 0 2 . 5 0 0 . 2 2 4 7 0 0 . 0 1 0 0 0 2 . 0 7 9 3 . 1 9 9 0 . 0 3 3 7 8 0 . 0 0 1 8 0
3 4 4 . 0 0 9 0 .1 0 0 . 3  8140 0 , 0 1 3 0 0 2 ,1 1 1 3 , 2 4 6 0 . 0 5 5 6 2 0 . 0 0 2 1 0
3 5 1 . 0 0 7 8 .7 0 0 . 6 5 0 2 0 0 . 0 1 7 0 0 2 . 1 4 4 3 .3 0 2 0 . 0 9 1 7 9 0 . 0 0 2 6 0
3 5 8 , 0 0 6 9 . 2 0 0 .9 4 3 7 0 0 . 0 2 0 0 0 2 . 1 7 8 3 . 3 6 9 0 , 1 2 8 5 0 0 . 0 0 3 0 0
3 6 5 , 0 0 6 2 . 8 0 1 .3 6 5 1 0 0 . 0 2 3 0 0 2 , 2 1 5 3 . 4 4 8 0 . 1 7 6 7 0 0 . 0 0 3 3 0
3 7 2 , 0 0 6 1 . 1 0 1 .4 7 1 4 0 0 . 0 2 4 0 0 2 . 2 5 6 3 . 5 3 6 0 . 1 8 4 5 0 0 . 0 0 3 3 0
3 7 9 , 0 0 6 5 , 4 0 1 .3 2 4 7 0 0 . 0 2 3 0 0 2 , 3 0 1 3 , 6 3 7 0 . 1 5 6 4 0 0 . 0 0 3 0 0
3 8 6 . 0 0 7 5 . 4 0 0 . 8 7 0 2 0 0 . 0 1 8 0 0 2 . 3 5 5 3 . 7 4 8 0 . 0 9 6 8 0 0 , 0 0 2 3 0

3 9 3 . 0 0 9 0 . 5 0 0 . 4 4 6 7 0 0 . 0 1 3 0 0 2 . 4 2 4 3 . 6 6 9 0 . 0 4 8 0 0 0 . 0 0 1 6 0
4 0 0 . 0 0 1 0 9 . 9 0 0 , 2 1 2 8 0 0 . 0 0 9 4 0 2 . 5 1 6 3 . 9 9 9 0 . 0 2 1 3 0 0 . 0 0 1 0 0
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TABLE 14

KINEMATICS, OIOSS SECTION AND MOMENTUM DENS ITT

T l - 5 0 8 .0 0 T O E T A 3 - 3 0 .1 3 1 D E T A 4 - 6 6 .0 0

AH* - 0 . 5 2 8 A - 0 , 7 9 2

T3 U N  P5 d V A d V I

3 0 7 . 2 5 2 2 0 . 0 0 0 . 0 0 7 8 9 0 , 0 0 1 8 0 1 . 8 8 9 2 . 7 9 9 0 . 0 0 1 4 9 0 ,0 0 0 4 0
3 1 7 , 2 3 2 0 1 . 1 0 0 . 0 1 1 3 5 0 . 0 0 2 2 0 1 . 9 4 2 2 . 8 3 7 0 , 0 0 2 1 1 0 .0 0 0 5 0
3 2 1 , 2 3 182  , 3 0 0 . 0 1 4 7 3 0 . 0 0 2 4 0 1 . 9 9 5 2 . 8 9 7 0 . 0 0 2 5 4 0 .0 0 0 5 0
3 3 8 . 7 5 1 6 4 . 4 0 0 . 0 2 5 3 7 0 . 0 0 3 2 0 2 . 0 5 0 2 .9 83 0 . 0 0 4 1 3 0 .0 0 0 6 0
3 4 7 . 5 0 1 5 0 . 4 0 0 . 0 5 2 6 1 0 . 0 0 5 2 0 2 . 0 9 8 3 .0 7 4 0 . 0 0 8 1 4 0 .0 0 0 9 0
3 5 4 . 3 0 1 4 0 . 2 0 0 . 0 6 1 4 7 0 . 0 0 5 3 0 2 . 1 3 7 3 ,1 6 2 0 . 0 0 9 1 2 0 .0 0 0 9 0
3 6 1 . 5 0 1 3 1 . 4 0 0 . 0 9 9 4 6 0 . 0 0 7 1 0 2 . 1 7 9 2 . 2 6 4 0 . 0 1 4 0 0 0 .0 0 1 1 0
3 6 8 . 5 0 1 2 4 . 5 0 0 . 1 3 8 7 0 0 . 0 0 7 5 0 2 . 2 2 5 3 .3 8 0 0 . 0 1 8 4 0 0 .0 0 1 1 0
3 7 3 . 5 0 1 2 0 . 0 0 0 . 1 6 1 4 0 0 . 0 0 8 6 0 2 .2 7 5 3 .5 11 0 . 0 2 0 2 0 0 .0 0 1 1 0
3 82  . 50 1 1 8 . 0 0 0 . 1 6 8 0 0 0 . 0 0 8 7 0 2 . 3 3 2 3 .6 56 0 . 0 1 9 7 0 0 .0 0 0 9 5
3 8 9 , 5 0 1 2 1 . 8 0 0 . 1 6 0 5 0 0 . 0 0 8 5 0 2 .4 0 1 3 . 8 1 7 0 . 0 1 7 5 0 0 .0 0 0 8 8
3 96  . 50 1 2 0 . 6 0 0 . 1 1 5 1 0 0 . 0 0 7 1 0 2 .4 9 0 3 . 9 9 2 0 . 0 1 1 6 0 0 .0 0 0 6 9
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TABLE 15

KINEMATICS,OIOSS SECTION AND MOMENTUM DENSITY

T 1 -S 0 7 .0 0 THBTA3- 5 7 . 0 0 T U E T A 4 -5 7  .0 0

A i l j - 0 . 5 7 0 - 0 .8 2  9

T3 ( I N  P5 d V 4 d V ( 4*

1 0 2 . 0 0 3 6 7 , 0 0 0 . 0 0 1 0 2 0 . 0 0 0 2 4 2 .6 8 4 1 . 9 0 0 0 .0 0 0 2 0 0 .0 0 0 0 5
2 0 9 . 0 0 3 6 4 . 0 0 0 . 0 0 1 1 9 0 . 0 0 0 2 2 2 , 8 0 7 1 . 8 8 0 0 .0 0 0 2 2 0 .0 0 0 0 4
2 1 9 . 5 0 3 6 2 .0 0 0 . 0 0 1 9 0 0 . 0 0 0 2 2 3 . 0 1 5 1 . 8 8 0 0 .0 0 0 3 3 0 .0 0 0 0 4
2 3 0 . 0 0 3 6 5 . 0 0 0 .0 0 1 8 1 0 . 0 0 0 3 1 3 . 2 5 9 1 . 9 0 0 0 . 0 0 0 2 9 0 .0 0 0 0 5
2 3 7 , 0 0 3 6 9 .0 0 0 . 0 0 2 1 3 0 . 0 0 0 3 2 3 . 4 5 9 1 . 9 3 0 0 .0 0 0 3 2 0 .0 0 0 0 5
2 4 4 . 0 0 3 7 7 . 0 0 0 . 0 0 1 6 7 0 , 0 0 0 2 6 3 . 7 0 9 2 . 0 0 0 0 .0 0 0 2 3 0 .0 0 0 0 3
2 5 1 . 0 0 3 S 9 . 0 0 0 , 0 0 1 8 5 0 . 0 0 0 3 4 4 . 0 5 0 2 . 1 0 0 0 .0 0 0 2 2 0 .0 0 0 0 4
25S.OO 4 0 6 . 0 0 0 . 0 0 2 7 2 0 . 0 0 0 3 3 4 . 5 8 2 2 . 2 0 0 0 .0 0 0 2 7 0 .0 0 0 0 3

TABLE 16

K IN E M A T IC S , QlOSS SECTION AND MOMENTUM DENSITY 

T l - 3 0 7 . 0 0  T H E T A 3 - 6 6 . 0 0  T H E T A 4 -6 6 .0 0

A l l - 3  >K) . 5 7 0  & S I + H 1 . B 2 9

T3 ( I N  P5 i d V  E ^  ^

1 2 9 . 0 0 6 5 8 . 0 0 0 . 0 0 1 6 1 0 . 0 0 0 3 9 1 . 5 9 8 3 .2 5 0 0 .0 0 0 3 1 0 .0 0 0 0 7
1 3 5 . 0 0 6 5 4 . 0 0 0 . 0 0 2 3 5 0 . 0 0 0 4 2 1 . 6 9 8 3 . 2 0 0 0 .00043 0 .0 0 0 0 8
1 4 1 . 0 0 6 5 1 . 0 0 0 . 0 0 2 0 2 0 . 0 0 0 4 4 1 . 8 0 9 3 .1 5 0 0 .0 0 0 3 5 0 . 0 0 0 0 8
1 5 0 . 0 0 6 4 9 , 0 0 0 . 0 0 2 4 6 0 . 0 0 0 3 2 2 . 0 0 9 3 . 1 3 0 0 .0 0 0 3 9 0 .0 0 0 0 5
1 5 9 .0 0 6 5 0 . 0 0 0 .0 0 2 3 8 0 . 0 0 0 4 3 2 , 2 6 7 3 . 1 5 0 0 .0 0 0 3 3 0 .0 0 0 0 6
1 6 5 .0 0 6 5 4 . 0 0 0 . 0 0 2 3 5 0 . 0 0 0 4 2 2 . 5 1 7 3 . 2 0 0 0 .0 0 0 2 1 0 .0 0 0 0 5
1 7 1 . 0 0 6 6 1 . 0 0 0 , 0 0 2 1 8 0 . 0 0 0 4 8 2 . 9 1 1 3 . 2 8 0 0 ,0 0 0 2 3 0 .0 0 0 0 5
1 7 7 . 0 0 6 7 4 , 0 0 0 , 0 0 2 7 3 0 . 0 0 0 5 2 3 . 7 9 3 3 . 4 0 0 0 ,0 0 0 2 9 0 .0 0 0 0 4
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