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We have studied,  i n  the context  o f  impulse approxi 

o f  Fermi motion and th resho ld  energy cons t ra in t  on 

t i c l e  product ion  on deuterons. I n  t h i s  paper, we 

a n a l y t i c a l  model , and i t s  a p p l i c a t i o n  t o  the reacti ,    

mation, the e f f e c t s  

the incoherent  par-  

present a simple 

on K+d + Ko.rr+ p ( n) , 
w i t h  the  neutron as a specta tor .  It  i s  shown t h a t ,  wh i l e  t h e  e f f e c t  

o f  Fermi motion reduces the product ion  ra te ,  i n  qual i t a t i v e  agreement 

w i t h  experimental data, the th resho ld  energy cons t ra in t  has a n e g l i g i -  

b l e  e f f e c t .  

Estuda-se, no contexto da aproximação de impulso, os e f e i t o s  do movi- 

mento de Fermi e do v íncu lo  imposto pe lo  l  im ia r  sobre a produção inco- 

erente  de p a r t  í cu las  em dêuterons. Apresenta-se, aqui , um modelo ana- 
+ + l í t i c o   simples e sua aplicação   à reação K d -t K O T  p (n ) ,  onde o neutron 

é t r a tado  como espectador. Mostra-se, ademais, que, se por um lado, o 

e f e i t o  do movimento de Fermi faz ba i xa r  a taxa de produção, o que es tá  

em concordância qual i t a t i v a  com os dados experimentais, o v íncu lo  cor-  

respondente ao l  i miar da reação tem e f e i  t o  desprezível  . 

1. INTRODUCTION 

The phenomenologi ca l  s tudy o f  p a r t  ic le- deuteron i n te rac t  i ons i s  impor- 

tan t  from a t  l eas t  three d i f f e r e n t  po in t s  o f  view: (i) t o  t e s t  the va- 



l i d i t y  o f  theories and models f o r  the three-body problem, and f o r  scat- 

t e r i ng  by composi t e  targets; ( i  i )  t o  ex t rac t  data on the p a r t i  c l e  - neu- 

t ron in teract ion;  ( i i i )  t o  obta in  information on the in te rac t ion  o f  

short  l i ved  par t i c les ,  and resonances w i th  nucleons. Following any of 

these goals, a great deal o f  experimental and theoret ica l  work has been 

done i n  the l as t  few years. 

The coherent d i f f e r e n t i a l  cross section, a t  h i g t  momentum transfer,whe- 

re the double scat ter ing dominates, i s  the 

mation concerning ob ject ive ( i i i )  ( ~ e f . 1 ) .  

the incoherent d i f f e r e n t i a l  and integrated 

used, because the measurement o f  the f i n a l  

deuteron break up, gives us a c r i  te r ion  t o  

Conceptually, the spectator i s  the nucleon 

most useful source o f  i n f o r -  

For ob ject ive ( i  i ) ,  however, 

cross sections are generally 

nucleon momenta, a f t e r  the 

def ine the spectator nucleon. 

which d id  not in te rac t  w i t h  

the incident pa r t i c l e ;  operat ional ly,  i t  i s  simply the slower one. 

- 
I n  the spectator mde l ,  the production ra te  on deuteron, a def ined i n  

P'  
the h a l f  phase space where the neutron i s  a spectator, can be w r i t t en  

as an in tegra l  o f  the production ra te  on the proton, a over the deu- 
P' 

terpn momentum spectra, w i th  some kinematical factors.  I f  we neglect 

the dependence of the proton cross sect ion on the interna1 nucleon mo- 

mentum, we have the simple resul t 5 = a Vice-versa, changing proton 
P P' 

by neutron, we can do a d i r ec t  measurement o f  the neutron cross section, 

when we go t o  the h a l f  phase space where the proton i s  a spectator. 

From the po in t  o f  view (i), mentioned above, i t i s  worthwhi l e  t o  check 

the spectator model. The comparison o f  Ü w i t h  the value o f  a measu- 
P P' 

red using a hydrogen target, shows that  a > Ü by 20% t o  30% (Refs. 2, 
P P 

3).  The same percentage i s  used t o  correct the neutron cross sect ion 

extracted from deuterium3. This disagreement has been qual i t a t i v e l y  

a t t r i bu ted  t o  deuteron e f fec ts ,  such as Fermi motion, o f f  mass she l l  

and mu l t ip le  scatter ing. I n  a recent paper, we have taken i n t o  account 

double scat ter ing and f i n a l  s ta te  in teract ion,  using Glauber theory and 

closure approximation t o  ca lcu la te  the pion production ra te  deuteron4". 

That model has reduced, t o  w i  t h i n  the experimental er rors ,  the discre- 

pancy between the value o f  the ~ + p + K ~ a + ~  cross sect ion i n  hydrogen, and 
+ 

the same quant i ty  extracted from thé react ion k+d-+KOa p(n) w i  t h  the 



neutron as a spectator ,  f o r  i n c i d e n t  momenta h igher  than 1 .  up t o  4.6 

(Refs.3,6). 

A t  lower morranta, however, very c lose  t o  t he  product ion  threshold,  the  

v a l i d i t y  o f  Glauber's theory i s  no t  q u i t e  good, and i t  would be i n t e -  

r e s t i n g  t o  exp lore  an a l t e r n a t i v e  exp lanat ion  t o  account f o r  the expe- 

r imenta l  r e s u l t s .  

I n  t h i s  paper, we are  i n te res ted  i n  studying, i n  the c o n t e x t  o f  t h e  

specta tor  model, poss ib le  th resho ld  e f f e c t s  on p a r t i c l e  product ion  i n  

deuteron break up by i nc iden t  mesons. We d i v i d e  these e f f e c t s  i n  two 

k inds :  Fermi motion and th resho ld  energy. The f i  r s t  e f f e c t  a r i ses  from 

the dependence o f  the elementary par t ic le- nuc leon amplitude on the nu- 

c leon mrnenturn. This dependence i s  n e g l i g i b l e  when the amplitude v a r i -  

a t i o n  i s  small i n  comparison w i t h  the w id th  o f  the deuteron momentum 

spectra.  Near a resonance, f o r  instance, t h i s  cannot be t rue :  the Fer- 

m i  motion has been s h w n  t o  be important  i n  ~d s c a t t e r i n g  i n  a resonan- 

ce region7.  Above threshold,  the product ion  ampl i tude, s t a r t i n g  f rom 

zero, var ies  s t rong l y .  This f a c t  could a l s o  make the Fermi motion con- 

t r i b u t i o n  important  t o  the deuteron cross sec t ion .  The second e f f e c t  

i s  c l o s e l y  r e l a t e d  t o  the f i r s t  one, and i t s  t r i v i a l i t y  comes from the 

cond i t i on  t h a t  the energy o f  the par t ic le- nuc leon system should be gre- 

a t e r  than the reac t i on  th resho ld  energy. When we consider Fermi motion, 

the two body energy depends on the nucleon momentum, which can prov ide 

more energy (say i f  the p r o j e c t i  l e  and the nucleon mmenta are ant i -pa-  

r a l l e l )  o r  less  energy ( i f  the  two momenta are  p a r a l l e l ,  say) than i n  

the s t a t i c  t a rge t  approximation. Moreover, as the s c a t t e r i n g  i s  v i r t u -  

a l l y  i ns ide  the deuteron, the energy i s  no t  we l l - def ined,  and depends 

on our choice o f  an e f f e c t i v e  nucleon mass. This k i n d  o f  th resho ld  

c o n s t r a i n t  mod i f ies  the l i m i t s  o f  the phase space i n teg ra t i on ,  and i t  

has been shown by Atwood and west8 t o  be important  i n  the photoproduc- 

t i o n  on deuterons. Therefore, we have taken t h i s  i n t o  cons idera t ion  i n  

the present study. As shown i n  the f o l l o w i n g  discussion,  w h i l e  t h e  

Fermi motion a c t u a l l y  con t r i bu tes  t o  reduce 5 i n  r e l a t i o n  t o  a the 
P P' 

deuteron momentum spectra makes the th resho ld  energy cons t ra in t  i r-  
+ + 

re levant  f o r  the reac t ion  K d + K O ~  p ( n ) .  



2. THE SPECTATOR MODEL VVITH FERMI MOTION 

The ~ i n  features o f  the specta tor  m d e l ,  t h a t  is, the s i n g l e  s c a t t e r i n g  

impulse approximation i n  deuteron break up, a re  reported i n  reference9.  

We use here a ra the r  s i m p l i f i e d  vers ion  o f  i t ,  i n  which we neg lec t  spin, 

i sosp in  and deuteron D-wave. The i r  i nc lus ion  i s  s t ra igh t fo rward ,  and we 

in tend t o  take them i n t o  account i n  a forthcoming paper on the s i n g l e  

s c a t t e r i n g  ana lys is  o f  the general process xd-+YNN. They are,  however , 
not  re levant  f o r  our present purposes, s ince the r e l a t i v e  e f f e c t s  we 

in tend t o  discuss here a re  q u i t e  independent from sp in  and isosp in  e f -  

fec ts .  The d i f f e r e n t i a l  cross sec t i on  o f  a deuteron break up reac t ion ,  

i n  the  labora tory  frame, i s  given, i n  the s i n g l e  s c a t t e r i n g  approxima- 

t i on 9,  by . 

The func t ions  i n  Eq. 1 are: the elementary amplitude, fi(si,q), f o r  pro-  

duc t ion  on nucleon i; the r a t i o ,  y, between nucleon and deuteron f l u x  

fac tors ;  $, the deuteron wave func t ion .  The k inemat ica l  va r i ab les  are: 

the square o f  the center  o f  mass energy, si , o f  the p r o j e c t i l e - i  nu- 
-+ -+ -+ 

c leon system, and the momentum t r a n s f e r  q. We can i n t e r p r e t  p and q - p 

as the f i n a l  momenta o f  nucleons 2 and 1 ,  r espec t i ve l y .  As the deute- 
-+ -+ 

ron i s  a t  res t ,  p ,  = -p i s  the i n i t i a l  mornentum o f  nucleon 1 ,  when 2 
-+ -h -+ 

i s  the specta tor ,  and p, = -q + p i s  the i n i t i a l  momentum o f  2,  when 1 

i s  the specta tor  (F ig .  1 ) .  

We can w r i t e ,  i n  good approximation, 

where 2 and Ek are rnomenturn and energy o f  the p r o j e c t i  l e ,  and rn the 
N 

nucleon rnass. The two body CM energy i s  a f unc t i on  o f  the p r o j e c t i l e  

and nucleon mmenta: s = ~ ( k , ~ ~ ) .  I f  we take p, = O  i n  fi and i n  y, i 



we have 

-+ -+ + - +  
where p(q)  = / d3p+(-p)$(-q + p )  i s the deuteron form f a c t o r .  

we have 

Let  us now cons 

I n  Eq.3,  the energy argument o f  the amplitudes fi i s  s o  = s(k,0). I t  i s  

easy t o  see t h a t  dõ,/díl, i n  ( 3 7 ,  ar i ses  from the term 

As @c-;) i s  concentrated near p=O, dal/& comes from the p h a s e  space 

reg ion where the f i n a l  momentum of  nucleon 2 ( s ~ e c t a t o r  o f  the  i n te rac -  

t i o n w i t h  1) i s  small ( p = O ) .  Analogously, da,/dQcornes from the reg ion 

where the f i n a l  momentum o f  1 (specta tor )  i s  smal l  (1; - ;I -: O ) .  The 
-+ 

i n te r fe rence  term i s  c o n t r o l l e d  by the form f a c t o r  p (q) ,  whose maximum 

value occurs a t  q=O, and i t decreases f o r  q#O. Therefore, t h i s  term i s  

o n l y  important  i n  the boundary reg ion where both  f i n a l  n u c l e o n s  have 
+ -+ -+ 

almost equal momenta (p 2 q - P) .  I f  we neg lec t  the i n te r fe rence  term , 
we can se lec t  the events occur ing  i n  one o f  the nucleons. I n  the  spec- 

t a t o r  approximation, the d i f f e r e n t i a l  cross sec t i on  f o r  the nucleon, f o r  

instance, i s  g iven by du,/dQ = do/dQlp,l;-;~. A f t e r  i n t e g r a t i n g  i n  Q , 

i d e r  the Fermi motion, t h a t  i s  the 

and y i n  (1 ) .  Instead o f  (4) ,  we have: 

p-dependence o f  f, 

-+ -+ 
and p, = - p  . For a phys ica l  nucleon a = Ek/mN, but  i f  we take the i n -  

t e r a c t i n g  nucleon o f f  mass s h e l l ,  assuming the specta tor  on mass shell lO, 

then 

where m i s  the deuteron mass. 
D 



3. PRODUCTION NEAR THRESHOLD 

U s i n g  ( 2 ) .  and  m a k i n g  a l i n e a r  a p p r o x i m a t i o n  t o  

a, ( s l )  = a, ( s O )  + a: ( s O )  (ap2+ 2kp  ) , where o; i s  the f i  r s t  d e r i v a t i v e  
'r, 

o f  oi, and pll i s  the component o f  p p a r a l l e l  t o  $, we a r r i v e  a t  . 

wi t h  a=Ek/kmN. We have taken @ as an even funct ion,  and there fore  ex- 
-+ 

cluded the odd i n teg ra i s  i n  p .  I t  i s  f u r t h e r  convenient t o  use a s ing le  

Gaussian deuteron wave func t i on  

wi t h  N = (2b/71)& and b = 6 6 ( ~ e ~ / c ) ~ .  I n  t h i s  case, 

Near the threshold, ul increases, and so u; > O .  To exp la in  the beha- 

v i ou r  Ül<ul(so), i t  i s  enough t o  note tha t  the term ins ide  parentheses 

i s  negative. From (6b), we can see tha t  

i s  always negative, as we naed i t .  Moreover, the l i nea r  approximation 

t o  u1 i s  very naive, and we have t o  check t h i s  p red i c t i on  i n  a more re-  

a l i s t i c  case. 

We, then, assume t h a t  a l  can be parametrized, above threshold, by the 

smooth . func t ion  o f  s,, n a m l y ,  

which describes the r i s e  o f  the cross sec t ion  from zero, a t  the thresh- 

o l d  sT, up t o  a value A .  This hypothesis a l lows us t o  perform, analy- 

t i c a l l y ,  the i n teg ra t i on  i n  ( 5 ) :  



which gives 

- 
U i  = A { l  - bexp [-$(so-s,)] 1 , 

This r esu l t  shows that,  f o r  6=1, we go back t o  ã,= a, (so), and f o r  6'> 1 

we have the agreement w i  t h  Ü, < o, (so) .  

As we hope t o  have,in general, B<<b, because the deuteron wave funct ion 

i s  very sharp, we take 6>1 i n  a11 p rac t i ca l  cases. 

Before app l i i ng  our formula t o  a physical s i tuat ion,  i t  i s  be t te r  t o  

examine the threshold energy condit ion, sl>sT. From t h i s  condit ion and 

(6a), we see that  the cosine o f  the angle, between p ro j ec t i  l e  and nu; 

cleon momenta, has t o  obey the r e l a t i on  

-i -+ 
If we change the var iables - p  = p ,  i n  ( 5 )  , the above const ra in t  means 

-+ 
that  we have a physical upper l i r n i t  t o  cosel when we integrate i n  p ,  . 
I n  (9) , t h i s  gives a lower 1 i m i  t t o  the in tegrat ion i n  p,, . The presence 

o f  the deuteron wave funct ion as a factor  i n  the integrand, however,ma- 

kes t h i s  new r e s t r i c t i o n  i r re levan t .  The po in t  i s  thaf (11) i s  e f fec-  

t i v e  only f o r  X< 1 and th is ,  i n  general, happens a t  high values o f  p ,  . 
The ro l e  o f  $(pl) i s  j u s t  t o  drop the h igh  momenta cont r ibut ion t o  the 

integrand. We can p i c t u re  the s i t ua t i on  c l ea r l y  i n  a concrete case. 

4. APPLICATION AND CONCLUSIONS 

+ + 
As an appl icat ion,  we have considered the react ion K d -+ K'T p(n) . The 

+ 
f i t t i n g  o f  the k+p -+ K'IT p production rate, measured f o r  a hydrogen 



Fig .  1 - The i o p b ,  .e, approximation desc r i p t i on  o f  deuteron break UD 

F ig .3  - Upper l i m i t  f o r  x as a f unc t i on  o f  the nucleon momentum p f o r  

the inc ídent  momentum 0.9 Gev/c, app ly ing  t o  the th reçho ld  energy cons- 

t r a i n t ,  and the deuteron wave func t ion .  



C r o s s  Section 
m b  

+ G e v / c  
Fig.2 - Theore t ica l  curves are:  - parameter iza t ion  o f  the K p+~Oa+p cross sec t i on ;  ----- c a l c u l a t i o n  o t  + + 
the K d+KOn p(n)  cross sec t i on  using the  spectator  model w i  t h  Fermi m t i o n .  Experimental p o i n t s  r e f e r  t o  

2 -f K+p, $+ k d .  



t a rge t  (Fig.2) determines the parameters o f  our formula (8) : A = 5.12 mb, 

B = 4.8 ~ e v - ~ .  

Instead o f  the ac tua l  th resho ld  energy, sT, we have used an e f f e c t i v e  

value fo r  i t ,  which has been e m p i r i c a l l y  obtained from the p o i n t  where 

the experimental p roduct ion  r a t e  p r a c t i c a l l y  vanishes. This emp i r i ca l  

value i s  d i f f e r e n t  from the theore t icB1 one because the  cross sec t i on  

i n  the neighbourhood o f  the  th resho ld  cannot be descr ibed by a func t ion  

as simple as (8). The e f f e c t i v e  sT corresponds t o  an i nc iden t  momentum 

We have ca l cu la ted  the  deuteron cross sec t i on  us ing  formula (10) w i t h  
b 

ct given by (6b).  l h e  r e s u l t  i s  shown i n  F ig .2  i n  comparison w i t h  the 

experimental data. We can say t h a t ,  i n  t h i s  simple model, t h e  Ferrni 

motion con t r i bu tes  t o  make ã1 < a l ( s o )  near the threshold.  I t  i s ,  ho- 

wever, important  t o  rnake some comments on the s i g n i f i c a n c e  o f  our c a l -  

cu la t i ons .  F i r s t  o f  a l  I, i n  the measurement o f  :, there were cuts i n  

the phase space: events w i t h  spectator  momenta h igher  than 0.25 Gev / c  

are re jec ted  because they are i n  d i  sagreement w i  t h  deuteron wave func- 

t i o n  p r e d i c t i o n  3 .  We have not  inc luded e x p l i c i t l y  such a cu t  i n  our 

a n a l y t i c a l  ca l cu la t i on ,  i n  which we in tegra ted (9) over a l l  phase space. 

However, the presence o f  the deuteron wave func t i on  i n  the integrand (5) 
p r a c t i c a l l y  cuts a l l  c o n t r i b u t i o n  from higher mmenta. This darnping o f  

the wave func t i on  makes a l s o  i r r e l e v a n t  the, th resho ld  energy cond i t i on  

I n  Fig.3, we see the behaviour o f  the upper 1 

dent momenturn 0.9 Gev/c. As x i s  less than 1 

g reater  than 0.25 Gevlc, where $ -+ O ,  we can 

energy cons t ra in t  i n  the phase space i n t e g r a t  

i m i t  x o f  cos8,, a t  i nc  

on ly  f o r  nucleon momen 

d is regard  t h e  thresho 

i on . 

I n  conclusion,  we should l i k e  t o  ca l1  a t t e n t i o n  t o  the f a c t  t ha t  a l -  
+ + 

thougt the Fermi motion seems t o  con t r i bu te  ac tua l  l y  to  the K ~-+K'IT ~ ( n )  

cross sec t ion ,  i t  i s  no t  re levant  enough t o  lead t o  a q u a n t i t a t i v e  agre- 

ement w i t h  the experimental data. Besides, a t  h igher  rnomenta, no t  very 

f a r  from threshold,  the spectator  rnodel f a i l s  completely t o  exp la in  the 

experimental values o f  a /6 i n d i c a t i n g  t h a t  o ther  e f f e c t s ,  such as in- 
P P' 

te r fe rence and mul t i p l e  step i n te rac t i ons  have t o  Se considered '. 



This paper was presented a t  the 1975 meeting o f  the B r a z i l i a n  Physical  

Society,  Belo Hor izonte (Minas Gerais), Brazi  1. 
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