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( i ) 

Abstract 

This thesis i s p r i m a r i l y concerned with the 
Absorption Model f o r high energy scattering, and i n 
p a r t i c u l a r the application of the Absorption Model to the 
processes Nucleon-Nucleon charge exchange, and Nucleon-
Antinucleon charge exchange. 

In the f i r s t chapter, a review of the development of 
the one p a r t i c l e exchange model of high energy scattering 
i s given. The d i f f i c u l t i e s of the e a r l i e r applications 
are discussed, and the role of absorptive corrections i n 
resolving these d i f f i c u l t i e s i s outlined.. 

I n Chapter 2, the mathematical framework f o r adding 
absorptive corrections to one p a r t i c l e exchange 
contributions i s given. The o r i g i n a l prescription due 
to Sopkovich i s discussed, and recent approaches to the 
problem are reviewed. 

I n Chapter 3» the Absorption Model i s applied to the 
process of neutron-proton backward scattering, or charge 
exchange. I t i s found that one-pion exchange i n the 
Absorption Model gives a good f i t to the charge exchange 
peak at small angles, but there i s disagreement with 



( i i ) 

experiment at large angles. Rho-meson exchange Is found 
to be unsatisfactory. The energy dependence of one-meson 
exchange i n the Absorption Model i s investigated. 

In Chapter k» the Absorption Model i s applied to 
Nucleon-Antinucleon charge exchange. Good agreement w i t h 
experiment i s obtained. The s e n s i t i v i t y of the resul t s 
to the precise model of ela s t i c scattering i s investigated. 

In Chapter 5s we discuss various refinements to our 
work i n Chapter 3» to see i f better large angle res u l t s 
can be obtained. 

In our concluding chapter, the Absorption Model i s 
compared with the Regge pole exchange model, and the 
p o s s i b i l i t y of combining the two approaches i s discussed. 
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C H A P T E R 1 

THE EVOLUTION OP THE PERIPHERAL MODEL 



I t was f i r s t suggested by Chew and Low (1) that the 

exchange of pions i n i n e l a s t i c pion-nucleon c o l l i s i o n s 

should give dominant c o n t r i b u t i o n s to the c r o s s - s e c t i o n f o r 

low values of momentum t r a n s f e r . The standard p l a u s i b i l i t y 

argument f o r t h i s a s s e r t i o n i s as follows* i f we consider 

the s c a t t e r i n g of two spin-zero p a r t i c l e s of equal mass, 

wi t h the exchange of a s c a l a r p a r t i c l e mass \if then the 

c o n t r i b u t i o n to the d i f f e r e n t i a l c r o s s - s e c t i o n i s 

pr o p o r t i o n a l to g 4 / ( A 2 + ( J . 2 ) 2 , where A 2 = [^-momentum 

t r a n s f e r ] 2 , and g 2 i s the coupling constant of the exchange 

p a r t i c l e to the e x t e r n a l p a r t i c l e . Thus, i f [i. i s s m a l l , and 

we consider a region where A2 i s s m a l l , then the s i z e of the 

denominator g i v e s r i s e to the expectation that the term w i l l 

be dominant. 

The motivation f o r t h i s suggestion was to develop a 

method of e x t r a p o l a t i o n f o r the pole terms a r i s i n g from 

s i n g l e p a r t i c l e exchange f o r c e s , and i n t h i s way to obtain 

the coupling constants from r e s i d u e s of the poles 

corresponding to the given p a r t i c l e exchanges. 

Th i s concept was extended to form the b a s i s of a 

phenomenological c a l c u l a t i o n of s t r o n g - i n t e r a c t i o n high 

energy i n e l a s t i c processes which are sh a r p l y peaked i n the 

forward d i r e c t i o n - the p e r i p h e r a l processes - by D r e l l ( 2 ) , 

and Salzman ( 3 ) . 
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2. 

These calculations had some success, but these successes 
were f a r from quantitative or uniform.. I n p a r t i c u l a r , 
careful calculations of one-particle exchange diagrams f o r 
r e a l i s t i c processes, i.e.. those involving spin, demonstrated 
that the above p l a u s i b i l i t y argument could i n c e r t a i n 
circumstances be very misleading. Perhaps the most 
dramatic instance of t h i s i s the one-pion contribution to 
neutron-proton charge exchange. I f we were to fo l l o w on 
naive p l a u s i b i l i t y argument,.namely t r e a t i n g the neutron, 
proton and pion as scalar p a r t i c l e s , we should f i n d close 
agreement with the experimental angular d i s t r i b u t i o n s . A 
r e a l i s t i c calculation shows, however, gross q u a l i t a t i v e 
disagreement w i t h the observed data. Indeed, i t was found 
as a general feature that the proper inclusion of spins and 
p a r i t i e s , i n t e r n a l and external, gave ris e to a much broader 
angular d i s t r i b u t i o n than that expected from the simple 
denominator argument. 

I t was suggested by F e r r a r i and S e l l e r ! (k) that 
agreement could be obtained by i n s e r t i n g a form fac t o r 
dependent on momentum transfer. While such form factors 
can e x i s t and indeed have a very important r o l e i n the 
electromagnetic interactions, the proposal was unsatisfactory 



f o r the following reasons. 
F i r s t l y , because there was no attempt to obtain these 

form factors t h e o r e t i c a l l y - they were merely inserted to 
give a good f i t to the experimental data. I t was found 
t h a t , to obtain a reasonable f i t , the dependence of these 
form factors on momentum transfer was very s trong, and 
indeed completely masked the momentum transfer dependence 
of the input, one-particle exchange, term. Thus i t i s hard 
to see just what value such an approach has. There are 
also f u r t h e r c r i t i c i s m s . Consider the processes 

NN -» N*N (a) ") where N i s the Nucleon 
and NN -> NN* (b) j and N* the 3,3 Resonance. 

F e r r a r i and S e l l e r i (lt-j were able to obtain a good f i t to 
process (a) with one pion exchange and t h e i r ad hoc form 
f a c t o r s . But an i d e n t i c a l form factor i s required fo r the 
vertex n n*ft, and so the F e r r a r i - S e l l e r 1 tneory gives tne 
same predictions f o r processes (a) and (b). Process (b) 
has, however, a smaller cross-section than ( a ) , and i s much 
more sharply peaked. 

So f a r , i n discussing the evolution of the peripheral 
model, we have concentrated on a comparison of i t s predictions 
w i t h experiment. But a theory must not only be satisfactory 
i n comparison w i t h experiment, i t must also conform to basic 



conservation laws, f o r instance p r o b a b i l i t y ( i n the form of 
u n i t a r i t y ) 9 and those implied by the Lorentz group. 

One finds that the str a i g h t one p a r t i c l e exchange 
model frequently gives r i s e to v i o l a t i o n of u n i t a r i t y 
bounds f o r low p a r t i a l waves e.g. G o t t f r i e d and Jackson f i n d 
that f o r the process %p -> pp at l± Gev/c a v i o l a t i o n of the 
u n i t a r i t y bound f o r s and p waves. The u n i t a r i t y bound i s 
exceeded f o r s waves by a factor approximately 200, and f o r 
p waves by about 10. Of course, these v i o l a t i o n s and the 
prediction of too f l a t an angular d i s t r i b u t i o n are not 
unconnected. Since the large angle scattering i s from low 
p a r t i a l waves, i t i s clear that a model which gives a large 
contribution to these w i l l have d i f f i c u l t y i n giving a 
largely peaked angular d i s t r i b u t i o n . 

The answer t o this dilemma was proposed by Gottfried 
and Jackson (5) and independently by Durand and Chiu ( 6 ) . 
The i n t u i t i v e basis of t h e i r proposal, a r e v i v a l of an 
o r i g i n a l idea and formalism given by Sopkovich ( 7 ) , was as 
follows. At energies i n the Gev range, i n e l a s t i c channels 
are open, and these channels compete both i n the i n i t i a l and 
f i n a l states f o r t h e i r share of the t o t a l cross-section. 
Now, i t i s reasonable to suppose that such i n e l a s t i c 
processes, p a r t i c u l a r l y those complex processes involving 



genuine many p a r t i c l e f i n a l states, i . e . not quasi 2-body 
processes, should be i n i t i a t e d by c o l l i s i o n s involving low 
p a r t i a l waves. And conversely, we should expect that 
t h i s competition i n low p a r t i a l waves due to many competing 
open channels w i l l imply a reduction i n the low p a r t i a l 
wave i n t e r a c t i o n amplitude to any given channel, while 
leaving higher p a r t i a l waves largely unchanged. 

Thus, an e f f e c t has been introduced which i s i n t u i t i v e l y 
reasonable, and which off e r s hope of reducing the excess over 
u n i t a r i t y bounds of low p a r t i a l waves and of producing a 
change i n the angular d i s t r i b u t i o n s , collimating them i n the 
forward d i r e c t i o n . I t i s now necessary to translate t h i s 
idea in t o mathematical formalism permitting us to make 
calculations to t e s t the idea. A pre s c r i p t i o n f o r taking 
into account the effec t s of competing channels, and 
parameterising them i n terms of e l a s t i c scattering was given 
by Sopkovich, and rederived by Gottfried and Jackson, and 
Durand and Chiu. We s h a l l give d e t a i l s i n the follo w i n g 
chapter. 



C H A P T E R 2 

ABSORPTION MODEL 



6. 

We s h a l l f i r s t discuss the o r i g i n a l construction of 
a prescription to take int o account the absorptive effects 
of many competing channels on the one-particle exchange 
contri b u t i o n , following the treatment due to Jackson ( 5 ) . 
Such a modified peripheral model i s now usually known as 
the Absorption Model. The terms pr e s c r i p t i o n and 
construction are used advisedly, f o r the Absorption Model 
i s dependent on many assumptions and approximations, and 
few of them are t o be regarded as altogether well-founded. 
However, since an exact solution would require the 
solution of coupled m u l t i - p a r t i c l e , multi-channel 
equations, and t h i s i s a very d i s t a n t goal, we must expect 
that any useful r e s u l t w i l l involve crude approximations 
i n i t s d e r i v a t i o n . 

The f i r s t version of the Absorption Model i s essentially 
a d i s t o r t e d wave Born approximation, more f a m i l i a r to 
Nuclear and Atomic Physics than t o High Energy Physics. 
Consider the scattering of spinless p a r t i c l e s a+b -* c + d , 
where the force i s approximated by one-particle exchange. 
I n p o t e n t i a l language, the p o t e n t i a l V giving r i s e to the 
t r a n s i t i o n i s well represented by i t s f i r s t Born 
approximation. Let U( + ) and U ( _ ) be the remaining 
interactions between a and b, and c and d, respectively. 
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Thus U^+) and U^_) are the potentials which give r i s e to 
the e l a s t i c scattering a + b -* a + b, and c + d -+ c + do 
Since i n any application of the peripheral model, the 
cross-sections considered are much smaller than the 
e l a s t i c scattering cross-sections, the appropriate case 
to consider i s V Uv"; . 

Prom Gell-Mann - Goldberger scattering theory ( 8 ) , 
(*) 

the scattering amplitude to a l l orders i n U v - / and f i r s t 
order i n V i s given by 

(2.1) M. f i 
where and are the eigenstates of the 
Hamiltonian corresponding to U*_) and U^+) respectively. 
That i s 

1 ( + ) _ 
E - (H-V) + i n 

(2.2) 

E - (H-V) - i n 

where are plane wave eigenstates 
of the non-interacting 
Hamiltonian Ho = H - u - v 

and E i s the energy , H the t o t a l Hamiltonian} and n 
i s a small quantity, defining by i t s sign whether the wave 
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function has ingoing or outgoing boundary conditions, 
+ f o r outgoing, - f o r ingoing. 

At high energies and small momentum transfer one can 
use the approximation f o r the wave functions developed by 
Glauber (9) from the W.K.B. approximation. Since t h i s 
involves the use of the impact parameter formalism, i t i s 
natural to convert the p a r t i a l wave sum over a l l angular 
momenta to an in t e g r a l over a l l impact parameters. This 
may be done at small scattering angles by using the 
asymptotic formula P^(cos 0) ~ J 0((24 + 1) s i n £ 0), 
where P̂  i s the Legendre Polynomial of order and J 0 i s 
the c y l i n d r i c a l Bessel function. Hence the p a r t i a l 
wave sum WL. = 2(2£ + 1)A^ P,g(cos 0) (2-3) 

where b i s the impact parameter, q. the centre of mass 
momentum, w = 2 s i n %Q and x = qb. After manipulation 
we may ret r i e v e the p a r t i a l wave sum by inspection. 

(+) 

I n order to relate t r ~ ' to high energy e l a s t i c 
scattering we must allow them to be complex - and i n 
constructing the Bra ( f i n a l state) we must use the complex 
conjugate of the p o t e n t i a l . The wave functions i n the 
centre of mass frame are then given by 

becomes oo bdb A(x)j 0(wx) M-± ̂  2q 
o 



9. 
+ 

+ ( b s z ) ^ exp[iq.x] exp[- ^ + j IT (b+kz')dz* ] (2.5) g_+ 
+ 00 

where v+ i s the r e l a t i v e v e l o c i t y of the p a r t i c l e s , 

g+ and q.- are the i n i t i a l and f i n a l 3-momenta, 

and we have assumed one 3-dimensional degree of freedom z 

A £+ + q-
chosen along k = q+ + q_ $ k = . The impact 

k+ + £- I 
A 

parameter v e c t o r b i s perpendicular to k , 
A 

and the p o s i t i o n v e c t o r r = b + k z . 

I n t h i s approximation the s c a t t e r i n g amplitude becomes* 

d 2b| dz exp[iA.bJ V(b+kz) x exp[- ^ / U ( _ ) (b+kz' )*dz'] 
O -co Z 

x exp[- ^ + J Z U ( + ) (b+kz")dz , f] (2.6) 
-co 

where A i s the 3-momentum t r a n s f e r . Now we note t h a t 

1 P A 
v J U(b+kz)dz = 26(b) (2.7) 

where 6(b) i s the phase s h i f t of a wave packet t r a v e l l i n g 

through a p o t e n t i a l U a t impact parameter b, and 

f 0 0 

BCb) = I V(b+kz)dz (2.8) 
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i s the •unmodified Born approximation f o r the p a r t i a l wave 
amplitude corresponding to the p o t e n t i a l V. 

To o b t a i n some simple r e l a t i o n from (2.6) f o r the 
d i s t o r t e d wave Born approximation, the unmodified Born 
approximationj, and the e l a s t i c s c a t t e r i n g phase s h i f t s , 
f u r t h e r assumptions must "be made. Two possible 
assumptions w i l l give the desired s i m p l i f i c a t i o n . 

F i r s t l y , i f we assume t h a t U < + ) = U ( - ), and v+ = v_ , 
then (2o6) reduces to 

M f i = 2% j°° J 0 ( A b ) e 2 i 5 ^ b ^ B ( b ) b d b (2.9) 

where A =J*q(l - cos 6) = 2q s i n £0 . 

Thus, by comparison w i t h the p a r t i a l wave sum and i t s 
i n t e g r a l r e p r e s e n t a t i o n , we f i n d t h a t the e f f e c t o f the 
i n i t i a l and f i n a l s t a t e i n t e r a c t i o n i s t o m u l t i p l y the 
p a r t i a l wave Born amplitude B^ f o r the t r a n s i t i o n by the 
p a r t i a l wave s-matrix f o r e l a s t i c s c a t t e r i n g , S^, of the 
p a r t i c l e s i n the i n i t i a l ( f i n a l ) s t a t e . The modified 
p a r t i a l wave amplitude i s given by = S^B^, which 
we r e w r i t e as 

A* = S / ^ S* (12.10) 

to compare w i t h the case of n o n - i d e n t i c a l i n i t i a l and 

f i n a l s t a t e s . 



11. 

When U ( + ) ^ U < _ ) , one can only s i m p l i f y (2.6) i f the 
range of V i s much less than t h a t of U ( + ) or U < _ )o I n 
t h i s case, (2.6) becomes 

oo 

M f i = 2%\ bdb J 0(Ab)B(b)exp[|[26< + ) (b)+26<"> (b) ] ] (2.11) 
o 

where 26 ( +> (b) = - ^ +J°°U ( + ) (b+kz)dz 
— 00 

and 26<->(b) = - ± 1 U ( - > (b+kz)dz, 
—00 

i . e . o< + ) ( b ) and o ( _ ) ( b ) are the phase s h i f t s f o r the 
e l a s t i c s c a t t e r i n g of the p a r t i c l e s i n the i n i t i a l and 
f i n a l states r e s p e c t i v e l y . The modified Born term i s then 
given by 

A * = (S«>* (sf ) * , (2.12) 

which 3s the o r i g i n a l p r e s c r i p t i o n g i v e n by Sopkovich ( 7 ) . 
i f 

and are the p a r t i a l wave S m a t r i x elements f o r 
e l a s t i c s c a t t e r i n g i n the i n i t i a l and f i n a l s t a t e s . 

Now f o r most a p p l i c a t i o n s - though not our own work 
on charge exchange processes - there i s no reason t o b e l i e v e 
the near e q u a l i t y of U ( + ) and U ( - ). Thus i n using equation 
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(2.12), one i s assuming the range of V i s much smaller 
than t h a t o f U< + ) and U ( _ ). This i s i n general very-
f a r from the case. C h a r a c t e r i z i n g the range of an exchange 
p a r t i c l e by i t s Compton wavelength, the range of V f o r one 
pi o n exchange i s 1.ljF, whereas o p t i c a l models f o r N-N 
e l a s t i c s c a t t e r i n g give a range f o r U of the order of 1F. 

However, i t i s possible t h a t t h i s c r i t i c i s m may not 
be too important i n p r a c t i c e } Durand ( p r i v a t e 
communication) has c a r r i e d out a number of numerical 
computations i n p o t e n t i a l theory, using p o t e n t i a l s V and 
U, f o r V less than U, but v i o l a t i n g the range assumption 
r e q u i r e d f o r equation (2.12). He f i n d s t h a t , though i n 
these circumstances equation (2.12) i s not a good 
approximation f o r the modified p a r t i a l waves, on summing 
up the p a r t i a l waves given by (2.12) there i s a strong 
c a n c e l l a t i o n of e r r o r s and a very good approximation to 
the exact amplitude i s obtained f o r small angle s c a t t e r i n g . 

Another c r i t i c i s m of the preceeding d e r i v a t i o n i s the 
use o f the Schrttdinger equation w i t h an o p t i c a l p o t e n t i a l 
which, though i t may give a good r e p r e s e n t a t i o n of the 
angular d i s t r i b u t i o n f o r s c a t t e r i n g , does not n e c e s s a r i l y 
give good i n f o r m a t i o n on the wave f u n c t i o n s - a s i t u a t i o n 
known to o b t a i n i n Nuclear Physics (C.F.Clement, p r i v a t e 
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communication)» Furthermore, one can o b j e c t t o using 
the Schrtidinger eguation to o b t a i n r e s u l t s which w i l l be 
used i n a h i g h l y r e l a t i v i s t i c situation.. 

We now consider b r i e f l y the r e s u l t of the absorptive 
m o d i f i c a t i o n s given by equation (2.12). To do t h i s , we 
must know the e l a s t i c s c a t t e r i n g phase s h i f t s i n the 
i n i t i a l and f i n a l s t a t e s . However we may note immediately 
t h a t since ImS^^ 0, any i n e l a s t i c i t y i n the e l a s t i c 
s c a t t e r i n g must reduce the Born terms. I t must be 
emphasized t h a t these cannot be p r e d i c t e d , but must be 
analyzed from e l a s t i c s c a t t e r i n g data. This immediately 
r a i s e s a problem f o r i n e l a s t i c processes, since i t i s 
impossible to devise an e l a s t i c s c a t t e r i n g experiment f o r 
the f i n a l s t a t e s of any i n e l a s t i c i n t e r a c t i o n - t h i s p o i n t 
w i l l be discussed f u r t h e r when we review work on i n e l a s t i c 
processes. I n any case, thorough and r e l i a b l e phase 
s h i f t analyses are d i f f i c u l t and complicated matters, the 
complexity i n c r e a s i n g r a p i d l y w i t h energy and hence the 
number of s i g n i f i c a n t p a r t i a l waves. I n p r a c t i c e , we 
f i n d i t necessary to r e l y on very crude models to o b t a i n 
r e s u l t s f o r e l a s t i c phase s h i f t s above about 1 GeV. 



To be s p e c i f i c , we sketch one such model below. 

The Gaussian model 

The e l a s t i c s c a t t e r i n g d i f f r a c t i o n peak above 1 or 
2 GeV i s w e l l parametrized by the exponential form 

do do 
d t d t 

e a t (2.13) 
t=0 

where t i s the (U-momentum t r a n s f e r ) 2 , negative i n the 
p h y s i c a l r e g i o n , and a p o s i t i v e f u n c t i o n of S. We then 
make the f o l l o w i n g approximations* 

a) assume t h a t equation (2.13) holds f o r a l l t , not 
j u s t i n the d i f f r a c t i o n peak. 

b) suppose t h a t the forward amplitude (which i s 
l a r g e l y imaginary) i s e x a c t l y imaginary} and f u r t h e r , 
t h a t t h i s i s t r u e of the amplitude a t a l l angles. 

c) neglect s p i n . 

I t i s then possible to o b t a i n an a n a l y t i c expression f o r 
the p a r t i a l wave S-Matrix by using the impact parameter 
formalism. From the above assumptions and the O p t i c a l 
Theorem, the amplitude M ( t , q ) , where q. i s the centre of 
mass momentum, i s given by 



M(t 9gj = q e i a t ^ ( 2 o 1 l + ) 

oo 
But M(t,q) = - i q f bdb J 0 ( W ^ l ) ( e 2 i 6 ^ b ^ - 1 ) , (2.15) 

*o 

where, by comparison w i t h equation (2.11+) , <5(b) must be 
pure imaginary. Now, equation (2.15) i s a P o u r i e r -
Bessel transform and may be i n v e r t e d . I f 

oo 

b(y) = j a(x) J 0 ( x y ) d x , 

then the inverse i s 

i(x) = I b(y) J 0 ( x y ) d y . 

Hence, from (2.15) 

° (2.16) 

But the Fourier-Bessel transform of a Gaussian i s 
i t s e l f a Gaussian* 

f e - a x 2 J 0 ( x y ) x dx = — e " ^ ^ , 
J 2a 
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J a 216(b) , °tot _-b a/2a . (2.17) g i v i n g e v ' = 1 - e ' 

Remembering Z - qb, we haves 

o * 2 

s ^ = e
2 1 6 * = 1 - -£2t e " W f ( 2 > 1 8 ) 

J+rca 

which i s the Gaussian model f o r e l a s t i c d i f f r a c t i o n 
s c a t t e r i n g . 
R e - w r i t i n g more simply, we have 

S e = 1 - C e " Y * 2 (2.19) 

where C ^ 1 f o r u n i t a r i t y . 

To r e v e r t t o our o r i g i n a l question, how are the Born 
p a r t i a l waves modified by the i n i t i a l and f i n a l s t a t e 
e f f e c t s ? For p-p s c a t t e r i n g a t 10 G-eV, w i t h t h i s crude 
model of e l a s t i c s c a t t e r i n g , C ^ 0.9 » thus the S-wave 
Born term f o r an i n i t i a l and f i n a l Nucleon-Nucleon s t a t e 
i s diminished t o of i t s o r i g i n a l value. A l l the 
p a r t i a l waves a r e reduced, but t h e higher p a r t i a l waves are 
reduced correspondingly l e s s , since -» 1 a:s I -* oo. 

Thus, the e f f e c t suggested a t the end of Chapter 1, the 
strong suppression of low p a r t i a l waves by the i n i t i a l 
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and f i n a l s t a t e i n t e r a c t i o n s , i s a consequence o f the 
Absorption Model. This e f f e c t of reducirg lew p a r t i a l 
waves can be thought o f as g i v i n g a longer range t o the 
"centre of g r a v i t y " of the exchange f o r c e s , and the 
e f f e c t i v e l y longer range f o r c e s then g i v i n g r i s e to a more 
sharply c o l l i m a t e d s c a t t e r i n g peak. 

At t h i s p o i n t we s h a l l reverse the h i s t o r i c a l order 
f o r the sake of completeness, and discuss some recent 
approaches to the d e r i v a t i o n of absorptive c o r r e c t i o n s to 
on e - p a r t i c l e exchange terms. Though the a b s o r p t i o n model 
has had considerable success, the d e r i v a t i o n of a model 
f o r h i g h energy processes by the use of p o t e n t i a l - t h e o r y 
i s somewhat u n s a t i s f a c t o r y , as point e d out above. For 
t h i s reason a number of authors - Squires (10, 11, 12), 
B a l l and Frazer (13), Omnes (11+) , D i e t z and Pilkuhn (15,16), 
T r e f i l (17) and Watson (18) - have sought to give a 
d e r i v a t i o n w i t h o u t recourse to p o t e n t i a l models. 

The most s i g n i f i c a n t i n g r e d i e n t of these approaches 
i s the attempt to include absorptive c o r r e c t i o n s by 
considering the U n i t a r i t y equation w i t h i n e l a s t i c i n t e r ­
mediate s t a t e s . I n some approaches, the o n e - p a r t i c l e , 
exchange, or po l e , d r i v i n g terms are also modified by being 
cast i n t o a u n i t a r i z e d form, a device we s h a l l discuss i n 
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the context o f the K-matrix formalism. A n a t u r a l 
framework f o r the problem i s the N/D formalism of Chew 
and Mandelstam (19)° This i s used by Squires, and B a l l 
and Frazer. There i s a correspondence, which we s h a l l 
discuss, between the N/D and the K-matrix methods. The 
l a t t e r i s used by Dietz and P i l k u h n , and by Watson. 
T r e f i l usee bot h formalisms. 

We w i l l consider the many-channel case, and denote 
the s c a t t e r i n g amplitude i n the p a r t i a l wave I by A ( s ) ; 

W r i t i n g 
A*(s) = / ( s ) D*(s)- 1 , (2,20) 

where f o r the n channel case,A, N and D are n x n matrices, 
s being (centre of mass e n e r g y ) 2 . D (s) i s a r e a l 
a n a l y t i c f u n c t i o n i n s, except f o r the u n i t a r i t y cut on the 
p o s i t i v e r e a l axis extending from the lowest t h r e s h o l d to 
i n f i n i t y . S i m i l a r l y , N (s) i s r e a l a n a l y t i c except f o r a 
l e f t hand cut and, p e s s i m i s t i c a l l y , possible poles on the 
l e f t . 

To o b t a i n a t r a c t a b l e form f o r the U n i t a r i t y equation, 
and hence avoid complicated i n t e g r a l equations, the a n a l y s i s 
has to be r e s t r i c t e d to 2 - p a r t i c l e intermediate s t a t e s . 
The U n i t a r i t y c o n d i t i o n on A i s 

Im A1 = A6 P A1 (2.21) 
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where (?) ±. = 5 6(s - s ^ p ^ j 

+ Vi 

ŝ ^ i s the t h r e s h o l d f o r the i channel, 

/ k i \ i t h = ( 2 — J 2 i s the phase space f a c t o r i n the i channel, 

k^ i s the modulus of the 3-momentum i n the centre of mass 
frame* 

Combining (2.20) and (2.21) we have 

Im = P . (2.22) 

W r i t i n g a d i s p e r s i o n r e l a t i o n f o r D i n terms of Im D, and 
assuming t h a t one s u b t r a c t i o n i s s u f f i c i e n t , we have 

s - s 0 ,oo ds' P N(s') 
~ % 1 ( s ' - s ) ( s ' - s 0) (2.23) 

Threshold 
where w e have normalised D ( s 0 ) = 1 , s 0 below t h r e s h o l d . 

F o l l o w i n g D a l i t z (20), we o b t a i n the connection w i t h 
the K-matrix method. Using (2.22), D = Re D - i P N 

A = N(Re D - i P N ) " 1 . 

Define K = N(Re D)" 1 , 

then A = K ( i - i P K ) " 1 

(2.2U) 
This i s j u s t the multi-channel K-matrix equation (20, 21). 
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The U n i t a r i t y of the S-matrix corresponding to A i s 
assured provided t h a t K i s r e a l hermitean. 

We must now consider what approximations to introduce. 
I n the s p i r i t of p e r i p h e r a l i s m - o r , i n a n a l y t i c i t y 
language, t h e dominance of the near-by s i n g u l a r i t i e s i n the 
l e f t - the s i n g u l a r i t i e s o f N are approximated by one 
p a r t i c l e exchange f o r c e s . Now i t i s necessary to make 
some f u r t h e r assumptions to s i m p l i f y equation (2.2I+). 

Consider some t r a n s i t i o n Ai 2• Then we have 

B a l l and Frazer truncate t h i s already approximate U n i t a r i t y 

n >2 
couplings between channels 1 and 2. They are then able 
t o o b t a i n a form resembling (2.,1:2). 

(A-i 1 ) 1A1 2 + ( A 1 2 ) * P 2 2 A *P A Im A nn n2 
n>2 

(2.25) 

equation by n e g l e c t i n g I 9 i . e . a l l the " i n d i r e c t " 

A* . ( 8 « ) * S S * ( 0 * (2.26) 

where 

f B 
27Ci 

1 dW'Di 1 (WMD22 (W») dis c [B (W»)J 
(2.27) 

w* - w 
L e f t 
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and W i s the t o t a l energy i n t h e centre o f mass frame, 

p 1 - dW d i s c [ B * ( W ) ] 
B*(w) = f 

2 f t i J W' - W 
L e f t 

= one p a r t i c l e exchange term* 

Now we must ask i n what circumstances w i l l (2.26) 
y i e l d the Sopkovich p r e s c r i p t i o n (2.12). C l e a r l y we 
re q u i r e B • B . By i n s p e c t i o n of (2.27) we see t h a t 

o 

t h i s w i l l be the case f o r D i l ( W ) not s i g n i f i c a n t l y 
d i f f e r e n t from 1. This w i l l be t r u e i n high p a r t i a l waves, 
where we s h a l l o n l y see the t a i l of the s t r o n g i n t e r a c t i o n 
f o r c e s , and i n any given p a r t i a l wave i f the f o r c e s a r e 
weak. So the unfortunate conclusion i s t h a t the work o f 
B a l l and Prazer can only g i v e a simple p r e s c r i p t i o n f o r the 
absorptive m o d i f i c a t i o n s where these are s m a l l , which i s 
no t , o f course, the case of i n t e r e s t . Omnes obtains a 
s i m i l a r r e s u l t , which gives a simple expression ( i n f a c t 
the Sopkovich p r e s c r i p t i o n ) only i n the case o f weak 
absorption. 

We noted above t h a t B a l l and Prazer truncated the 
U n i t a r i t y equation to the two-channel case. But even a t 
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energies about 2 GeV, e l a s t i c s c a t t e r i n g plus one i n e l a s t i c 
channel i s a poor approximation. The approximation 
becomes r a p i d l y worse as the energy increases past the 
th r e s h o l d f o r higher i n e l a s t i c channels. Indeed, 
t r u n c a t i n g the system to a two-channel one i s i n d i r e c t 
c o n t r a d i c t i o n to the e f f e c t we are seeking t o descr i b e , i . e . 
the e f f e c t s of many competing channels. However, even i f 
we r e s t r i c t ourselves to two p a r t i c l e channels, f o r most 
processes of i n t e r e s t the la r g e number of channels open a t 
energies greater than 2 GeV becomes an embarrassment. 
For instance, consider the k + p r e a c t i o n a t 3 GeV/c l a b o r a t o r y 
momentum. One f i n d s t h a t the e l a s t i c s c a t t e r i n g , plus the 
f o l l o w i n g three quasi t w o - p a r t i c l e processes.- k + p -* kn*, 
k + p -> k*n, k + p -> k*n*, account f o r only 50% of the t o t a l 
c r oss-section (16). 

To include a larg e number of such channels e x p l i c i t l y 
r e q u i r e s a knowledge of the coupling constants i n v o l v e d , 
and of course assumptions about the p a r t i c l e exchange terms 
dominating i n each case. There i s thus a danger of 
i n t r o d u c i n g so many unknowns t h a t the problem becomes a 
complicated and devious form of c u r v e - f i t t i n g . 

Squires (10, 11) suggested a way out of t h i s dilemna. 
His proposal was e s s e n t i a l l y t h a t we should assume the 
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elements of N to be of equal modulus but random i n s i g n , 
except t h a t N. . = N... The assumption of random 
d i s t r i b u t i o n of sign f o r the matrix elements of N gave him a 
method f o r e s t i m a t i n g t h e i r t o t a l e f f e c t . He was then able 
to o b t a i n an expression f o r the o f f - d i a g o n a l amplitude i n 
terms of the e l a s t i c s c a t t e r i n g amplitude, and the o f f -
diagonal N-matrix element, which was approximated by a one-
p a r t i c l e exchange term. E s s e n t i a l l y , the r e l a t i o n s h i p 
between t h i s and the uncorrected p e r i p h e r a l model i s as 
f o l l o w s - i n the l a t t e r , N i s given by cross-channel poles, 
w h i l s t D i s put equal to 1. By making the random phase 
approximation, one i s able to parameterize D i n terms of 
the e l a s t i c s c a t t e r i n g amplitude, while using the same 
approximation f o r N. 

Assuming the phase s h i f t f o r e l a s t i c s c a t t e r i n g to be 
p u r e l y imaginary, we have f o r the p a r t i a l wave amplitude 
A n 

I exp(- 2Y ) - 1 
A n = (2.28) 

2 i 

where Y i s the (imaginary) phase s h i f t . Squires then 
shows t h a t the o f f - d i a g o n a l element of the s c a t t e r i n g 
amplitude i s given by 



2k o 

I r ( l + exp(- 2Y*)) JS & 

A 1 2 = ^ - J B 1 2 ( p o l e ) (2.29) 

where B 1 2 ( p o l e ) i s the o n e - p a r t i c l e exchange term. 
Thus, once again, a c o r r e c t i o n formula has been 

obtained which agrees w i t h the Sopkovich p r e s c r i p t i o n i n the 
l i m i t of weak absorption, i . e . small Y» We note, however, 
t h a t the maximum absorption p o s s i b l e , as Y -* °o, i s i . This 
i s most unfortunate since, as we remarked i n Chapter 1, i t 
i s q u i t e possible f o r the S wave to exceed u n i t a r i t y bounds 
by f a c t o r s as large as 200. We must t h e r e f o r e examine the 
assumptions f u r t h e r . 

The random sign hypothesis and the assumption of existence 
o f s u f f i c i e n t numbers of channels r e q u i r e d t o v a l i d a t e the 
above s t a t i s t i c a l arguments w i l l c e r t a i n l y be i n c o r r e c t a t 
low energies, when only a few i n e l a s t i c channels are open. 
However, even a t q u i t e moderate energies (5 to 10 GeV), 
these seem q u i t e p l a u s i b l e assumptions, the p l a u s i b i l i t y of 
the random phase assumption being enhanced by crossing-matrix 
arguments (Squires, p r i v a t e communication). But a t 
p r e s e n t l y a t t a i n a b l e energies the assumption of equal 
magnitude f o r the. m a t r i x elements of N i s c l e a r l y f a l s e . 
For example, i n nucleon-nucleon s c a t t e r i n g a small number 
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of i n e l a s t i c channels seem to dominate up to 3 0 G-eV, 
these channels being characterized by energy independent 
" t o t a l " cross-sections and vacuum quantum numbers i n the 
t-channel. These circumstances are perhaps connected by, 
f o r example, Pomeranchuk dominance. 

Squires (12) has since suggested t h a t the f a i l u r e of 
formula (2.29) to give strong absorptive e f f e c t s i s due 
to making the unphysical assumption about equal magnitude 
f o r a l l N m a t r i x elements,, and then analysing the experimental 
s i t u a t i o n , to which these assumptions do not apply, to 
o b t a i n the absorptive c o r r e c t i o n s . He has f u r t h e r suggested 
t h a t t h i s may be improved i n cases where we know a small 
number of known channels to be important, and where we can 
have some hope of c a l c u l a t i n g these processes w i t h the 
p e r i p h e r a l model as a basis. The remaining i n e l a s t i c 
channels a r e t r e a t e d i n the random phase approximation. 
This method ensures i n p r a c t i c e t h a t the f i n a l r e s u l t 
obeys u n i t a r i t y but s t i l l has the v i t a l p r o p e r t y t h a t i t 
enables i n e l a s t i c processes to be c a l c u l a t e d from a 
knowledge of the p e r i p h e r a l terms, and of the e l a s t i c 
s c a t t e r i n g phase s h i f t . 

Squires has also suggested t h a t the i n p u t pole terms 
should be approximately u n i t a r i z e d before t a k i n g i n t o 
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account a b s o r p t i v e c o r r e c t i o n s , and t h a t the N/D 

d e t e r m i n a n t a l method s h o u l d be used f o r t h i s purpose. I t 

i s perhaps s i m p l e r t o l o o k a t t h i s problem i n the "K-matrix 

f o r m a l i s m , w h i c h i s , as we have p o i n t e d o u t , e q u i v a l e n t 

t o s e t t i n g K = N/Re D . Since we are c o n s i d e r i n g 

u n i t a r i s a t i o n i n t h e absence o f competing c h a n n e l s , l e t us, 

f o r s i m p l i c i t y , c o n s i d e r the one-channel case. 

Then 
K 

1 - iK 

and i n t h e l i m i t of s m a l l A^, = 

i d e n t i f i c a t i o n Kg = and o b t a i n 

= B I' We make t h e 

(2.30) 

w h i c h , g i v e n B^ r e a l , ensures the u n i t a r i t y o f A^. We 

t h e n c o n s i d e r i t e r a t i n g (2.30), and see t h a t on u n i t a r i s a t i o n 

o f the Born t e r m i s e q u i v a l e n t t o t a k i n g a new s e t o f 

p e r t u r b a t i o n diagrams, e s s e n t i a l l y a s e t o f l a d d e r graphs. 

Consider e q u a t i o n (2.30) d i a g r a m m a t i c a l l y t we have 

A 
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I t e r a t i n g , 

7 r 
-4-

» 

-+ 
J ! L 

Because e q u a t i o n (2.30) g i v e s an o u t p u t w i t h i n 

u n i t a r i t y bounds, even w i t h i n p u t B o m terms B^ t h a t f a r 

exceed the u n i t a r i t y bound, t h i s t r e a t m e n t o f t h e Born 

te r m i s o f t e n r e f e r r e d t o as s e l f - d a m p i n g . 



C H A P T E R 3 

THE ABSORPTION MODEL AND 

NEUTRON-PRO TON CHARGE EXCHANGE 
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I n t h i s c h a p t e r , we p r e s e n t p a r t o f our work on t h e 

A b s o r p t i o n Model f o r the n e u t r o n - p r o t o n backward ( o r 

charge exchange) peak. The work p r e s e n t e d s h o u l d n o t be 

t h o u g h t o f o n l y i n c o n n e c t i o n w i t h t h i s v e r y i n t e r e s t i n g 

process b u t a l s o as an i n v e s t i g a t i o n o f t h e A b s o r p t i o n 

Model, e.g. we c o n s i d e r the q u e s t i o n o f whether t h e 

A b s o r p t i o n Model can change the energy dependence o f the 

p o l e terms. We f i r s t b r i e f l y r e v i e w t h e e x p e r i m e n t a l 

s i t u a t i o n . Then we c o n s i d e r t h e e f f e c t o f a b s o r p t i v e 

m o d i f i c a t i o n on t h e one p i o n exchange c o n t r i b u t i o n , and 

compare these r e s u l t s w i t h experiment. We a l s o d i s c u s s 

t h e e f f e c t o f a b s o r p t i o n on rho-meson exchange (R.M.E.), 

and i n v e s t i g a t e t h e e f f e c t o f a b s o r p t i v e damping on t h e 

energy dependence o f t h e R.M.E. 

The e x p e r i m e n t a l s i t u a t i o n up t o 1962 has been r e v i e w e d 

by W i l s o n (22) j subsequent experiments on n-p charge 

exchange have been per f o r m e d by F r i e d e s , P a l e v s k y e t a l (23) 

a t 3.0 GeV/c l a b . momentum, and Manning e t a l (21+) a t 

8.0 GeV/c We a r e here o n l y concerned w i t h r e l a t i v i s t i c 

e n e r g i e s , and w i l l d i s c u s s the d a t a i n the GeV range. 

I t i s f o u n d t h a t t h e charge-exchange peak i s s m a l l 

compared w i t h f o r w a r d e l a s t i c s c a t t e r i n g , e.g. a t 3*7 GeV/c. 
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do e = o 
charge exchange ~ 2.8 m i l l i b a r n s / S t e r a d i a n 

dfi 

do (6=0) whereas PP ~ U5 mb/St. 
dft 

The most i n t e r e s t i n g f e a t u r e o f the charge-exchange peak 

i s t h e extreme sharpness o f t h e a n g u l a r d i s t r i b u t i o n . 

A measure o f t h e sharpness o f t h i s peak i s t h e w i d t h o f 

t h e d i f f e r e n t i a l c r o s s - s e c t i o n a t h a l f h e i g h t , w h i c h i s 

£s= 0.02 (GeV/c) a a t 3.7 GeV/c, a n d v a r i e s l i t t l e w i t h energy. 

T h i s s h o u l d be compared w i t h a h a l f w i d t h o f 0.1 (GeV/c) 2 

a t 3»7 GeV/c f o r pp s c a t t e r i n g . 

To o r i e n t a t e o u r s e l v e s about t h e ranges o f f o r c e 

c o r r e s p o n d i n g t o t h i s sharp d i s t r i b u t i o n , c o n s i d e r t h e 

n a i v e model o f s p i n l e s s o n e - p a r t i c l e exchange d i s c u s s e d 

i n Chapter 1. I n t h i s crude model, we f i n d t h a t 1 p i o n 

exchange g i v e s a f a i r l y c l o s e f i t t o t h e shape* i t has 

a h a l f w i d t h o f 0.008 ( G e V / c ) 2 , whereas p exchange g i v e s 

a h a l f w i d t h o f a p p r o x i m a t e l y .25 (GeV/c) 2. 

F i n a l l y , t o g a i n some i n s i g h t i n t o t h e exchange 

mechanism, we must c o n s i d e r t h e energy dependence o f the 

p r o c e s s , and a l s o what i n f o r m a t i o n t h e o p t i c a l Theorem 
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can f u r n i s h on t h e phase o f a m p l i t u d e . I t i s f o u n d (21+) 

t h a t the peak i s f i t t e d by-

do ( t = 0 ) 
— ~ S"2 , 
d t 

f o r 1.26 GeV/c < P 1 a b < 8 GeV/c , 

i . e . o v e r the whole range o f r e l a t i v i s t i c d a t a . Now, f o r 

th e exchange o f a p a r t i c l e , s p i n , J , we have t h e a s y m p t o t i c 

f o r m u l a 

do 

d t 
S 2 J " 2 . (3.1) 

Thus the observed dependence i m p l i e s t h a t , i f s i n g l e 

p a r t i c l e exchange f o r c e s a r e r e s p o n s i b l e , t h e s i g n i f i c a n t 

exchange i s o f s p i n z e r o . 

We must now e n q u i r e what i n f o r m a t i o n i s a v a i l a b l e on 

th e phase o f the a m p l i t u d e . T h i s i s i m p o r t a n t because 

an u n m o d i f i e d O.P.E. g i v e s a r e a l c o n t r i b u t i o n t o the 

charge exchange ( C E . ) a m p l i t u d e , and the s i m p l e Gaussian 

mad e l f o r the p l a n e wave e l a s t i c s c a t t e r i n g S - matrix 

l e a v e s t he phase r e a l a f t e r a b s o r p t i v e m o d i f i c a t i o n . 

Consider i s o t o p i c ( i ) - s p i n i n v a r i a n c e f o r Nucleon-

Nucleon s c a t t e r i n g . T h i s r e l a t e s t h e p h y s i c a l N-N 

s c a t t e r i n g a m p l i t u d e s t o Mo and Mi, w h i c h are the a m p l i t u d e s 
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f o r t o t a l I - s p i n 1 = 0 and 1 = 1 , i n the d i r e c t channel* 

M p p ( 6 , p+p -» p+p) = Mi i 

M n p ( 6 , n+p -+ n+p) = %(M, + M 0) J 

(3.2) 

(3-3) 

^ e x ^ 6 ' n + p "* p + n ) s M n p ^ ~ 0 ) 

= i ( M i - Mo) i (3-i+) 

0 i s t h e c e n t r e o f mass s c a t t e r i n g a n g l e . Thus by 

knowing o ^ Q t ( n p ) and ^(pp ) , t h e o p t i c a l Theorem g i v e s 

us the i m a g i n a r y p a r t o f t h e spin - a v e r a g e d f o r w a r d 

a m p l i t u d e f o r n-p charge exchange, and i t s c o n t r i b u t i o n 

t o t h e f o r w a r d d i f f e r e n t i a l c r o s s - s e c t i o n * 

do (0=0) 
ex 

dft 
<3X°tot(pp) - ° t o t ( n p ) ) 

op t 

I n s e r t i n g the e x p e r i m e n t a l v a l u e s f o r o^ ^ a t 3.7 G-eV/c 

l a b . momentum g i v e s 

do (0=0) 
ex 

dtt 
= 0.27 mb/St. 

o p t 
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But t h e e x p e r i m e n t a l v a l u e i s 

do < 9=°) 
— ex = 2 . 8 mb/St. 

I n t h e absence o f s t r o n g s p i n dependence, t h i s i n d i c a t e s 

t h a t t he f o r w a r d a m p l i t u d e f o r n-p charge exchange i s 

m a i n l y r e a l o 

The inadequacy o f u n m o d i f i e d one p i o n exchange (O.P.E) 

The a n a l y s i s o f the e x p e r i m e n t a l d a t a g i v e n above i s 

s u g g e s t i v e o f an O.P.E. mechanism f o r charge exchange -

charge exchange r e q u i r i n g an I = 1 meson t o c a r r y charge 

i n t h e t - c h a n n e l . But i n our b r i e f d i s c u s s i o n o f the 

range o f the f o r c e s r e q u i r e d t o g i v e the observed a n g u l a r 

d i s t r i b u t i o n we c o n s i d e r e d o n l y a s c a l a r system. A 

r e a l i s t i c c a l c u l a t i o n shows t h a t O.P.E. g i v e s r i s e t o a 

charge exchange a m p l i t u d e w h i c h i s i d e n t i c a l l y zero i n the 

f o r w a r d d i r e c t i o n . 

The Peynman diagram we c o n s i d e r i s 

+JUbJi 6 * V . 
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where p and q a r e t h e i n i t i a l k momenta o f the i n c i d e n t 

p r o t o n and n e u t r o n , and q f and p 1 are the f i n a l 1+ momenta 

o f the o u t g o i n g p r o t o n and n e u t r o n r e s p e c t i v e l y - a l l 

these b e i n g d e f i n e d i n the c e n t r e of mass frame. 

The above diagram h e l p s to c l a r i f y t h e somewhat 

c o n f u s i n g t e r m i n o l o g y f o r t h i s p r o c e s s . One may speak 

o f the backward n-p a m p l i t u d e , o r as i n e q u a t i o n (3°k) t the 

charge exchange a m p l i t u d e . The r e l a t i o n s h i p o f the angles 

c o r r e s p o n d i n g t o t h e two ways o f l o o k i n g a t the phenomenon 

i s t h e n c l e a r * backward n-p s c a t t e r i n g becomes f o r w a r d 

n-p charge exchange s c a t t e r i n g . So, i n the c e n t r e o f 

mass f r a m e , an e l a s t i c s c a t t e r i n g angle {% - 6) corresponds 

t o a charge exchange s c a t t e r i n g angle o f 6. I n f u t u r e we 

s h a l l use t h e charge exchange a n g l e . Thus, i n f i g ( 3 . 1 ) , 

p = p 1 corresponds t o f o r w a r d charge exchange, o r backward 

e l a s t i c s c a t t e r i n g . 

Now the above diagram g i v e s t he f o l l o w i n g c o n t r i b u t i o n 

t o t he c e n t r e o f mass a m p l i t u d e , u s i n g t he n o t a t i o n o f 

C z i f f r a , Macgregor, M o r a v c s i k and Stapp (26)« -

M. (p,q*p'q') = -
Og 2m a u r ( p ) Y 5 U r f ( p , ) u s ( q ) Y 5 U s , ( q ' ) 

r s ,r's 2k 2E X 0 - X 

(3.5) 
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where u ^ ( p ) e t c . a r e the D i r a c k s p i n o r s , s p i n i n d e x r j 

C 2k 

,2 
X = COS 0 c HI 9 

Xo = 1 + i 

\i i s t h e p i o n mass, k t h e c e n t r e o f mass 3-momentum, 

m i s the n u c l e o n mass, E t h e t o t a l energy o f one n u c l e o n , 

g 2 t h e r a t i o n a l i s e d ft-N c o u p l i n g c o n s t a n t , = Ii4.0l4.51 

and c i s an i s o s p i n f a c t o r . . 

To show t h a t t h i s t e r m v a n i s h e s i n the f o r w a r d 

d i r e c t i o n i t i s o n l y n ecessary t o c o n s i d e r t h e e x p r e s s i o n 

f o r t h e v e r t e x , 

u r ( p ) Y 5 u r , ( p ' ) (3.6) 

v/here u p and u r , s a t i s f y t h e i r r e s p e c t i v e D i r a c e q u a t i o n s , 

u r ( p ) (jzf - m) = 0 (3.7) 

and - m) u r , ( p ' ) = 0 (3.8) 

2* = P o l - P0Y0 

M u l t i p l y i n g (3-7) on the r i g h t by Y 6 u r , ( p ' ) and (3«8) on 

t h e l e f t by u r(p)Y 5» we o b t a i n 

u r ( p ) - m) Y 5 u r , ( p ' ) = 0 (3-9) 

http://Ii4.0l4.51
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and u r ( p ) Y 5 ( ^ ' - m ) u r , ( p ' ) = 0 (3-10) 

A d d i n g and r e a r r a n g i n g e q u a t i o n s (3<>9) and (3.10)* 

1 
u r ( p ) Y 5 u r , ( p f ) = — u ( p ) ( r f Y 5 + Y5 u r , ( p ' ) (3-11) 

2m 

Since Y 5 anticommutes w i t h Yo • Y1 > Y2 » Y3 » we have 

Y 5 $ = - i Y 5 • 

S u b s t i t u t i n g t h i s i n t o e q u a t i o n (3«11)» 

1 
^ r ( p ) Y 5 M r,(p') = — u ( p ) Y 5 ( ^ ' - |f)u ,(p«) . (3.12) 

r v 2m 1 

To s i m p l i f y (3.12) f u r t h e r , we r e q u i r e an e x p l i c i t 

r e p r e s e n t a t i o n o f the Y m a t r i c e s and l + - s p i n o r s . T h i s i s 

n o t n e c e s s a r y f o r our p r e s e n t purpose, s i n c e we see t h a t 

i n t h e f o r w a r d d i r e c t i o n p = p' and t h e r e f o r e p'' - $ = 0. 

Thus we f i n d t h a t b o t h the v e r t e x f a c t o r s o f e q u a t i o n (3.5) 

v a n i s h i n t h e f o r w a r d d i r e c t i o n , e s t a b l i s h i n g our a s s e r t i o n 

t h a t the O.P.E c o n t r i b u t i o n v a n i s h e s a t 0 = 0. The above 

a n a l y s i s a l s o demonstrates a v e r y p e r t i n e n t p o i n t i - t h e 

v a n i s h i n g o f the a m p l i t u d e f o r 0 = 0 cannot be changed by 

any a l l o w e d ( i . e . n o n - s i n g u l a r ) f o r m f a c t o r . 

A b s o r p t i v e c o r r e c t i o n s t o O.P.E. 

We now d i s c u s s t h e e f f e c t o f the i n i t i a l and f i n a l 

s t a t e c o r r e c t i o n s t o t h e O.P.E. model f o r n-p charge exchang 
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These c o r r e c t i o n s a r e i n t r o d u c e d v i a t h e Sopkovich 

p r e s c r i p t i o n (2.12). We must f i r s t o b t a i n the p a r t i a l 

wave a m p l i t u d e s f o r t h i s p r o c e s s . We use t h e c o n v e n t i o n a l 

s i n g l e t - t r i p l e t n o t a t i o n o f Stapp (27)J t h i s has t h e 

advantage t h a t t h e a n g u l a r momentum d e c o m p o s i t i o n i s 

n a t u r a l l y i n terms o f t h e o r b i t a l a n g u l a r momentum -6, w h i c h 

i s i n t h e s p i r i t o f t h e d e r i v a t i o n o f (2.12). The e l e g a n t 

h e l i c i t y f o r m a l i s m o f Jacob and Wick (28) g i v e s r i s e t o an 

a n g u l a r momentum d e c o m p o s i t i o n i n terms o f J , the t o t a l 

a n g u l a r momentum. 

We g i v e a b r i e f account o f t h e n o t a t i o n h e r e , l e a v i n g 

t h e d e t a i l s t o Appendix 1. To d e s c r i b e the s p i n o f the 

system, the s c a t t e r i n g m a t r i x M i s sandwiched between s t a t e s 

o f t o t a l i n t r i n s i c s p i n and the p r o j e c t i o n o f t h i s s p i n 

a l o n g some a r b i t r a r y d i r e c t i o n -

< S,SJM|S',S Z» > . 

Now f o r N-N s c a t t e r i n g S can o n l y be 0 o r 1. F u r t h e r ­

more, f o r p-p s c a t t e r i n g , s t a t i s t i c s and c o n s e r v a t i o n o f 

p a r i t y f o r b i d t r a n s i t i o n s between s i n g l e t and t r i p l e t s p i n 

s t a t e s . The s ame r u l e a p p l i e s t o n-p s c a t t e r i n g i n t h e 

l i m i t o f I - s p i n c o n s e r v a t i o n . 
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Thus w e can w r i t e the a m p l i t u d e i n s p i n space as a 

l± x l± m a t r i x , 

ss 0 0 0 1 

0 M1 1 M10 M1-1 

0 M 0i Moo M 0-i 

0 M-i 1 M-io 

M = \ 0 M 0 1 Moo M0-1 (3.13) 

where t h e i n d i c e s on t h e 3><3 s u b - m a t r i x r e f e r t o the 

p r o j e c t i o n of t h e s p i n i n t h e f i n a l and i n i t i a l s t a t e s 

r e s p e c t i v e l y , and M i s t h e s i n g l e t - s i n g l e t a m p l i t u d e . 
s s 

Of t h e s e , o n l y 5 are independent - t h e number i s reduced 

by t h e f o l l o w i n g r e l a t i o n s f r o m r o t a t i o n a l i n v a r i a n c e . 
M_ t _ t = Mi 1 , M01 = - Mo -1 , 

M_ 1 1 = Mi _ 1 , Mi o = - M_ 1 o 
(3.11+) 

Prom time r e v e r s a l we have (29) 

Mn - Mi --, - Moo =^2 c o t 0 ( M 1 O + M0-i ) (3»15) 

The d i f f e r e n t i a l c r o s s - s e c t i o n i s g i v e n by 

do 2 j • , a I - 2 , .2 
— = i | M n | + i l M o o l + i|M I + i l M i o l 
dtt S S 

+ 2-lMoi T + ^| Mi _ 1 T (3.16) 
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F o l l o w i n g CM.M.S. (see a l s o G r a s h i n (30)), e q u a t i o n 

(3.5) becomes, i n the s i n g l e t - t r i p l e t n o t a t i o n and t a k i n g 

t h e ( I = 1) - ( I = 0) c o m b i n a t i o n * 

M s s = -CeVW"/2® 

M11 = - ( g 2 A * 0 a ( l - x)/i+E 

Moo = -(g 2A^)cxx/2E (3-17) 

M10 = M01 = (gf A*) ^2 s i n 6 a/UE 

Mi -1 = -(gVMaO + x)AE 

So do 
dn = {fM)*{a/2E)*9 (3.18) 

where r e c a l l i n g the p r e v i o u s d e f i n i t i o n s f o r convenience 

X = cos 0, x 0 = 1 + , 

2k 2 

0 t h e c e n t r e o f mass charge exchange a n g l e , 

k t h e c e n t r e o f mass momentum, 

1 - x 
a = , 

Xo - x 

E = «/m2 + k 2 . 
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We now r e q u i r e t h e p a r t i a l wave d e c o m p o s i t i o n o f the 

M m a t r i x , and th e p a r t i a l waves c o r r e s p o n d i n g t o (3«17)» 

The d i a g o n a l terms o f M are expanded i n t e r m s o f P ^ ( x ) ; 

t h e terms w i t h one u n i t of s p i n - f l i p , e.g. M01 , i n terms o f 

P^1 ( x ) j and those terms r e p r e s e n t i n g double s p i n - f l i p , e.g. 

M1-1, i n terms o f P^2 ( x ) . P ^ m ( x ) a r e t h e a s s o c i a t e d 

Legendre f u n c t i o n s , as d e f i n e d i n B l a t t and Weisskopf (31). 

F o r a f i x e d v a l u e o f t o t a l a n g u l a r momentum J t h e r e a r e two 

p o s s i b l e v a l u e s f o r t h e o r b i t a l a n g u l a r momentum I ( i n e i t h e r 

i n i t i a l o r f i n a l s t a t e ) t I = J , and I = J ± 1. T h i s 

second c l a s s can o n l y occur i n the t r i p l e t s t a t e , and by 

c o n s e r v a t i o n o f p a r i t y the two c l a s s e s cannot be cou p l e d . 

By c o n s e r v a t i o n o f t o t a l a n g u l a r momentum J and i t s 

p r o j e c t i o n M, t h e p a r t i a l waves have t h e a n g u l a r momentum 

s t r u c t u r e < 4, S, J , M|R|€1 , S', J , M > , where s = s' 

s i n c e f o r the case o f i n t e r e s t s i n g l e t - t r i p l e t t r a n s i t i o n s 

a r e f o r b i d d e n . Then f o r the c l a s s I = J we have 

< J , 0, J , M |R| J , 0, J , M > = ctj (3.19) 

< J , 1 , J > M |R| J , 1 , J , M > = Ogj = ctlt , (3-20) 

and f o r I = J 1 1 we have 

< J 1 1 , 1 , J , M |R| J ; 1 , 1, J , M > = c t * J (3'21) 

by time r e v e r s a l = a J (3«22) 
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< J + 1 j 1 » J j M |R| J + 1 , 1 , J , M > = a - t = OL0 . . 

(3-23) 

< J - 1» 1 i J , M |R| J - 1 , 1 , J , M > = a ^ j = ^ 

(3.2U) 

We n o t e t h a t a l l t h e p a r t i a l waves a r e d i a g o n a l i n I, 

except f o r a J , where t h e i n i t i a l and f i n a l s t a t e s d i f f e r by 

2 u n i t s o f o r b i t a l a n g u l a r momentum. 

The r a t h e r c o m p l i c a t e d p a r t i a l wave d e c o m p o s i t i o n o f 

M i s t h e n (27) 

2 4 + 1 
M s s ( 6 ) = ( i k ) ~ 1 \ P^(0) (3.25) 

•e = o 

^ ( e ) = ( i k ) - £ P«(e)[(v)°*'«+i + Cv)a«>< 

(3.26) 



00 

M 0o(e) = ( l k ) " 1 ^ p e (e) 
2 )al,W \~ )a«f*-1 + 

« = 0 

+ *[(«+1)(«+2)]*<x*+1 + , (3*27) 

Mo 
r 2 - r ^2 /"«+2\ 

</2 /"2$+1 ^2 S2 ,i+2 y _ M 

a 
•e+1 

- T ( T )'"-)• (3.28) 

£ r V2 V2 
p * 1 ( e ) l "IT a*'e+1 " IT 

4=1 

+ — I I a (3.29) 
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I =2 

24+1 \ 1 

- i[(«-l)«]-*o*-1| j (3-30) 

the above summations extend over both even and odd since 
the charge exchange amplitude i s a combination of I = 1 and 
I = 0« 

From CM.M.S. (26) f o r one pion exchange, the (1 = 1) -
( I = 0)a's are*-

i k ( g M 4 * ) 

p i k f g 2 / ^ ) 
a«,e-i = " E ( 2 e - 1 )

 [ Q ^ ( x o ) " Q ' - 1 ( x o ) ] ( 3 * 3 2 ) 

p i k ( g 2 A ^ ) r 

= " E(2e +1) [ ^ i ( X o ) + f ^ W 3 ^ -

- (2e+l)Q^(xo)] (3.33) 

i k ( g 2 / ^ ) r i 
a = [ J ( J + 1 ) ] 2 x [ Q t ^ X O ) + Q T , ( x 0 ) 

E(2e+1) J + 1 J _ 1 

- 2Q T(x 0) (3-3M-) 
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af = • — — - [ ( x o - 1)Q,(XO) - 6. ] (3-35) 
E 0 

6 i s the Kronecker d e l t a , 

and the Q^(x 0) are the Legendre functions of the 
2nd kind as defined i n Morse and Feshbach (32). 

To introduce absorptive corrections using (2.12), we 
use empirical studies of p-p d i f f r a c t i o n scattering 
(expecting n-p to be s i m i l a r ) , i n which the phase s h i f t at 
a given energy i s assumed to depend on the o r b i t a l 
angular momentum £ only - i.e. the assumption of spin 
independence. The unmodified and modified p a r t i a l waves 
diagonal i n I - 0^5 a ae,*-1 ~ w n i c h w e 

represent as b^ and respectively are then simply r e l a t e d 
by (2.12)i 

A * = ^ b e ^ ' (3-36) 

whereas i s modified by 

A J = Vs^~j~ a J *JW^ . (3.37) 
We stress that i t would not be correct simply to 

expand M i n terms of Legendre functions P̂ , P̂ 1 , and P^2 

and damp the co e f f i c i e n t s according to since some 



c o e f f i c i e n t s contain coupling from I -» I ± 2. Thus mis­
t r e a t i n g the coupling terms would v i o l a t e the time-reversal 
symmetry of the S-matrix, and equation (3.15) would not be 
satisfiedo 

The modification of the p a r t i a l wave amplitudes and 
t h e i r resummation i s not possible by analytic means, and 
i t was therefore necessary to do t h i s by computer. Details 

on 
w i l l not be given here, except to remark/the basic 
techniques f o r minimising the complexity of these summations 
when the exchange force has a longer raige than the 
absorptive corrections. 

p T i p 

Writing the unmodified, or pole, amplitude M = \ Jfl, , 

and the f i n a l amplitude M, 

max max 

e = o i =o 

(3-38) 

where £ „„ i s the p a r t i a l wave where the absorption has max 
become n e g l i g i b l e . Then i t i s not necessary t o sum over a l l 
s i g n i f i c a n t l y large p a r t i a l waves, but only over those which 
are s i g n i f i c a n t l y modified. A very s l i g h t error - an end 
e f f e c t - i s introduced i n t h i s way, since i n ^ 

max + 1 
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there w i l l be terms connecting to •£ „ and £ -1. The 
° max max 

programme was constructed so that the phenomenological 
f i t s to were input data, which allowed us to investigate 
the s e n s i t i v i t y of the output to the exact form of Ŝ . 

The phenomenological model f i r s t used i s due to 
Serber (33)> who constructed an o p t i c a l p o t e n t i a l - imaginary 
Yukawa at short range and imaginary Gaussian at long range -
which gives excellent f i t to the p-p data at a wide range 
of angles and energieso This gives, of course, purely 
imaginary phase s h i f t s . I n the impact parameter (b) 
formalism, the phase s h i f t 

6(b) = ix ( b ) , x(b) r e a l 

I n the region 0 < b < . 33F 

x(b) = -(1 + £Aab2)4n £ YAb + *A 2b 2 , 
where A, the inverse range of the Yukawa p o t e n t i a l i s 
1.31+ P"1 , and Y is Euler's constant ~ 0.557* 

e 2 i 5 ( b ) = s^ = 6 2 ( 1 + iA 2b*)*niYAb e-2A 2b 2 

The f i r s t f a c t o r -+ 0 as b •+ 0, and the second -> 1 as b -> Oj 
so t h i s model gives f u l l absorption of the S-wave. 
At long range, b > 1.1 F , 

X(b) = Ae- X 2 b 2 , 



us 

where A = °h5h-9 and X2 = 1 <> 22I4.. Serber gives numerical 
values f o r i n t e r p o l a t i o n i n the region 0.33? < b ̂  1.1 P . 
I t i s not surprising, since the above rather complicated 
form f i t s the exponential peak, that the r e s u l t resembles 
the Gaussian form (2.19) with C = 1. 

The cross-sections f o r n-p charge exchange predicted 
from O.P.E. with Serber damping are shown by the s o l i d 
l i n e s i n figures (3.2) and (3-3) f o r 3.7 and 8.0 GeV/c 
respectively. Also shown are the experimental r e s u l t s of 
Friedes (23) and Manning (21+), and the unmodified O.P.E. 
cross-sections (dashed l i n e ) . I t can be seen that the 
absorptive damping of O.P.E. produces remarkable changes. 
The dip at 6 = 0 i s converted in t o a very narrow peak -
which gives a good f i t to the experimental angular 
d i s t r i b u t i o n out to the half-width. The magnitude of the 
unmodified O.P.E. i s greatly reduced at wider angles, but 
leaving a broad secondary maximum which i s not seen 
experimentally. 

We must now consider i n a l i t t l e more d e t a i l the o r i g i n 
of the r e s u l t s shown. Unfortunately t h i s must be done 
numerically, and we here summarize and discuss our results. 
The narrow forward peak comes dominantly from the Uocs and 

S 0 
Moo amplitudes. I f we consider these amplitudes i n terms 
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Fig. (3.2) 
n-p Charge exchange at 3°7 GeV/c The s o l i d l i n e refers 
to the Absorptively modified O.P.E. exchange, the dashed 
l i n e to the unmodified O.P.E. exchange. 
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n-p charge exchange a t 8.0 GeV/c . The s o l i d l i n e ref.ers 
to the Absorptively modified O.P.E. exchange, the dashed 
l i n e to the unmodified O.P.E. exchange. 
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of p a r t i a l waves, we see th a t the vanishing of both these 
from unmodified O.P.E. (as demonstrated e a r l i e r i n t h i s 
Chapter) is due to the S-wave contribution being of 
opposite sign to the other p a r t i a l waves, which sum to 
cancel the S-wave contribution i d e n t i c a l l y i n the forward 
d i r e c t i o n . The absorptive corrections remove the S-wave 
terms, but the higher p a r t i a l waves s t i l l sum to give a 
non-vanishing contribution. This can be seen from 
equation (3«39) or the simpler (2.19)» since absorption 
decreases s t e a d i l y as I increases. Thus, the absorptive 
corrections destroy the balance of terms which caused M e o 

and Moo "to vanish, and these terms now give a sharp peak 
i n good agreement with the small angle experimental data. 

The secondary bump comes mainly from the M1-1 amplitude. 
M1-1 , damped or undamped, vanishes a t 0 = 0 because of 
r o t a t i o n a l invariance. One need only consider the p a r t i a l 
sum (3«17) f o r M i - i , which i s i n terms of P ^ 2 ( 0 ) j now 

24+1 («-m)l n i m ^ 
p * - - • 

' U% (l+m)l J d(cos 6) 
m ( 6 ) = sin m0 3 - p (cos 8 ) . thus 

L h% U+m)l J dfcos 0 ) m * 

the sin 20 factor i n a l l terms of M1-1 gives a vanishing 
amplitude at 0 = 0, independent of the dynamics. The Mi_i 
amplitude from undamped O.P.E. gives a large contribution 

to ^ , and a f t e r damping s t i l l gives a s i g n i f i c a n t 
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contribution at large angles. I t i s worth pointing out 
that the p a r t i a l wave sum f o r M1-1 i s f o r * > 2, and at 
3«7 GeV/c the absorption, complete i n the S-wave, has dropped 
to a factor of 75$ f o r the D wave. I t does not appear 
possible to suppress the M1-1 contribution with any spin 
independent set of consistent with e l a s t i c scattering. 

To summarize the results of our cal c u l a t i o n , we may 
conclude* -
1) Absorptive modification (damping) goes f a r t o reconcile 

O.P.E. wit h experiment. We have good agreement i n 
angular d i s t r i b u t i o n and magnitude down to the h a l f -
width. This i s true a t 3.7 G-eV/c and 8.0 GeV/c, 
ind i c a t i n g a good f i t to the experimental energy 
dependence. Since unmodified O.P.E. f i t s the experi­
mental E-dependence, t h i s means that absorptive 
modifications have not s i g n i f i c a n t l y changed the E-
dependence. A secondary peak i s , however, predicted 
and not seen experimentally. 

2) Theysecondary peak i s a s p i n - f l i p e f f e c t , coming mainly 
from the M1-1 (double s p i n - f l i p ) amplitude. 

3) The M1-1 terms fo l l o w d i r e c t l y from the spin dependence 
of O.P.E., and i t cannot consistently be removed by spin 
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independent absorptive modificationso 
4) F i n a l l y , we stress that such agreement as w e obtain 

i s i n no sense due to curve f i t t i n g with a r b i t r a r y 
parameters. 

We now consider rho meson exchange (R.M.E.) separately. 
Many R.M.E. models use a Reggeized p j but i t i s f a r from 
clear how f a r the effects of i n i t i a l and f i n a l s tate absorption 
are i m p l i c i t l y included i n a Regge pole. This i s a point 
we s h a l l discuss l a t e r , and we therefore only consider here 
"elementary R.M.E." Undamped R.M.E. i s known to have 
unacceptable energy dpeendence, and would give 
do 

~ constant,(equation ( 3 * 1 ) ) I whereas experimentally 
dt 

d o e x 1 

~ — . I t i s important to investigate whether the 
dt S2 

absorption model can change th i s behaviour. Furthermore, 
at any p a r t i c u l a r energy, R.M.E. i l l u s t r a t e s the general 
case of short range, spin independent charge exchangej i t 
i s therefore i n t e r e s t i n g to see how strongly the angular 
d i s t r i b u t i o n i s altered by damping. 

Near 0 = 0 , the elementary R.M.E. amplitude f o r charge 
exchange Is,to a good approximation (exactly at 6 = 0) , both 
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spin independent and determined by the vector NNp coupling. 
I t has the form (Perring and P h i l l i p s (3k)) 

where i s the NNp vector coupling constant, 
2 

and X i = 1 + p / 2 k 2 • 

I n terms of the M-matrix, M 11 = Moo = -M„„ = a, and the 
ss 

s p i n - f l i p terms are zero. This i s therefore spin 
independent i n the sense of forward charge exchange. 

In the small angle approximation considered here, the 
coupling between d i f f e r e n t o r b i t a l angular momenta i s 
neg l i g i b l e . We set a J = 0. Prom Perring and P h i l l i p s , 
the ( 1 = 1 ) - ( 1 = 0 ) combination f o r the unmodified R.M.E. 
p a r t i a l waves i s them-

(m+E)a 

x , + 1 + 2x + a 2(E+m)2 2k 2 h% 2E 
(3.U0) 

k*+E 
Q, (xi ) a 

Ek 

( — ) - ~ % ( x i ) + 
\U% /E L k 2 * 
/ f 2 \ k r E 2 («+1)Q^_ 1(X 1) + « Q e + 1 ( x O 

a i.2 
2« + 1 

a i.2 (L-^ 1 f [ (2£+l)mE+E2]Q-(x1) + [ (3*+U) 
\k% I Ek(2£+3) <-

( x i ) j + (e+1) (E-m) 2xjQ £+1 
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a =1.2 f — " \ - f[2£mE - E 2 ] Q , ( x i ) + [(3«-l)k 2 

+ e(E-m) 2
X l ] Q € - 1 ( X 1 ) - (E-m)26^1 j 

The p a r t i a l waves are then modified as for O.P.E., and 
resumned to give the Absorption Model amplitude f o r R.M.E. 
The resultant unmodified and modified cross-sections f o r n-p 
charge exchange are shown i n figures (3»i+) and (3.5) f o r P^ab 

= 3»7 and 8.0 GeV/c respectively. We have taken 
f 2 

= 2.0, but l i t t l e confidence should be attached to t h i s 
value as there is considerable disagreement i n the l i t e r a t u r e . 
Our conclusions are, however, unaffected by the exact 

f 2 

numerical value f o r ̂  . 
As expected, absorptive corrections narrow the R.M.E. 

peak. For instance, a t 8 GeV/c the unmodified half-width 
i s ~ 15°» which is reduced by absorptive modifications to 
~ 10°. This modified value i s s t i l l f a r from the 
experimental half-width of ~ 3°• 

Absorption greatly reduces the magnitude of the R.M.E. 

contribution, decreasing £̂[(9=0) by a factor of about 
i n t h i s case. This i s much greater than f o r O.P.E., where 
| Mn _ 1 I i s reduced by factors of less than 2 up to 10°. 
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Pig. (3-l\) 
n-p charge exchange a t 3.7 GeV/c. The th e o r e t i c a l curves 
are scaled down by 1/25. Damped and undamped cases are 
distinguished by s o l i d and dashed curves respectively. 
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n-p charge exchange a t 8.0 GeV/c. The th e o r e t i c a l curves 
are scaled down by a fa c t o r of 1/60. Damped and undamped 
cases are distinguished by s o l i d and d ashed curves 
respectively. 
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The reason f o r the the much more severe reduction f o r 
R.M.E. i s that the p has a much shorter range than the % 
(approximately . 28 F compared w i t h I.I4.F). Since 
absorption i s stronger i n low p a r t i a l waves, most of the 
s i g n i f i c a n t p a r t i a l waves f o r p exchange are severely 
damped. However, for % exchange a t 3° 7 GeV/c, at an 
impact parameter of 1.1+F corresponding to Z = 7, 90% of 
the undamped p a r t i a l wave survives a f t e r damping. Thus we 
see that the contribution of high mass exchange p a r t i c l e s 
i s much more reduced by absorption than the contribution of 
low mass exchange. 

Energy dependence i n the Absorption Model 

The most s i g n i f i c a n t conclusion to be drawn from the 
R.M.E. results concerns the e f f e c t of absorptive modifications 
on the energy dependence of the p exchange contribution. 
We observe from p exchange that 

do 
an 

(9=0) ^ ( 6 = 0 ) 
unmodified / dfi modified 

~ 1l+.0at 3«7 GeV/c , 

tl (0=°) 
dft 

^ ( 6 = 0 ) 
unmodified/ dfl modified 

- lU.Uat 8.0 GeV/c 

Thus we f i n d , numerically, that to a very good approximation 
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( i . e . w i t h i n 3% f o r t h e c r o s s - s e c t i o n and 1.5% f o r the 

a m p l i t u d e ) the a b s o r p t i v e c o r r e c t i o n s j u s t s c a l e t h e 

a m p l i t u d e down by the same amount a t t h e two d i f f e r e n t 

e n e r g i e s . T h i s means t h a t t h e m o d i f i e d terms have t h e 

same energy dependence as t h e u n m o d i f i e d p o l e terms. 

We can i n v e s t i g a t e how t h i s comes about u s i n g t h e 

impact parameter f o r m a l i s m d i s c u s s e d i n Chapter 2. 

Consider f i r s t e q u a t i o n (3«k0)t 

f a 1 r (m+E) 2 l ^ x 2 *) / 
a = — — I + 1 + 2x + | / ( x i -x) 

k% 2E I 2k 2 2(E+m) 2 J ' 

R e a r r a n g i n g we have 

f 2 1 r r (m+E) 2+2k a k 2
X l

2 / 
a ( t , k ) = — — + 2xi + / U i - x ) 

k% 2E L L 2k 2 2(m+E) 2 J ' 

p k 2 ^ k 2 x s 
+ - 2 ) 

L 2(m+E) 2 2(m+E) 2 J J 

We n o t e t h a t t h e second term o f e q u a t i o n (3.Lj.1) s i m p l y 

r e p r e s e n t s a d d i t i o n a l S and P-wave t e r m s , w h i c h v a n i s h as 

k -+ oo. The n e g l e c t o f these terms g i v e s a good 

a p p r o x i m a t i o n i n t h e G-eV range* e.g. a t 8 GeV/c t h e 

a p p r o x i m a t i o n i n t r o d u c e s an e r r o r o f o n l y k% i n t h e undamped 
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amplitude« We t h e r e f o r e r e s t r i c t o u r s e l v e s t o c o n s i d e r i n g 

t h e energy dependence o f 

f 2 1 r (m+E) 2+2k 2 k 2
X l

2 . 
a ( t , k ) = — — + 2Xi + f / ( x i - x) 

k% 2E L 2k2 2(m+E) 2 J / 

(3-U2) 

w h i c h we w r i t e more s i m p l y as a ( t , k ) = F ( k ) / ( x 1 - x ) . 

1 1 m 2 

We r e w r i t e as , where to = 2 s i n ^-6, e 2 = —^— . 
-x BZ+O^ 2k 2 

Now, t h e e s s e n t i a l t o o l f o r our a n a l y s i s i s t h e 

i d e n t i t y (35) 

= f e d« J 0(w£)Ko(ee) (3» 1+3) 
e 2 +to2 J 

o 
Where Ko i s the m o d i f i e d Hankel f u n c t i o n o f ze r o o r d e r . 

Comparing (3»U3) w i t h t h e p a r t i a l wave i n t e g r a l (3'h) 
oo 

~ 2J « at Jo((0*)A(«), " f i 
o 

where * = k b , £ i s t h e o r b i t a l a n g u l a r momentum, k the 

c e n t r e o f mass momentum and b t h e impact parameter, 

we f i n d t h e p a r t i a l wave a m p l i t u d e A(£) c o r r e s p o n d i n g t o 
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1 Ko(e-e) 
an a m p l i t u d e i s . Since F ( k ) i s n o t a 

e 2 +GC2 2 

f u n c t i o n o f <o i t can be t r e a t e d as a m u l t i p l i c a t i v e f a c t o r 

w h i c h can t h e n be i g n o r e d f o r t h e moment, remembering t h a t 

t h e p a r t i a l a m p l i t u d e c o r r e s p o n d i n g t o ^-(fe) ±s t h e n e a+o) 2 

F(k)Ko (e«) 
2 

W r i t i n g (30I4.3) i n terms o f t h e i m p a c t parameter b , 

1 »°° fm. 
= k 2 J b ab Jo (tok b) Kq ̂ ^ b e a +co2 J V aJ o ^ 

where cok = 4-t. 

Now we can o b t a i n the m o d i f i e d a m p l i t u d e by a b s o r p t i v e 

c o r r e c t i o n s t o t h e p a r t i a l wave a m p l i t u d e i n t r o d u c e d v i a 

( 2 . 1 2 ) . 

Ko^jk b ^ _ v s ± ( b ) K o ^ ^ b ^ ^ S f (b^ = K o ^ ^ ^ S(b) . 

Thus 

k 2 J b db Jo (bvT^Ko^^ 2- b j -* k 2 | b db J 0 ( t o f ^ ) K b ^ j g , b^S(b) 
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and t he p a m p l i t u d e ( 3»U2 ) i s g i v e n by 

a ( t , k ) = F ( k ) k a b db J 0 (W=E)Kb/ b ) . ( 3 ^ ) 
i G U s ; 

The a m p l i t u d e a f t e r c o r r e c t i o n s , a ( t , k ) is«-

mod 
a ( t , k ) = F(k)k 2|°°b db J o C b N f ^ K o ^ ^ 2 - b ^ S ( b ) (3.45) 

L e t us c o n s i d e r t h e energy dependence o f (3»kh) and (3.1+5) 

a t f i x e d t . J 00
 b d b j 0 (b\fT^) b ^ i 8 m a n i f e s t l y 

independent o f k, and t h e r e f o r e the energy dependence o f 

a ( t , k ) i s e n t i r e l y c o n t a i n e d i n P ( k ) k 2 . 

We c a n now see c l e a r l y under what c i r c u m s t a n c e s 

a b s o r p t i v e m o d i f i c a t i o n s can l e a v e t h e energy dependence o f 

the exchange terms u n a l t e r e d . Consider (3»U5) h the 

u n m o d i f i e d p a r t o f t h e i n t e g r a n d ^ j !Hp- b j ^ s 

U2 J 
independent of k f o r f i x e d t . Thus i f S ( b ) , t h e S - m a t r i x 
i n i mpact parameter r e p r e s e n t a t i o n , i s independent o f k, 

t h e n t h e i n t e g r a l f b db J 0 (W^tT)Ko ( b\ S(b) i s 
J D U 2 } 

independent o f k, and t h e energy dependence o f a m o d ' ( t , k ) i s 



57» 

i d e n t i c a l w i t h the u n m o d i f i e d a m p l i t u d e , the E-dependence 

b e i n g i n b o t h cases c o n t a i n e d e n t i r e l y i n F ( k ) k 2 . 

We now see the reason f o r the n u m e r i c a l r e s u l t f o r 

R.M.Eo Serbei*s model f o r pp e l a s t i c s c a t t e r i n g g i v e s 

S(b) independent energy, a n d we see f r o m t h e above a n a l y s i s 

t h a t t h i s i s the c r u c i a l f a c t o r which g i v e s an u n m o d i f i e d 

energy dependence. 

The a s s u m p t i o n o f energy independence f o r h i g h energy 

s c a t t e r i n g i s c e r t a i n l y i n the s p i r i t o f the crude models 

used t o o b t a i n S^. However, even i f we take i n t o account 

t h e energy dependence o f the a n g u l a r d i s t r i b u t i o n i n p-p 

s c a t t e r i n g , our c o n c l u s i o n s are n o t m a t e r i a l l y a l t e r e d . 

F or s i m p l i c i t y , c o n s i d e r the Gaussian model (2.17) 
S ^ b ' = 1 " 7+rca e • A l o g a r i t h m i c s h r i n k a g e o f 

^~ corresponds to an E-dependence o f a o f the f o r m 

a - i n E. T h i s l o g a r i t h m i c m o d i f i c a t i o n w i l l n o t 

s i g n i f i c a n t l y a f f e c t a power dependence on E, f r o m t h e 

exchange p a r t i c l e . 

We conclude t h a t e l e m e n t a r y R.M.E., damped o r undamped, 

i s an u n t e n a b l e model f o r n-p charge exchange. 

Now, the above a n a l y s i s i s s p e c i f i c t o the case o f t h e 

p exchange c o n t r i b u t i o n t o n-p charge exchange, and we must 
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ask whether the r e s u l t may be generalised.. The f i r s t 

o b s e r v a t i o n t o make i s t h a t t he r e s u l t may be g e n e r a l i s e d 

t o a more complex a m p l i t u d e t h a n the s p i n independent p 

case, w h i c h has no a n g u l a r dependence i n the numerator. 

The a n a l y s i s g i v e n above goes t h r o u g h w i t h no 

m o d i f i c a t i o n , f o r an a m p l i t u d e o f the f o r m 

v 
to 

a ( t , k ) = P ( k ) , v i n t e g e r (3-U6) 
ea+ccP 

T h i s f o l l o w s f r o m t h e g e n e r a l i s e d v e r s i o n , o f i d e n t i t y (3.L|.3}j 

namely 

w h i c h i s t h e W e b e r - S c h a f h e i t l i n e q u a l i t y (35). 

That our r e s u l t f o r the energy dependence o f (3«̂ -2) 

may be g e n e r a l i s e d t o a m p l i t u d e s of the form (3.1+6) need not 

s u r p r i s e us. We have a l r e a d y seen n u m e r i c a l l y t h a t t h e 

energy dependence o f the O.P.E. terms i s n o t changed by 

a b s o r p t i v e m o d i f i c a t i o n } and r e c a l l i n g the undamped O.P.E. 

a m p l i t u d e s (3-17)* we observe t h a t a l l these may be expressed 

i n terms o f (3->U6). 

T h i s s t i l l does n o t c o n s t i t u t e a complete g e n e r a l i s a t i o n 

i n p a r t i c u l a r i t i s necessary t o know i f any g i v e n a m p l i t u d e 

v to 00 X J (w*)K (ee) i de 
£ +00 
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has e x c e p t i o n a l l o w p a r t i a l wave terms, and whether these 

can be n e g l e c t e d t o a good a p p r o x i m a t i o n , e x a c t i n t h e 

h i g h energy l i m i t . I t does n o t seem p o s s i b l e t o come t o 

any g e n e r a l c o n c l u s i o n on t h i s p o i n t . 

However, f o r a number o f p a r t i c u l a r processes w i t h 

g i v e n exchange, ( e . g . t h e p c o n t r i b u t i o n t o •Jtp charge 

exchange and TCN -» xN*) i t has been seen n u m e r i c a l l y t h a t 

t h e E-dependence i s n o t s i g n i f i c a n t l y changed by a b s o r p t i v e 

c o r r e c t i o n s . The e x c e p t i o n a l terms o f these a m p l i t u d e s 

can be n e g l e c t e d , and our a n a l y s i s e x p l a i n s how these 

r e s u l t s come a b o u t . Even t h r o u g h t h i s r e s u l t may n o t 

h o l d f o r a g e n e r a l case, t h e f a c t t h a t i t h o l d s i n a number 

o f s p e c i f i c i n s t a n c e s demonstrates t h a t t h e A b s o r p t i o n 

Model ca n n o t , i n g e n e r a l , work f o r h i g h s p i n exchanges. 

E s s e n t i a l l y , one i s s a y i n g t h a t t h e u n a c c e p t a b l e 

E-dependence o f h i g h s p i n exchanges cannot be p u t r i g h t by 

a b s o r p t i v e c o r r e c t i o n s . A r e s o l u t i o n o f t h i s c o u l d be 

ach i e v e d by t r e a t i n g h i g h s p i n exchanges as Regge p o l e s i 

though t h e r e l a t i o n between a b s o r p t i v e c o r r e c t i o n s and 

R e g g e i z a t i o n i s not y e t u n d e r s t o o d . 



C H A P T E R k 

NUCLEON-ANTINUCLEON CHARGE EXCHANGE 

IN THE ABSORPTION MODEL 
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Having c o n s i d e r e d n u c l e o n - n u c l e o n charge exchange, 

i t i s o f i n t e r e s t t o c o n s i d e r t h e c r o s s - c h a n n e l p r o c e s s , 

n u c l e o n - a n t i n u c l e o n charge exchange, i n t h e A b s o r p t i o n 

Model. We can make c l e a r the s i g n i f i c a n c e o f t h i s 

comparison as f o l l o w s * - any g i v e n one meson exchange 

g i v e s , up t o a phase, the same c o n t r i b u t i o n t o the process 

np -» pn as t o the process pp nn. As remarked i n 

Chapter 1 , i t i s p r e c i s e l y f o r t h i s reason t h a t a one 

meson exchange model, even w i t h a r b i t r a r y f o r m f a c t o r s does 

n o t s a t i s f a c t o r i l y account f o r b o t h the d i r e c t and c r o s s -

channel processes i n n u c l e o n - n u c l e o n s c a t t e r i n g . 

However, i n the case o f the A b s o r p t i o n Model, i t i s 

i n e v i t a b l e t h a t d i f f e r e n t r e s u l t s w i l l be o b t a i n e d f o r 

the two ch a n n e l s , s i n c e e l a s t i c N-N and N-N s c a t t e r i n g 

a r e d i f f e r e n t . I t i s t h e r e f o r e o f c o n s i d e r a b l e i n t e r e s t 

t o see how f a r O.P.E. i n t h e A b s o r p t i o n Model w i l l account 

f o r t h e r e a c t i o n pp n n , and t o compare t h i s w i t h the 

r e s u l t s d i s c u s s e d i n the p r e v i o u s c h a p t e r f o r np -+ pn. 

Of co u r s e , any 1 = 1 exchange i n t h e t - c h a r m e l can 

c o n t r i b u t e t o b o t h these p r o c e s s e s j and by r e s t r i c t i n g 

o u r s e l v e s t o O.P.E. we ar e n o t , even i n the c o n t e x t o f t h e 

" n e a r e s t s i n g u l a r i t y " p h i l o s o p h y , t e l l i n g t h e whole s t o r y . 
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However, t h e c o n c l u s i o n , we draw f r o m our d i s c u s s i o n o f t h e 

energy dependence o f R.M.E. i n Chapter 3 i s t h a t t h e 

i n c l u s i o n o f any o f t h e known 1 = 1 mesons o t h e r t h a n t h e 

p i o n w i l l g i v e r i s e t o an energy dependence w h i c h cannot 

f i t e x p e r i m e n t . 

The e x p e r i m e n t a l s i t u a t i o n w i t h r e g a r d t o pp -> nn i s 

much l e s s s a t i s f a c t o r y t h a n f o r pn -» np. The o n l y p u b l i s h e d 

d a t a i n the GeV r e g i o n i s by t h e C.E.R.N, group (36) a t 

3.0 and3«6 GeV/c T h i s a l l o w s a comparison w i t h t h e pn -+ np 

case, f o r w h i c h d a t a e x i s t s a t these e n e r g i e s . I t i s fo u n d 

t h a t t h e f o r w a r d d i f f e r e n t i a l c r o s s - s e c t i o n i s o f the same 

or d e r as t h a t f o r f o r w a r d n-p charge-exchange, b u t t h e 

a n g u l a r d i s t r i b u t i o n i s much w i d e r i n t h e pp -+ nn case. 

The CE.R.N. r e s u l t s , t a k e n t o g e t h e r w i t h u n p u b l i s h e d 

d a t a a t 1 GeV/c and 7 GeV/c, show an energy dependence 
cLo 

c o n s i s t e n t w i t h one p i o n exchange, i . e . ^ -A- S~2 

(D.R.O.Morrison, p r i v a t e communication). I t i s u n f o r t u n a t e l y 

n o t p o s s i b l e to say a n y t h i n g v e r y d e f i n i t e about t he phase 

o f the s p i n averaged f o r w a r d pp -> nn a m p l i t u d e . The 

e r r o r s on b o t h o.^^(pp) and a^ 0^.(pn) a r e o f t h e same o r d e r 

as t h e d i f f e r e n c e , and i t would be e q u a l l y c o n s i s t e n t w i t h 

p r e s e n t d a t a f o r the a m p l i t u d e t o be p u r e l y r e a l o r p u r e l y 

i m a g i n a r y . 
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We w i l l now d i s c u s s i n a l i t t l e more d e t a i l t h e 

a s s e r t i o n t h a t t h e c o n t r i b u t i o n f r o m a g i v e n meson exchange 

t o np and pp charge exchange i s up t o a phase t h e same. 

We s h a l l a p p l y t h e argument g i v e n by Leader and Slansky (37) 

r e l a t i n g pp -> pp and pn pn t o t h e charge exchange case. 

C o n s i d e r i n t h e S channel pn -> np. (h«^) 

I n t h e t channel we have ( o r d e r i m p o r t a n t ) 

np -+ pn. (4« 2) 
Now c o n s i d e r i n the S channel pp ->• nn. (U°3) 

I n the t chan n e l we have np -> np. (k»k) 

Now by o p e r a t i n g on the f i n a l s t a t e o f (i|..2) t o 

exchange the p a r t i c l e s e.g. by G - p a r i t y , we have (k'U) > 

and by c r o s s i n g back t o t h e S c a h n n e l we o b t a i n pp -> nn, 

t i m e s the phase p i c k e d up i n t r a n s f o r m i n g |pn > t o |np >. 

Remember t h a t we a r e a l l o w e d t o c a r r y o u t such o p e r a t i o n s 

as G - c o n j u g a t i o n on the np s t a t e i n the t channel i f t h i s i s 

a w e l l d e f i n e d s t a t e - t h i s i s o f course t he case when we 

have one g i v e n meson exchange i n t h e t channel. Now t h e 

q u e s t i o n i s , what i s the phase we p i c k up i n g o i n g f r o m 

Ipn > t o |np >? T h i s t r a n s f o r m a t i o n can be accomplished 

by space exchange and s p i n exchange. Now f o r % i n t h e 

t c h a n n e l , t he space and s p i n a n g u l a r momentum s t a t e o f t h e 
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NN i s 1 S 0 » Remembering N and N have o p p o s i t e p a r i t y , 

t h e t o t a l p a r i t y o f the system i s (-1) } and the s i n g l e t 

s t a t e i s a n t i s y m m e t r i c under s p i n exchange. Thus f o r NN 

coupled t o a p i o n , (space exchange) x ( s p i n exchange) g i v e s 

a phase o f (-1) x (-1) = + 1. Consider now t h e NN system 

coup l e d t o a p; here t h e a n g u l a r momentum s t a t e o f NN i s 
3 S i + 3 D i . T h i s g i v e s the s ame p a r i t y b u t we a r e now i n 

a t r i p l e t s p i n s t a t e , i.eo symmetric under s p i n exchange. 

So t h e phase r e l a t i n g pn -> np and pp -» nn f o r p exchange 

i s ( - 1 ) x (+1) = - 1 . 

So we have shown t h a t 

M(pn -> n p j % exchange) = +M(pp -> n n j % exchange) 

M(pn ->• n p j p exchange) = -M(pp -v nn; p exchange). 

T h i s checks w i t h t h e l i n e r e v e r s a l arguments o f Sharp and 

Wagner (38) who f i n d , f o r an exchange meson o f I s o t o p i c S p i n 

= I , G - p a r i t y = G, t h a t the r e l a t i o n between t h e NN and NN 

one p o l e a m p l i t u d e s i s 

M(NN -> NN} I,G exchange) = [ (-1)"""GlMfKN -+ NNj I,G exchange) 

(U-5) 

That e q u a t i o n (h'5) i n v o l v e s G - p a r i t y s h o u l d n o t 

s u r p r i s e us« To o b t a i n pp -> nn f r o m pn -> np, we had t o 
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change | pn > -» | np > t and the G o p e r a t o r can do t h i s , 

s i n c e g| p > = |n > and g| n > = -| p > (39) • G - p a r i t y 

o f course p l a y s a s i m i l a r r o l e i n the NN system t o the 

P a u l i p r i n c i p l e i n t h e NN systemo W i t h o u t an analogue 

f o r the P a u l i p r i n c i p l e i n t h e NN case, we s h o u l d have a 

d i f f e r e n t number o f independent a m p l i t u d e s i n t h e s and 

t channelso 

A f t e r the above a n a l y s i s we can c o n s i d e r t h e O.P.E. 

A b s o r p t i o n Model f o r pp -+ nn. We a l r e a d y have t h e 

u n m o d i f i e d p a r t i a l waves, and need now o n l y c o n s i d e r 

phenomenological models f o r pp e l a s t i c s c a t t e r i n g w h i c h 

i s , by I s p i n i n v a r i a n c e , i d e n t i c a l t o nn s c a t t e r i n g . We 

w i l l use two models f o r pp e l a s t i c s c a t t e r i n g * t he 

Gaussian model (2.19), and a phenomenological model due t o 

C h r e t i e n (J4.0) w h i c h g i v e s a good f i t t o pp s c a t t e r i n g a t 

t h e e n e r g i e s we s h a l l c o n s i d e r . Since these models, though 

s i m i l a r , are n o t i d e n t i c a l , we can i n v e s t i g a t e t h e 

s e n s i t i v i t y o f our r e s u l t s t o the p r e c i s e f o r m f o r S^. 

Svensson (1+1) has d e t e r m i n e d t h e parameters o f t h e 

Gaussian model (2.19)» 

S. = 1 - Ce" Y* 2 , 
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t o f i t pp s c a t t e r i n g * he f i n d s C = 1 , and y = 0 .0335 and 

0.0271 a t 3 . 0 and 3 ° 6 GeV/c r e s p e c t i v e l y . 

The model due t o C h r e t i e n g i v e s , f o r p u r e l y i m a g i n a r y 

1-e 
= 1 U - -e ) 2 , f o r € - 2A < £ < l % 

^ 2
 v max' ' max max * 

for I > t m a x j (U.6) 

where a t 3 « 0 GeV/c, e = 0 . 1 5 0 , A = 2 . 5 3 , * = 8 . 0 3 . 

T h i s g i v e s , i n g e n e r a l t e r m s , a fo r m f o r s i m i l a r t o t h e 

Gaussian model* low p a r t i a l waves are s t r o n g l y absorbed, 

and the a b s o r p t i o n decreases s t e a d i l y over a r e g i o n o f 

" t h i c k n e s s " 2A, g o i n g t o zero f o r 1=1 
max 

T h i s g i v e s a good f i t t o ̂  over t he f i r s t two 

decades, b u t a t w i d e r a n g l e g i v e s d i f f r a c t i o n minima* 

C h r e t i e n t h e n f i t s t h e w i d e r angle d a t a by a d d i n g a r e a l 

p a r t t o the phase s h i f t , w h i c h he f i n d s t o be - I 4 . 5 . I , 

- 3 7 . 7 » -29 . 8 , - 2 1 . 5 , - 1 2 . k f - 2 . 2 , +1+.7, +5'k» + 2 . 6 , + 0 . 2 , 

r e s p e c t i v e l y , f o r I f r o m 0 t o 9» We c o n s i d e r b o t h t h e 

pu r e i m a g i n a r y model, and t h e i n c l u s i o n o f a r e a l p a r t f o r 
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The d e t a i l s o f t h e c a l c u l a t i o n a r e t h e same as f o r 

t h e pn -> np process d i s c u s s e d i n Chapter 3. We now 

d i s c u s s t h e r e s u l t s . I n f i g u r e (1J..1) we show the O.P.E. 
r e s u l t s w i t h Gaussian damping, and t h e e x p e r i m e n t a l 

r e s u l t s (36), f o r ^ t . Since t he e x p e r i m e n t a l r e s u l t s 

f o r ^ were o b t a i n e d by combining t he 3.0 and 3.6 GeV/c 

d a t a ( t o improve s t a t i s t i c s ) , we s i m p l y d i s p l a y these 

p o i n t s , t o g e t h e r w i t h t h e t h e o r e t i c a l curves a t 3.0 and 

3-6 GeV/c. We see t h a t , f o r - t > 0.1 ( G e V / c ) 2 , we 

o b t a i n good agreement w i t h e x p e r i m e n t i n b o t h t h e 

magnitude and a n g u l a r d i s t r i b u t i o n . A t 0 *S - t ̂  0.1 

( G e V / c ) 2 , we p r e d i c t s t r u c t u r e f o r w h i c h t h e r e i s no 

evid e n c e } on the o t h e r hand, i t would n o t be i n c o n s i s t e n t 

w i t h t h e p r e s e n t d a t a f o r such s t r u c t u r e t o e x i s t . 

We now i n v e s t i g a t e t h e s e n s i t i v i t y o f t h e c a l c u l a t i o n 

t o the p r e c i s e f o r m o f S^. I n f i g u r e (U-2) we show the 

p r e d i c t i o n s f o r Gaussian damping} the C h r e t i e n model w i t h 

p u r e l y i m a g i n a r y phase s h i f t s , and w i t h r e a l and i m a g i n a r y 

phase s h i f t s . We no t e t h a t a l l models f o r g i v e v e r y 

s i m i l a r r e s u l t s . T h i s i s e n c o u r a g i n g i s i n c e we must 

n e c e s s a r i l y use a crude model f o r the e l a s t i c s c a t t e r i n g 

phase s h i f t s , extreme s e n s i t i v i t y t o t h e e x a c t f o r m would 

n o t a l l o w m e a n i n g f u l c a l c u l a t i o n s . 



P i g . 
C r o s s - s e c t i o n ^ f o r p+p -* n+n. The upper and lowe r 
curves a r e t h e t h e o r e t i c a l p r e d i c t i o n s o f O.PoEo w i t h 
Gaussian damping f o r 3.0 and 3.6 GeV/c, r e s p e c t i v e l y . 
The d a t a p o i n t s , f r o m r e f e r e n c e 36 are combined r e s u l t s 
o f r u n s a t 3»0 and 3»6 G'eV/c. 
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F i n a l l y , i n f i g u r e (1+.3), we compare the modified 

O.P.E. model f o r pn -+ np and f o r pp -> nn. The s o l i d l i n e 

( i ) i s the exponential f i t to the experimental r e s u l t s of 

Palevsky (23) et a l a t 3.0 GeV/c. T h i s i s compared with 

the O.P.E. p r e d i c t i o n s f o r pn -> np a t 3*6 GeV/c to avoid 

crowding on the graph at s m a l l angles. Since the 

absorptive c o r r e c t i o n s i n the NN system a r e q u a l i t a t i v e l y 

s i m i l a r to those i n the NN system, i t i s not s u r p r i s i n g 

t h a t the r e s u l t of the pp -» nn c a l c u l a t i o n has s e v e r a l 

p o i n t s of s i m i l a r i t y with t h a t of the pn -* np c a l c u l a t i o n . 

Both have a sharp peak f o r - t < 0.02 ( G e V / c ) 2 , due mainly 

to the amplitudes M and Moo• Both have a wide 
So 

secondary maximum, given mainly by the M1-1 double s p i n -

f l i p amplitude.) The experimental data does not, however, 

d i s p l a y the same s i m i l a r i t i e s . For pp -> nn, the agreement 

of theory and experiment i s due mainly to the second 

maximumi the p r e d i c t e d forward peak i s not confirmed. F o r 

pn -+ np, the forward peak i s the one point of agreement* 

the second maximum c o n f l i c t s s t r o n g l y w i t h experiment. We 

note from f i g u r e (k>3) t h a t we could not have obtained good 

agreement f o r pp -+ nn i f we had used the damping parameters 

appropriate to pn -+ np. The weaker absorption i n the NN 
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( i i ) O0P0E0 absorption model c a l c u l a t i o n 
of pp-> nn a t 3»0 GeV/c, Gaussian 
damping. 

( i i i ) O.P.Eo absorption model c a l c u l a t i o n 
of pn-»np a t 3.7 GeV/c, Serber 

.̂ _ ̂  damping. 

-!4-0 

30 

il 
4 i-o \ 

\ -i 0-8 

Oj « 

pp—>nn 

- t (Gev) 



68. 

system would have given ^ f o r pp -» nn fou r to f i v e 
times l a r g e r than experiment, f o r - t > 0.2 (GeV/c) 2o 

Thus one pion exchange i n the Absorption Model does 

not e x p l a i n the d i f f e r e n c e between pp and pn charge 

exchange. Some p o s s i b l e reasons are the followings 

1) The absorptive c o r r e c t i o n s t o low p a r t i a l waves a r e much 

stronger f o r pp -> nn, a t the energies considered, because 

of the a n n i h i l a t i o n channels open to the NN system. Thus 

the n e g l e c t of short-range exchange f o r c e s may be a 

b e t t e r approximation f o r pp -> nn. 

2) The two processes have d i f f e r e n t u channel c o n t r i b u t i o n s . 

The n e a r e s t n channel s i n g u l a r i t y f o r the NN system i s 

the deuteron pole, while f o r the NN i t i s the pion pole. 

T h i s could be important at l a r g e r angles. 

3) As mentioned above, the one meson c o n t r i b u t i o n to the 

two processes can d i f f e r i n s i g n , depending i n gene r a l on 

the G - p a r i t y of the exchange mesons. T h i s makes i t 

p o s s i b l e f o r other meson exchange c o n t r i b u t i o n s to the 

amplitude, neglected here, to add c o n s t r u c t i v e l y i n one 

case, and d e s t r u e t i v e l y i n the other. 

F i n a l l y we r e i t e r a t e that O.P.E. w i t h absorptive 

c o r r e c t i o n s i s i n good agreement i n both magnitude and 

angular d i s t r i b u t i o n w i t h the experimental r e s u l t s f o r 

pp -> nn, except perhaps a t very small momentum t r a n s f e r s . 

T h i s agreement does not r e l y on any a d j u s t a b l e parameters. 



C H A P T E R 5 

MODIFICATIONS TO THE ABSORPTION 

MODEL FOR n-p CHARGE EXCHANGE 
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I n t h i s Chapter, we consider a number of p o s s i b l e 

a d d i t i o n s and m o d i f i c a t i o n s to our work i n Chapter 3. 

The o b j e c t of the e x e r c i s e i s to see i f any p l a u s i b l e 

m o d i f i c a t i o n s of the O.P.E. Absorption Model can improve 

the agreement w i t h the wider angle np -* pn data. 

Spin-dependent damping 

I n Chapter 3» we remarked that no spin-independent 

p a r a m e t e r i z a t i o n of the e l a s t i c s c a t t e r i n g phase s h i f t s can 

remove the secondary bump from the l a r g e M1-1 amplitude i n 

a b s o r p t i v e l y modified O.P.E. For the sake of completeness, 

we now consider spin-dependent p o s s i b i l i t i e s . The a n a l y s i s 

i s i n no sense e x h a u s t i v e , and v/e have no experimental 

j u s t i f i c a t i o n f o r supposing there to be strong s p i n 

dependence here. The s p i r i t of the i n v e s t i g a t i o n i s merely 

to s e e whether t h i s i s a p o s s i b l e r e s o l u t i o n of the 

discrepancy w i t h experiment. 

We consider the p a r t i a l wave undamped O.P.E. 

c o n t r i b u t i o n s to Mi-i» We note t h a t the stron g e s t 

c o n t r i b u t i o n i s from a. . - t h i s i s at l e a s t f o u r times 

l a r g e r than any of the other p a r t i a l waves. Thus, we 

i n c r e a s e the damping i n ae 0 to see i f t h i s can give b e t t e r 

agreement** 
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However, s i n c e our clamping f a c t o r s are the p a r t i a l 

wave S-Matrix elements f o r the e l a s t i c s c a t t e r i n g , we 

cannot change one p a r t i a l wave without compensating changes 

i n another i f we want to keep agreement with e l a s t i c 

s c a t t e r i n g . We choose the most advantageous case. We 

We 

note that a c o n t r i b u t e s most s t r o n g l y to Mi-i from 

OoP.E. , and gives the s m a l l e s t c o n t r i b u t i o n . 

t h e r e f o r e i n c r e a s e damping on a. ., while d e c r e a s i n g the 

damping on a ... by a corresponding amount. Th i s keeps 

the same t o t a l c r o s s - s e c t i o n f o r e l a s t i c s c a t t e r i n g * i t 

cannot, however, simultaneously preserve the o r i g i n a l 

angular d i s t r i b u t i o n f o r e l a s t i c s c a t t e r i n g . 

We check how much t h i s i s changed by r e c o n s t r u c t i n g 

the e l a s t i c s c a t t e r i n g from our p a r t i a l wave S-Matrix 

elements. We show the r e s u l t s of a i n c r e a s e i n the 

Serber damping of the O.P.E. c o n t r i b u t i o n to ^ f o r the 

process pn -» np a t 3»7 G-eV/c. 

. do ( s p i n independent do (10% i n c r e a s e i n 
dft damping) dfi a. . damping) 

mb/st *iS/.t 
0 2.U0 2.3k 

.0065 1.314- 1-27 

.0262 "l.Uh 1.36 

.0588 1.95 1-85 

.10U2 2.08 1.96 

.1622 1.93 1-78 

.U090 1.10 0.93 
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The e l a s t i c s c a t t e r i n g was l i t t l e changed* out to 

- t = 0«U (GeV/c) 2 there i s 2$ d i f f e r e n c e i n the s p i n -

independent and spin-dependent c a s e s . We observe t h a t , 

although the secondary maximum i s reduced, the change 

i s not s i g n i f i c a n t . T h i s c o n c l u s i o n i s not a l t e r e d 

f o r an ^ damping i n c r e a s e of 3Q&, and a corresponding 

decrease i n damping. For t h i s l a r g e r damping, 

the d i f f r a c t i o n peak i s c o n s i d e r a b l y d i f f e r e n t from the 

spin-independent case - the d i f f e r e n t i a l c r o s s - s e c t i o n 

r i s e s by 50$ a t - t = .35 (G-eV/c) 2. 

The above d i s c u s s i o n does not exhaust the p o s s i b i l i t i e s 

of spin-dependent damping. I t does however, show that 

i t i s u n l i k e l y to be the answer to the problem. 

u-channel poles 

I n Chapter I4., we suggested t h a t the u-channel poles 

could be s i g n i f i c a n t f o r pn -> np ( s i n c e the n e a r e s t 

pole i s the pion) , but not f o r pp -» nn (where the 

n e a r e s t pole i s the deuteron). We here i n v e s t i g a t e t h i s 



p o s s i b i l i t y * we s h a l l r e l a t e the u-channel O.P.E. 

c o n t r i b u t i o n to the already known t-channel contribution.. 

T h i s can be done by looking at the 1 = 1 and 1 = 0 

c o n t r i b u t i o n s s e p a r a t e l y , and u s i n g anti-symmetry. For 

s i m p l i c i t y , we consider only M . 
s s 

Consider f i r s t an I = 0 s c a l a r exchange, w i t h g 2 

chosen t o give 

1 
Mq = = V" (2«+l)Q (xo)P.(x) 

x 0 -x: L_i 
I =0 

Thi s i s a forward t-channel pole. 

Now r e l a t e t h i s to an 1 = 1 exchange, u s i n g a 

(\\ {'A 

£ •£ f a c t o r . Then the forward pole i n the 1 = 1 

s t a t e j u s t g i v e s the same c o n t r i b u t i o n , and (-3) times 

t h i s i n the I = 0 s t a t e . So we now have 

1 
M

s s ^ = 1 ) = (5-1) 
Xo-X 
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M s s ( l = 0) = - — (5.2) 
Xo-X 

Now, the backward c o n t r i b u t i o n i s j u s t the term we 

add to make (5«1) and (5*2) anti-symmetric under interchange 

of x -> - x o So, adding the u-channel p o l e s , we have 

1 1 

Xo -x XQ +x 

3 3 
M s s ( I = °> = " + 

Xo — x Xo +x a 

Taking the appropriate combinations, ( 3 » 2 ) , (3«3)» and 

(3'U) 9 "to obtain the p h y s i c a l channels, we have 

1 1 
M s s(pp) = + = 2 V (24+1 )Q (xo)P^(x) 

x 0 - x X 0+X Lj 
even & 

because the terms w i t h (-x) c a n c e l i n odd p a r t i a l waves, 

and add i n even p a r t i a l waves, s i n c e P^(-x) = (-1) Pg(x) 

S i m i l a r l y , 

1 2 
M s s(np -> np) = + 

XQ -X XQ + X 

= ^ ( x ) Q e ( x o ) - 3 ^ ( 2 * + l ) Q A ( x q ) P i , ( x ) 

even I odd* 
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M s s(np -* pn) = 
X 0 - X XQ +x 

= ^ ( 2 e + l ) P € ( x ) Q ^ ( x 0 ) + 3 ^ ( 2 e + l ) Q e ( x 0 ) P ^ ( x ) 

even I odd* 

(5-3) 

Now compare (5«3) w i t h the t-channel c o n t r i b u t i o n to 

np -+ pn, i . e . with 

2 ^ 
= 2 \ (2«+l)Q e(xo)P^(x) . 

a l l * 

The p r e s c r i p t i o n f o r the i n c l u s i o n of the u-channel 

c o n t r i b u t i o n i s now c l e a r . I f the t-channel pole g i v e s 

E a& P^, then adding the u-channel c o n t r i b u t i o n turns 

a l l * 

t h i s i n t o 

* E H p*+1E a* p* • 
even-e odd* 

E f f e c t i v e l y then the u-channel c o n t r i b u t i o n j u s t adds 

•j?/ ̂  - ^ | to the t-channel c o n t r i b u t i o n . T h i s g i v e s 

\ odd even/ 
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a c a n c e l l a t i o n of odd and even t a t cos 6 = 1 , with a 

b u i l d up i n t o a reinforcement a t the backward l i m i t 

cos 6 —r->— -1 5 as i s expected from a backward pole. 

Modifying the p a r t i a l wave sum a s shown above, we 

c a l c u l a t e the a b s o r p t i v e l y modified O.P.E. amplitude w i t h 

the u-channel c o n t r i b u t i o n included. We show the r e s u l t s 

i n the f o l l o w i n g t a b l e , compared w i t h the a b s o r p t i v e l y 

modified t-channel O.P.E. r e s u l t s * both f o r 3.7 GeV/c. 

+ fncnr/ ^2 do (t-channel do ( t - and u-channel vuev/c, m p l o n ^ m p j _ o n ) 

M i l l i b a r n s / s t e r a d i a n 

0 2.U0 2.1+2 

.00655 1.35 1.33 

.0262 1.144- 1-38 

.0588 1.95 L8I4. 

.101; 2.08 1.9*4-

.162 1.93 1.78 

.233 1.66 1.1+8 

.315 1-37 

As expected, t h e u-channel c o n t r i b u t i o n becomes more 

important a t l a r g e r angles. The secondary maximum from 

Mi_i i s , however, h a r d l y a f f e c t e d , and the disagreement 

w i t h experiment p e r s i s t s . 
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Self-damping e f f e c t s i n a b s o r p t i v e l y modified O.P.E. 

As remarked i n Chapter 2, one p o s s i b l e approach to the 

Absorption Model i s v i a the K-Matrix formalism. 

We r e c a l l t h a t the p a r t i a l wave amplitude (which i s 

i n g e n e r a l many-channel) can be w r i t t e n , (2..2U)» as 

A« = 
(K^ - i P K ^ ) 

and i f K i s r e a l symmetric, then A s a t i s f i e s the f u l l 

u n i t a r i t y c o n d i t i o n . Now, though (2.2U) gives us a simple 

requirement to s a t i s f y u n i t a r i t y , we a r e no f u r t h e r on 

u n l e s s we have a dynamical model f o r K . The K-Matrix 

formalism can, however, form the framework f o r an 

approximation scheme which ensures that the input Born 

terms s a t i s f y u n i t a r i t y bounds, and t h i s i s the way we use 

i t here. 

We noted i n Chapter 2 t h a t , f o r the one-channel case, 

i n the l i m i t of small A , we can i d e n t i f y K w i t h the 

Born term B * and e l a s t i c u n i t a r i t y i s then s a t i s f i e d . 

T h i s i d e n t i f i c a t i o n i s , of course, an assumption when 

used outside the small A l i m i t * we s h a l l make t h i s 

assumption, to s a t i s f y u n i t a r i t y bounds. 
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I t must be s t r e s s e d t h a t absorptive m o d i f i c a t i o n s 

v i a t h e Sopkovich p r e s c r i p t i o n (2.12) do not f o r c e the 

Born amplitude to s a t i s f y u n i t a r i t y , or to be w i t h i n 

u n i t a r i t y bounds. I n most cases s t u d i e d , however, 

absorptive c o r r e c t i o n s do give r i s e to an amplitude 

s a t i s f y i n g u n i t a r i t y bounds. I n t h i s s e c t i o n we impose 

u n i t a r i t y bounds by c o n s i d e r i n g (2.2I4.) i n the one-channel 

cas e , and making the assumption K = B . Since we only 

use the one-channel ca s e , we ignore the e f f e c t s of 

competing channels. To take i n t o account t h e i r e f f e c t , 

we apply the Sopkovich p r e s c r i p t i o n ( 2 . 1 2 ) . We i n v e s t i g a t e 

whether the i d e n t i f i c a t i o n of the O.P.E. Born term w i t h 

K (self-damping), and the i n c l u s i o n of absor p t i v e 

c o r r e c t i o n s , helps to b r i n g the wider angle p r e d i c t i o n s of 

O.P.E. i n t o agreement w i t h experiment f o r np -> pn. 

I t i s not c l e a r , i n combining self-damping w i t h the 

absorptive e f f e c t s due to competing channels, whether one 

should self-damp the Born term before applying absorptive 

c o r r e c t i o n s (which we s h a l l c a l l p r e-K), or whether one 

should apply absorptive c o r r e c t i o n s to the Born term and 

then self-damp the modified amplitude ( p o s t - K ) . 

We consider both the pre-K and post-K procedures, 

and f i n d t h at i n - t h i s p a r t i c u l a r case there i s not much 

d i f f e r e n c e . 
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Considering only the c o n t r i b u t i o n of O.P.E. to the 

charge exchange s c a t t e r i n g , damped or undamped, denoted 

B, ( i . e . ignoring the c o n t r i b u t i o n to the d i f f r a c t i v e 

forward s c a t t e r i n g ) we have 

(5-U) 

•n 
f o r the h p a r t i a l waves diagonal i n & $ where T 1, and 
T 2 a correspond to pn -> np and np -> np r e s p e c t i v e l y , and 

B B 

T i 2 - and T 2 i correspond to pn -> np and np -* pn. 

Then we have, us i n g equation ( 2 . 3 0 ) , 
T B ( 1 + i T B ) 

A = = (5-5) 
1 + ( T B ) a 

N O W ' ( T B ) 2 = / B 2 0 

0 B 2 

1 + ( T B ) 2 = /'1+B2 

0 

(1 + ( T B ) 2 ) " 1 = (1+B 2) 

(1+B 2) 
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. t T B ( 1 + 1 T B ) 
O O A = T J 

1 + ( T B ) 2 

B 

1+B2 

B 

1+B2 

B 

1+B2 

+ H 
B a 

1+BS 

(5-6) 

Thus the self-damped p a r t i a l wave amplitude corresponding 

to a Born term (5«U) - damped or undamped - i s 

B 
T 

1+B2 
(5.7) 

where we note t h a t t h i s gives no charge-exchange 

imaginary p a r t . We obtain e s s e n t i a l l y the same r e s u l t 

f o r the coupled I = J±1 p a r t i a l waves the above a n a l y s i s 

goes through f o r m a l l y , w i t h B a 2x 2 matrix. 

We now present the r e s u l t s of the pre-K and post-K 

c a l c u l a t i o n s , and compare them with our o r i g i n a l O.P.E. 

Absorption Model (A.M.) c a l c u l a t i o n f o r pn - np, a t 

3.7 GeV/c. The damping f a c t o r s are i n a l l cases the 

Serber r e s u l t s used i n Chapter 3« 
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- t (QeV/c) 2 f g ( A .M o ) (pre-K) §g (post-K) 
( m i l l i b a r n s / s t e r a d i a n ) 

0 2 . 1 + 0 2 o 8 9 2 . 1 + 1 + 

.0065 1 • 3M- 1-63 1.36 

.0262 -1 o 2+L4. 1 . 1 + 8 1 . 1 + 3 

.0588 1 . 9 5 1.83 1 . 9 2 

. 1 0 1 + 2 2 . 0 8 1 . 8 6 2 . 0 3 

. 1 6 2 2 1 . 9 3 1 . 6 6 1 . 8 7 

. 1 + 0 9 0 1 . 1 0 . 7 7 7 1.03 

The f i r s t observation i s t h a t the secondary bump i s 
e s s e n t i a l l y untouched. We t h e r e f o r e see th a t s e l f -
damping cannot remove the wide angle discrepancy between 
the p r e d i c t i o n s of O.P.E. w i t h absorptive m o d i f i c a t i o n s , 
and experiment. Prom the above t a b l e i t can be seen t h a t 
the post-K treatment has even less e f f e c t than pre-K. 
The reason f o r t h i s i s simple - equation ( 5 - 7 ) shows t h a t 
the smaller the i n p u t term, the less d i f f e r e n c e s e l f -
damping makes. Since absorptive c o r r e c t i o n s already 
reduce the Born terms considerably, subsequent s e l f -
damping makes l i t t l e d i f f e r e n c e . 

7C-p i n t e r f e r e n c e 
F i n a l l y , we remark b r i e f l y on an e f f e c t which 

absorptive m o d i f i c a t i o n s can produce. This i s the 
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p o s s i b l e i n t e r f e r e n c e , a f t e r absorptive m o d i f i c a t i o n , of 
two d i f f e r e n t exchange c o n t r i b u t i o n s which do not 
i n t e r f e r e before damping. (We thank H. Htfgaasen f o r drawing 
our a t t e n t i o n to t h i s p o s s i b i l i t y ) . . 

The undamped % and p c o n t r i b u t i o n s to n-p charge 
exchange do not i n t e r f e r e . . This can best be seen i n the 
h e l i c i t y formalism - see Muzinich (U-2) - of the f i v e 
independent h e l i c i t y amplitudes 4> ,̂ ( i = 1 , 2 , 3»U» 5 ) s 

% c o n t r i b u t e s only to $2 = <|>4 « $1 = $3 = $5 = O o 

p c o n t r i b u t e s to <$>s = -<j>4, CJH =4)3, and also t o ̂ . The 
non-interference of the undamped % and p c o n t r i b u t i o n s 
depends on = $4-%» and = -§4^ * This balance of 

terms does not i n general survive absorptive c o r r e c t i o n s . 
I n v e s t i g a t i n g t h i s f o r the s p e c i f i c pn -> np case, we 

found the %-p i n t e r f e r e n c e d i f f e r e n t i a l c r o s s - s e c t i o n to 
be p o s i t i v e and sharply peaked f o r small angles, broad and 
negative f o r l a r g e r angles. This e f f e c t could cancel the 
broad secondary maximum from damped O.P.E. 

The previous o b j e c t i o n s to'R.M.S. remain, and agree­
ment w i t h experiment cannot be obtained by using elementary 
p exchange. As a basis f o r a phenomenological 
i n v e s t i g a t i o n , we gave the p-nucleon coupling constant an 
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energy dependence such t h a t the R.M.E. c o n t r i b u t i o n had 
the same energy dependence as t h a t of O.P.E. We then 
found t h a t by v a r y i n g the coupling constants, e x c e l l e n t 
agreement w i t h experiment could be obtained. However t h i s 
r e q u i r e d a coupling constant g2NN7C of 9 » 8 5 , compared w i t h 
the e s t a b l i s h e d value of 1l4.»U» 

The above example i s n o t put forward as a convincing 
model of the process pn -> np, but only as an i n d i c a t i o n 
t h a t i n t e r f e r e n c e of d i f f e r e n t exchange p a r t i c l e s a f t e r 
damping could form the basis f o r a model. A s c r i b i n g a 
'/Pgab dependence to the p coupling constant i s , of course, 
q u i t e a r b i t r a r y . I t might, however, form the basis f o r an 
anal y s i s i n terms of a Reggeized p c o n t r i b u t i o n , or 
p o s s i b l y Reggeized p + A 2 • 

I t should be noted t h a t , even i f a j u s t i f i c a t i o n f o r 
the above model f o r pn -> np could be found, we would then 
be i n d i f f i c u l t i e s w i t h regard to our model f o r pp -> nn. 
From the analysis i n Chapter l± of the r e l a t i o n between 
meson exchanges i n the NN and NN systems, we see t h a t the 
sharply c o n s t r u c t i v e i n t e r f e r e n c e of % and p i n NN now 
becomes d e s t r u c t i v e i n NN. Applying the same model t o 
pp -+ nn, we then p r e d i c t a very small d i f f e r e n t i a l cross-
s e c t i o n a t small angles, i n stron g disagreement w i t h experiment. 
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CONCLUDING REMARKS 



8 3 o 

We s h a l l f i r s t comment on the a p p l i c a t i o n s of the 
Absorption Model by other workers. There are a number of 
e x c e l l e n t reviews of these a p p l i c a t i o n s , by Jackson (I4.3), 

and D r e l l and Hearn (I4I4.) amongst others. We s h a l l 
t h e r e f o r e give only a v e r y b r i e f discussion. 

The Absorption Model has been ap p l i e d t o a l a r g e 
number of p e r i p h e r a l processes, e.g. xp -> pp, 7C~p -» %°n, 
%-p -> TCN* , ?cp -+ pN*, 7cp -+ CON, NN -> NN* , NN -> N*N* , Kp -+ K*N, 
Kp -> KN*. These c a l c u l a t i o n s have been performed a t a 
wide range of i n c i d e n t momenta - u s u a l l y i n the range 
2 to 8 GeV/c. 

I n a number of cases, q u i t e e x c e l l e n t agreement w i t h 
experiment has been obtained. The O.P.E. absorption 
model f o r ftp -+ pp gives agreement w i t h the experimental 
d i f f e r e n t i a l cross-sections, b o t h i n magnitude and angular 
d i s t r i b u t i o n . The decay c o r r e l a t i o n s and energy dependence 
are also w e l l p r e d i c t e d . S i m i l a r l y e x c e l l e n t r e s u l t s are 
obtained f o r -rcp -> pN*, NN -> NN*, and NN -* N*N. I n some 
of the p e r i p h e r a l r e a c t i o n s t r e a t e d by the Absorptiom Model -
rc~p -> %°n and ftp -+ coN - very poor r e s u l t s are, however, 
obtained. 



We must ask i f there i s any explanation f o r the 
e x c e l l e n t agreement i n one set o f processes, and the bad 
agreement i n the other set. One observes t h a t i n a l l 
cases where the meson exchange i s taken t o be a vector or 
higher s p i n meson, bad agreement r e s u l t s . Our an a l y s i s 
of the e f f e c t of absorptive damping on energy dependence 
explains one o f the sources o f disagreement. I n those 
cases where s e l e c t i o n r u l e s f o r b i d the exchange of a 
pseudo-scalar meson, e.g. %~p •+ n°n, and the lowest 
mass meson allowed i s a v e c t o r , e.g. the p-meson, poor 
agreement w i t h experiment i s found. 

The inference we draw i s t h a t absorptive c o r r e c t i o n s 
do have an important r o l e i n simple o n e - p a r t i c l e exchange 
models, and t h a t the success of the one-pion exchange 
c o n t r i b u t i o n w i t h absorptive c o r r e c t i o n s i s u n l i k e l y to 
be f o r t u i t o u s . However the one meson exchange model does 
not appear to give a good r e p r e s e n t a t i o n of the dynamics 
when the exchange meson i s of s p i n one or great e r . This 
i s not s u r p r i s i n g . the divergence associated w i t h 
exchanges of s p i n greater than one i s a major t o p i c i n 
Dispersion Theory, and the idea of the Regge pole was 
suggested to overcome t h i s problem. 
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The Regge pole exchange model has had considerable 
success of l a t e - see f o r example the work of P h i l l i p s 
and R a r i t a (I4.5) on ftp charge exchange and ftp -> nn, where 
the exchange considered i s a Reggeized p or A 2 o However 
we must ask whether a Reggeized ft model would be 
successful f o r such processes as ftp pp. We note t h a t 
such a procedure would not be expected to change 
s i g n i f i c a n t l y the r e s u l t s of the elementary one p i o n 
exchange, a t l e a s t a t small momentum t r a n s f e r s . This i s 
because we know t h a t the p i o n has s p i n zero a t t = .02 

(GeV/c) 2. Even w i t h a slope f o r the p i o n Regge t r a j e c t o r y 
of 1 (GeV/c) 2, a ( t ) would not be too d i f f e r e n t from 0 f o r 
small values o f - t . Now, since Reggeization of the p i o n 
i s not expected to s i g n i f i c a n t l y change i t s c o n t r i b u t i o n , 
agreement w i t h experiment cannot be obtained i n a l a r g e 
number of cases, unless absorptive c o r r e c t i o n s are 
included. 

We must t h e r e f o r e ask whether the Regge pole model 
and the Absorption Model should be combined. I t has not 
yet been resolved whether such a procedure would be 
con s i s t e n t . The problem i s simply t h a t i t i s not c l e a r 
how f a r Reggeization already includes'absorptive c o r r e c t i o n s . 
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Consider the Pomeranchuk pole. I t i s pos t u l a t e d t h a t 
t h i s pole c o n t r o l s the h i g h energy behaviour of e l a s t i c 
s c a t t e r i n g and t o t a l c ross-sections. To do t h i s , 
Pomeranchuk exchange must represent the e f f e c t of a l l open 
channels. Thus the Pomeranchuk p o l e , a s y m p t o t i c a l l y a t 
l e a s t , does not r e q u i r e the a d d i t i o n of m o d i f i c a t i o n s due 
to competing channels. On the other hand, we have the 
problem of the p i o n already discussed. 

I f the combination of Regge exchange and absorptive 
damping i s shown to be a con s i s t e n t procedure, then t h i s 
could a f f o r d some hope of r e s o l v i n g the problem of the 
secondary bump, p r e d i c t e d by O.P.E. i n the Absorption Model 
f o r pn -* np. As remarked i n the f i n a l s e c t i o n of 
Chapter 5» t h e i n t e r f e r e n c e , a f t e r damping, of another 
exchange can remove the secondary maximum due t o the O.P.E. 
c o n t r i b u t i o n from M i - i » I t i s possible t h a t by combining 
a Reggeized p w i t h the O.P.E. c o n t r i b u t i o n , and by 
i n c l u d i n g absorptive c o r r e c t i o n , a f u l l e x planation of n-p 
charge exchange could be obtained. 
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Appendix 

We o u t l i n e the d e r i v a t i o n of the p a r t i a l wave 
decomposition of the s i n g l e t - t r i p l e t amplitudes, (3 . 25 -

3» 3 0 ) , f o l l o w i n g the treatment given by MacGregor, 
Moravcsik and Stapp (I4 .6) . 

The S-Matrix, by d e f i n i t i o n , depends only on the 
asymptotic form of the wave f u n c t i o n ? i t i s a t r a n s f o r m a t i o n 
i n the spin-angle v a r i a b l e s , the r a d i a l dependence being 
e s s e n t i a l l y known. To s i m p l i f y matters, the r a d i a l p a r t 
i j ^ ( k r ) i s suppressed, where j ^ ( k r ) i s the s p h e r i c a l 
Bessel f u n c t i o n . S p e c i f i c a l l y \l9 mj S,,m1 j S2,m2 > 
represents the s t a t e w i t h s p i n quantum numbers ( S i , ) 

and ( S 2 , m2) f o r the f i r s t and second p a r t i c l e s r e s p e c t i v e l y , 
and a s p a t i a l dependence Y ^ ( 6 , < ( > ) ( i ^ j ^ ( k r ) ) , being the 
s p h e r i c a l Bessel f u n c t i o n d e f i n e d i n (30° T l i e symbol 
< *,mj Si ,m1 i S2,m2|\|/> w i l l represent the amplitude of 
t h i s s t a t e . 

Since t h e asymptotic out-going p a r t of 1 j ^ ( k r ) i s 
i k r 

e / 2 i k r , the s c a t t e r i n g amplitude becomes i n t h i s 
conventioni 
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mim2 1 r-x 
q (0»*) = ) Y.(6,(|))< 4,1115 Si»mt» S2 , m2 R im > 

b l b 2 2 i k Z j 
•6 ,m 

2 i k 
<0,c$>| £,m >< £ ,mj Si ,m1 } S 2 , m2 [R[Im. > 

1 
s < 0 ,<j> 5 Si ,m1: j S2 ,m2 | R| im. > , (A. 1) 

2 i k ~ 

where we have set < 0,<|)|.e,m > s Y ^ ( 0 ,<}>)$ and the E i n s t e i n 
summation convention, and t h e completeness r e l a t i o n 
|̂ ,m ><£,m| = 1, have been used. I n the above convention, 
the s t a t e represented by |0,,<t>' > i s (ipc)" 1 times a plane 
wave moving i n the d i r e c t i o n 0 '({>' - which can be seen from 
the Gegenbauer expansion ( 3 1 ) , 

E D rr, m e x p ( i k' . r ' ) 
i % ( k r ) T£j(8f(>) Yj(e\4>«) = ~ " . (A.2) 

£,m 

R i s the operator i n spin-space having m a t r i x elements which, 
except f o r a n o r m a l i s a t i o n f a c t o r , are the s c a t t e r i n g 
amplitudes f o r i n d i v i d u a l i n i t i a l and f i n a l s p i n s t a t e s . 
M i s a s p i n m a t r i x , having m a t r i x elements which are e x a c t l y 



89. 

the s c a t t e r i n g amplitude i n various f i n a l s p i n s t a t e s f o r 
f i x e d i n i t i a l s p i n s t a t e s . 

Combining these d e f i n i t i o n s w i t h (A.1) and (A.2), we 
have 

k% , . 
M = < 0 01 R| 6 f <t>' > (A. 3) 
~ 2 i k ~ 

We consider M i n the s i n g l e t - t r i p l e t r e p r e s e n t a t i o n , 
and take m a t r i x elements of R w i t h respect t o states 
characterized by quantum numbers J, -6, S and M. M i s the 
z-component of t o t a l angular momentum J, and S i s 0 or 1 
f o r s i n g l e t or t r i p l e t s t a t e s r e s p e c t i v e l y . This gives 

i . k % I I < S,m lM|Sf ,m' > = < e j S,mJ R| 0 ' » * S' ,m» > s s 2 1 f c s s 

k % i I I » < 6,cJ)} S,m U,S", J,M X -6,S", J,M|R|ef ,S'",J',M' > 
2i k s 

x < €' ,S,M, J' ,M' 16<J)' j S',m' > (A.I4.) 
S 

The t r a n s f o r m a t i o n f u n c t i o n s i n (A.U) are sums of 
products o f s p h e r i c a l harmonics and Clebsch-Gordon 
c o e f f i c i e n t s , 
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< 0,<M S,m |«,S",J,M > = < Q3Q>\&9m >< £,m$ S,m |€,S",J,M > 
s s 

S ^Yj(e,d>) C ^ S ( J , M j m,m s)6 s s t 

IB 

(A. 5) 

where C., Q(J,M} m,ni ) s < e,mj S,ni I e,S, J,M > i s the 
•vo S S 

Clebsch-Gordon c o e f f i c i e n t s as defined i n (31). 

Equations (A.L|.) and (A. 5) a l l o w the M m a t r i x elements 
to be expressed as R m a t r i x elements < I,S,J,M|R| 11,SF,<J!, M>. 

T o t a l angular momentum J and i t s p r o j e c t i o n M are conserved, 
so these m a t r i x elements vanish unless J = J', M = M'. 
The m a t r i x elements are also independent o f M, by r o t a t i o n a l 
i n variance. For a f i x e d t o t a l angular momentum J, we 
then have t h e f o l l o w i n g p o s s i b l e values of l\ 

I - J, and -e = J t 1 • 

The second class can only occur i n the t r i p l e t case. The 
two classes cannot be coupled (conservation of p a r i t y ) . 
Anti-symmetry f o r the p-p case precludes coupling between 
s i n g l e t and t r i p l e t s t a tes* the a d d i t i o n of i s o s p i n 
invariance gives t h i s c o n d i t i o n f o r the n-p case. 
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We then have the set of ma t r i x elements 
< -e,S,JJMIRI-C 1 ,S,J,M > given i n equations (3«19) t o 

(3.2 ! | . )o For the class & = J , 

< J,0, J,M| R| J,0, J,M > = c t j (3"19) 

< J,1 ,J,M|R| J,1 ,J,M > = a ^ j = o. . (3«20) 

For the class I = J ± 1 , 

< J ± 1 ,1 ,J,M|R|J + 1,1,J,M > = a J i (3.22) 

< J + 1 ,1 ,J,M|R|J + 1,1,J,M > = Ogj = J (3*23) 

< J - 1 ,1 ,J,M|R| J - 1 ,1 , J,M > = a ^ j = oc^ ^ + 1 . (3»2U) 

By c a r r y i n g out the a r i t h m e t i c i m p l i e d i n (A.1+) and (A . 5 ) » 

and using the n o t a t i o n (3»19 - 3»2l+), the p a r t i a l wave 
expansion of the M m a t r i x , equations (3«25) to ( 3 « 3 0 ), i s 
obtainedo 
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Recently it has been realised that one-particle 
exchange reactions can be severely modified by 
absorption in the initial and final states 1 _ 5 ) . At­
tempts have been made to explain the backward 
peak in high-energy n-p scattering 6) by one-me- . 
son exchange processes T - l l ) , but none have 
considered the effect of absorption. The latter is 

' a particularly favourable process in which to con­
sider damping, since both the initial and final 
state interactions are quite well known, (in con­
trast to other situations that have been studied 1-5)). 

In the present letter we calculate this damping 
effect for one-piori exchange (OPE) and p-meson 
exchange (RME), 'With absorption deduced from 
p-p diffraction scattering 1 2 > 1 3 ) . We find that 
damping goes a long way toward reconciling OPE 

' with experiment, though a significant discrepancy 
'"remains. For elementary RME, damping does not 

* From botober 1964, at Department of Mathematics, 
The University, Durham. . 

change the unacceptable energy-dependence. Set­
ting this aside, RME illustrates short-range spin-
independent charge-exchange; damping narrows 
the corresponding peak but not nearly enough to 
fit the data. 

The problem is to combine two interactions, 
the absorption U that gives diffraction scattering 
and the exchange interaction V. To first order in 
Vt the correct amplitude is 

T f i = <Xf ( _ ) I v\ Xi ( + ) > + <vf \vI X l

( + ) > \ (1) 

in the notation of ref. 14, where andxf(") are 
appropriate initial and final eigenstates of scatter­
ing with U. We shall ignore the second term in 
eq. (1), which describes backward scattering from 
the absorptive potential itself (see, however ref. 
16). The other term we calculate by the Sopko-
vich 1) prescription: the Born amplitude for V be­
tween initial partial wave a and final partial wave 
b is multiplied by J ^ S ^ , where S a * and S b * are 
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/ 
/ 

I 
f OPE 

I 
I 

r 
/ OPE 

1 

RME 

180 170 
©cm Weo> 

Fig. 1. n-p backward scattering at 2.85 GeV. The ex­
perimental points are f rom ref. 6. Damped and un­
damped cases are distinguished by solid and dashed 
eurves respectively. The RME cases are scaled down 

by k-

the S- matrix elements for scattering with {/in 
the initial and final channels. For pure diffraction 
scattering, each of the latter has the form 5 = 
exp(-2x), where ix is the imaginary phase shift. 
This prescription has not been formally justified 
for the situation of interest, where V has longer 
range than U, but Is claimed to be a good approxi­
mation at small angles 3). Furthermore, an argu­
ment 

16) 
based on the coupled-channel N/D method 

and a random phase approximation also gives this . 
prescription, in the case of pure imaginary phase 
shifts. 

Consider first OPE. The contribution to the 
n-p scattering amplitude from the backward pole 
has the form 

M s s = - f e 2 / 4 f f ) a / 2 £ , 

A/n =-(g 2/4ff)a(l + x) /4£ , 

M00 = {gZ/4v)ax/2E , (2) 

A/io = MQI = -(g2/4ir)/2 sin 9 a/AE , 

Ml_i = - ( g 2 / ^ ) a ( l - x)/4E , 
In the conventional singlet-triplet notation 
Here x = cos 6, a = {l+x)/(xQ + x), x0'= 
\ + in^/lpl, 6 Is the c m . angle, p is the rela­
tive momentum, f f i / t n = 14.4 is the pion-nucleon 
coupling constant and E = ̂ {m^ + p2). The cor­
responding differential cross-section i s : 

• - \ ' ' " 

OPE 

I 
~- RME 

1 OPE 

RME 

180 170 160 
o^ldeg) 

Fig. 2. n-p backward scattering at 7 GeV. Solid and 
dashed curves denote damped and undamped cases r e ­

spectively. The RME curves are scaled down by fo. 

do /dn = (g-2/4ir)2 (a/2E)2 . (3) 

Reggeized OPE would give almost exactly the 
same, in the region of interest close to the pole. 
There are several remarkable things about OPE. 
The cross section vanishes at 0 = 180° where ex­
perimentally there is a peak; at other angles it 
becomes much bigger than this peak; it is strong­
ly spin-dependent (the double-spin-flip term Atfj_i 
accounts for half of do/dn near 180°). 

To introduce damping we use empirical studies 
of p-p diffraction scattering (expecting n-p to be 
similar), in which the phase shift is assumed to be 
pure imaginary and to depend only on orbital an­
gular momentum L . We decompose the Born am­
plitudes of eq. (2) into partial waves: terms cor­
responding to scattering with L are modified by 
factors exp (-2x£,): terms which couple L to L± 2 
have factors exp (-xx, - XL±2)- ^ would not be cor-.-
rect simply to expand M in terms of Legendre 
functions P^, Pj* and P j 2 and to damp the co-
efficients according to L, since some coefficients' 
contain couplings to L±2. (Thus mistreating the 
coupling terms would violate the time-reversal 
symmetry of the S-matrix). 

The resulting cross section is shown in figs. 
1 and 2, for 2.85 and 7 GeV respectively. The 
damping factors are from Serber's model 

12) 
(ref. 13 gives similar results); this model was 
not strictly designed to match diffraction scatter­
ing at the lower energy, but we expect it to ln-
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troduce little error. It gives almost 100% absorp­
tion for L = 0, decreasing steadily as L increases. 
Bare OPE cross sections are also shown. 

It can be seen that absorptive damping produces 
remarkable changes. It converts the dip at 0 = 
180° into a narrow peak, similar to experiment 
out to the half-width, and greatly reduces the 
cross section at wider angles; but it leaves a 
broad second maximum that is not observed. The 
first peak comes mainly from M s s and MQQ, 
damping destroys the balance of terms which pre­
viously made them vanish at 180°. The second 
peak is in fact not surprising: it comes from 
Ml_i, which has to vanish at 9 = 180° for invari-
ance reasons and is large in bare OPE. It cannot 
be removed by any set of XL consistent with total 
cross sections: its presence follows directly from 
the spin-dependence of OPE. Any model which 
neglects spin 18) will not have this term, but will 
be misleading. 

We have also considered a form factor in bare 
O P E ; plausible form factors depress the second 
peak only a little. The second peak may however 
be cancelled by some unknown background effect, 
as in ref. 7. 

Consider now RME. Many RME models use a 
Reggeized p, but it has not been clarified how far 
the effects of damping are implicitly included in a 
Regge pole. We therefore apply damping only to 
"elementary" RME. The latter is known to have 
unacceptable energy dependence; however, it is 
interesting to consider whether damping affects 
this behaviour. Furthermore, at any particular 
energy, RME illustrates the general case of a 
short-range spin-independent charge-exchange; 
it is interesting' to see how strongly the angular 
distribution is altered by damping. 

Near 0 = 180°, the elementary RME amplitude 
• from the backward pole is, to a good approxima- -
tion (exact at 180°), both spin-independent and 
determined by the vector NNp coupling. It has the 
form 

4JT 2E{ 2pi 
+ 1 - 2x + • 

J.2 2 p x 
2(£+'« N ) ' 

2) / (* l+*) , 

(4) 
where/ 2/4JT is the NNp vector coupling constant, 
which we take to be =2; x^ = 1 + w p2/2/> 2; other 
notation as in eq. (2). In terms of the M-matrix, 
M \ \ - MQQ ~ ~MBa ~ a ^ spin-flip terms = 0; 
this is spin-independent in the sense of a forward 
charge-exchange. 

We introduce damping as before (though now 
there are no L -* L ± 2 couplings); the resultant 
bare and damped RME cross sections are illus­
trated in figs. 1 and 2. Note that damping does 

not change the energy-dependence at 6 = 180° for 
the examples shown. This result can easily be 
shown in general, by using an integral represen­
tation for the partial wave sum as in refs. 3 and 
5. Thus elementary RME remains physically un­
tenable. 

The OPE and RME amplitudes, bare or damped, 
are real and do not interfere. Of course we may 
expect other contributions too. In particular, the 
difference of total cross sections < J T G ? P ) - CTT(NP) 

implies a small imaginary amplitude, spin inde­
pendent in the same sense as RME, which does not 
interfere with either OPE or RME. At 2.85 GeV, 
this last contribution gives about 0.3 mb/sr at 
B = 180°, which would bring OPE closer to experi­
ment at this angle. 

Our results indicate these conclusions: 
1. Damping goes far to reconcile OPE with experi­

ment, but leaves a secondary peak which is not 
observed. ' 

2. This second peak is a spin-flip effect. 1 

3. Damping does not change the energy-dependence 
of OPE or RME. 

4. The overall magnitude of RME is more strong­
ly reduced than OPE, because of its shorter 
range. 

5. Damping narrows the elementary RME peak, 
but not enough to fit experiment. 
Finally, we stress that our treatment of damp­

ing depends on no arbitrary parameters. 

We are grateful to Dr. E . J . Squires for sug­
gesting this investigation, and to Mr. D. G. Suther­
land for a helpful conversation. One of us (G.A.R.) 
thanks D.S.I.R. for financial support. 
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The results of an absorptive model calculation of the reaction p+p—*n + 8a t3 .0 and 3.6 GeV/c are pre­
sented. Good agreement with experiment is obtained for -t 3> 0.1 (GeV) 2; at smaller angles there is a pos­
sible discrepancy. 

In this letter we report a calculation of nu-
cleon-antlnucleon charge exchange scattering, 
p + p — n + n, assuming one-particle exchange 
plus absorptive corrections [1]. 

We consider only one pion exchange. Though 
other mesons such as p and A2 can contribute to 
this process, those with spin greater than zero 
give an unacceptable energy dependence if treated 
as elementary particles. It has been found that 
elementary p exchange plus absorptive correc­
tions gives the wrong magnitude and angular dis­
tribution, as well as the wrong energy dependence, 
for np [2] and 77p [3] charge exchange. Reggeizing 
p and A2 can correct the energy dependence, but 
the consistency of adding absorption corrections 
to a Regge pole is still uncertain. 

After decomposing one pion exchange into par­
ticle waves [4] we introduce absorptive correc­
tions using the original Sopkovich prescription [5] 

T = exp(i6a) T B expU&b) , 
where T is the corrected partial wave amplitude, 
T B is the unmodified (Born) amplitude, 6 a and ftj, 
are the phase shifts for elastic scattering in the 

initial and final states. To obtain elastic phase 
shifts in the GeV region, one must resort to 
phenomenological models. We assume a Gaussian 
model which gives 

exp(2i6L) = 1 - A exp(-yL 2) 

with L the orbital angular momentum. Svensson 
[6] has determined the parameters from pp elas­
tic scattering: A = 1, y = 0.0335 and 0.0271 at 
3.0 GeV/c and 3.6 GeV/c respectively. Charge-
independence gives the same phase shifts for nfi 
scattering. 

The results of our calculation, using the Gaus­
sian model phase shifts and a pion-nucleon cou­
pling g2 = 14.4, are shown in fig. 1. The experi­
mental points are from ref. 7, and represent an 
average over the data at 3.0 and 3.6 GeV/c. It 
can be seen that, for -t > 0.1 (GeV/c)2, there is 
good agreement with experiment in both magni­
tude and angular distribution. At small momen­
tum transfers, however, the theory predicts 
structure for which there is no experimental evi­
dence. 

We have tried other models for the elastic 
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