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Assuming that the Y~ (1405) resonance dominates the i(N system at threshold, we show in a three-body K_-d mod- 
el that to get the correct sign of the real part of the kaon-nucleus optical potential, we must use an off shell KN am- 
plitude and that higher ~,N multiple scattering including intermediate nuclear excitations are important. 

The K atomic levels and level widths can be calcu- 
lated by using a perturbing strong interaction com- 
plex potential in the Klein-Gordon equation with the 
Coulomb potential. By adjusting the real and imagi- 
nary parts of  this strong potential, it is possible to 
fit experimental atomic levels and widths [ 1--3]. The 
problem then becomes to derive this K--nucleus op- 
tical potential from elementary K-nucleon interactions, 
see the review talk by Ericson [4]. 

We will assume that the kaon-nucleus optical po- 
tential is known from experiments [1 ]. Further we 

* is strongly coupled to K,N will assume that the Y0 
[4], and we will study a solvable model to find 
which effects are involved when we want to derive a 
kaon-nucleus optical potential from the kaon-nucleon 
scattering amplitude. 

More specifically we will study the K-d elastic 
scattering amplitude as a function of  the binding en- 
ergy of  the deuteron. We will look upon K-d as a 
three-body system like Hetherington and Schick [5],  
and display the contributions from the different terms 
in the KN multiple scattering series. The K-d scatter- 
ingamplitude is [5, 6] 

?7= ~ Tij , (1) 
i,/~2 3 

Tij=tiS   + tt(1- ik)Oork/, (2) 
k=l  

where particle 2 is the kaon and particles 1 and 3 are 
the nucleons. Further we have 

t i= Vii i  - G  O Vii -1, (3) 

where V l is the potential between particles 2 and 3, 

96 

and 
3 

Go=  [E + irT- ~ p2/2mi]  -1 
i=1 

(4) 

is the free three-body propagator. If  we iterate eq. 
(2), we get the Fadde~v multiple scattering series. 
The first term on the right-hand side of  eq. (2) is the 
single scattering approximation (SS). Our calculations 
are done in the three-body centre-of-mass system, i.e. 
Pl + P2 + P3 = 0. We take plane-wave matrix elements 
of eq. (2). For the SS term we get 

(q l ,  k l  t t l (E)[q] ,  k])  

= (27r)363(q I - q ] ) ( k l l t l ( e  1) lk] ), (5) 

where 

el = E - p 2 / 2 m l  - ( P 2  +p3)2/2(m2 + m3)" (6) 

Here e t is the relative two-body energy available to 
the scattering o f  2 o f f3 ,  ql  = P2 +P3 and k I = 
m2P 3 - m3P 2. Generally the two-body scattering 
amplitude (5) is off  the energy shell, i.e. k2/2/123 4: 
e 1 4:k~2/2/a23 . It is off-energy-shell by AE 1 ~ (VNN)  D 

[7] since initially the two nucleons are bound in the 
deuteron and it is the free three-body propagator 
that enters the expression (3) for t i. This energy ex- 
pression will be the same to all orders in the multiple 
scattering series. 

To solve the three-dimensional integral equation 
(2), we assume our two-body S-wave amplitudes to 
be separable in incoming and outgoing momenta. 
Further we assume that the (Kdq) o amplitude is do- 
minated by the S-wave resonance Y*(1405). The KN 



Volume 45B, number 2 PHYSICS LETTERS 9 July 1973 

is coupled to Ir]~ and we should have a 2 X 2 potential 
to describe this [8]. To simplify the problem we de- 
couple KN and rrG by using a separable model in 
which 

( k  l G(e)  l k ' )  = o (k ) ra (e )o (k ' ) ,  (7) 

where o(k)  = (/~2 + k2)- I  and 

{ r q a [ o ( q a ) ] 2 ~  -1  
ra(e ) = X se a -  s E R  + i ~ kR LV(kR) j j . (8) 

Here sER = E R  + ran+ m s = 1405 MeV, k R = 
(2/a~r z E R )  1/2, and 

qa = [2za(sea- m n -  rnz)]  IA. (9) 

The label a describes the Yd~ ~ KN or the lr E -* n 
channel; se a is the total energy and/a a the reduced 
mass in channel ct. The decoupling of  KN from 7r 
is reflected in eq. (9). The expression for ra(e) satis- 
fies the analytic off-shell unitarity condition [9] in 
the rrE channel. The constant X is determined by 
forcing the n E amplitude to reach the unitarity limit 
for se,r z = s E R ;  r = 20 MeV and/~ = 775 MeV/c. In 

the Y(N channel qKN = [2tlKN(e + mK + mN - m,r - 
rn)~)] ½, where e is the two-body energy given by eq. 
(6). A curious point about this KN amplitude is that 
if SU(3) were a good symmetry, the KN scattering 
length would be real. 

This Breit-Wigner like amplitude (8) is (apart from 
mass-terms) proportional to e I - ER ~ er~ I + ( VNN )D 
- ER  and eK Nrel is the relative K,N energy. We see here 
that the effective resonance energy is ER eff = E R  - 
(VNN) D ) E R  [7]. Because the nucleon in a nucleus 
is bound, the resonance energy becomes larger than 
the free kaon nucleon resonance energy of  - 2 7  MeV. 

The nucleon-nucleon S-wave potential is taken 
from Yamaguchi [10,5].  It gives the Hulth~n deute- 
ron wave function. 

This three-body problem has been solved numeri- 
cally by Hetherington and Schick [5]. We use their 
numerical technique, but our KN model is very differ- 
ent. For simplicity we set the isospin 1 ~,N amplitude 
equal to zero throughout this work. Our resulting 
K-d amplitudes are displayed in fig. 1 and the param- 
eters for the different Hulth6n deuteron models are 
given in table 1. Only 1 = 0 partial wave contributes 
to the K-d amplitude since the incoming momentum 
is zero. 
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Fig. 1. Diagram of elastic kaon-deuteron scattering amplitude 
f = - (t~Kd/2n) r~ o at zero kaon momentum in its complex 
plane for four Hulth~n deuteron models (Roman numerals, 
see table 1). For each deuteron model we have displayed the 
contributions to n o from different terms in the multiple scat- 
tering series. The composite broken line for each deuteron 
model terminates at the values for n o, which are obtained by 
solving the integral equation (2). The lines a and b are the 
on-sheU approximations discussed in the text. 

The contributions from the different terms in the 
multiple scattering series in fig. 1 are: the solid lines 
starting at the origin are the single ~ I  scattering con- 
tributions to the K-d amplitude, the dashed lines are 
the double ~,N scattering contributions, the dashed- 
dotted lines the double ~Xl scattering with interme- 
diate N-N scattering (deuteron excitations), the dotted 
lines the triple ~ contributions; the last solid lines 
end up at 7/o and represent the difference between 77 o 
obtained from the integral equation (2) and r~ o ob- 
tained from the four multiple scattering terms above. 
We have also included the single scattering on-shell 
amplitudes with (curve a) or without (curve b) the 
impulse approximation. On-shell means that we freeze 
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Table 1 
Parameters for the different Hulthdn-type deuteron models and corresponding h2, (q2) D and < I,'NN ~ D. 

Deuteron EB (MeV) a 2 (MeV/c) #2 (MeV/c) ~2 ( IrNN > D < q2 > D 
Model (MeV) (MeV/c) 2 

I - 2.225 45.706 285.89 - 8.415 × 10 s -16.15 13070.0 
II -10.0 96.90 134.86 - 1.939 X l0 s -23.92 13070.0 
llI -10.0 96.90 285.89 -11.213 X 10 s -39.45 27650.0 
IV -20 137.03 285.89 -13.688 × l0 s -61.75 39190.0 

the deuteron a la Glauber (Pl  =P3 = - P I N / 2  = 0 in 
eq. (6)), and with impulse approximation means that 

we take e I ~P~N = 0 in eq. (6). 
As we make ( lYNN )D more negative, we pass 

through the (F,2~/)o resonance Y* backwards. By 
O 

starting with the strongest bound deuteron model IV 
in table 1, and increase PIN for fixed deuteron model, 
the K-d amplitude will go through a resonance-like 
behaviour. This means that the stronger the nucleon 
in the nucleus is bound (the larger the potential ener- 
gy), the further below ~ 4  threshold we will be. The 
fermi motion, (q2)  D in table 1, is only an averaging 
effect and does not itself influence the energy depen- 
dence very much. That off-energy-shell effects are 
important  has recently also been shown in ref. [ 11 ] .  

The multiple scattering terms with and without  
intermediate excitations are very important  in deter- 
mining the sign o f  the real part of  kaon nucleus opti- 
cal potential,  as can be seen from fig. 1. The interme- 
diate deuteron excitat ion here includes the whole ex- 
citation spectrum of  our deuteron. In our calculations 
the multiple scattering effects work against the poten- 
tial effect. 

Another possible explanation for the sign of  the 
real part o f  the kaon nucleus potential  is the addit ion 
of  K,N potentials to make the K- nucleus potential  
[12]. The philosophy behind this approach is very 
different from ours. 

We have argued that Y* is strongly coupled to the 
O 

~,4 system, and that some of  the same effects are at 
work in the K--atoms as in the n-nucleus scattering in 
the A(1236) resonance region [7],  although the rela- 
tive importance of  the effects are altered. One thing 
that gives this meson-nucleus energy behaviour is a 
meson-baryon amplitude of  the Chew-Low form [7, 
13] 
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tMB "" o(k) 7"(e) o(k') .  

It is demonstrated here that it is not enough to use an 
off-shell impulse approximation [71 as is done by 
Ericson and HfJfner for ~ r -  12C scattering [13],  but 
higher terms in the multiple scattering series with in- 
termediate nuclear excitations must be included. 

The author would like to thank Dr. D.S. Koltun 
for starting a discussion of  this problem and for his 
many suggestions. 
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