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where - i 
L = J r + + ~ [ c ( t )  + c (?)I] (2) 

In recent yeare much m8teri.l h u  b a n  r c u r i l a t e d  on tho e l u t i c  
mcattering of i o r a n e r g y  piom by a considarabla number of nuolai  (800, 
f o r  example, the r e v i d ' / ) .  Purthor info-tion on tho pion-nmlaum 
interact ion i e  provided by the b t a  from pionic atom mpactromcopy 
ge t t ing  more and more accurata. T W ,  tho problem of unif ied damcrip- 
t i o n  of both tho mcattering and pionlo ator data baoorm a c t u d .  

A m. r iph1~0~~lo log ioP1  approeoh t o  t h e  molutioa of t b l m  -Nu 
hae been develsjmd in /2-4/. It8 main Ida* coruimt. in extrapolating 
the Kieelinger-like op t i ca l  potent ia l  15/ damcrlbing pionic a t o r  t o  
the  region of f i n i t e  sca t t e r ing  enargiem. Tha SrC-potantial obtainad 
in /2*3/ f i t s  the mcattering data  quit* well  up t o  30bV but not a t  
50 MeV. In it ham h e n  mhom t h a t  the -amant batman tha t h a o q  
and experiment f o r  50 MeV pions oan ba ramtorad i f  & emmantial 
energg dependewe i n  the bmgimry  p8rte of tha abmorptive p a m t a n  
i e  muppomed. 

On tho other  hand, the uralymim of th* pion-nuolaw moattaring 
i n  the framework of tho unit- approaoh /6p7/ indicatom & appro- 
ximate conmtancy of the abeorptiva p8r.P.tar8 in tb. anarm range 
from 0 t o  50 MeV. It i m  in agnamant with tha  plamuppomad d o r l m o a  
of the two-nucleon mchanior  of tha pion absorption. Thie ammwption 
is ueed, i n  pa r t i cu la r ,  t o  obta in  tho abmorption correction i n  the 
approximation of a l o c a l  deneity. 

In the present paper r e  'ehor that l good description of tho lor-  
energy pion-nucleus scattering up t o  50 MeV can be obtained by uning 
the SMC-potential with the abmorptiva p m t a r m  f i t t a d  t o  the  pio- 
n i c  atom data  but changing emmentially the a x t n p o l a t i n g  pmoadure 
f o r  the mingle-particle parametem. 

The SWC-potential f o r  nucle i  with aero mpin and imompin be 
the f o m  

i e  the well-known 15/ Lorentz-Lorenz correction (LLEB-effect) , 
t(z> = 4 p (7) a d  C (2) = ',PO/& ere  the t e  rma l i n e a r  i n  the 

nuclear d e - i t ~  f (7) .  B(?) ==p, B, p2(?) and f ( 7 )  = f2(7)/& 
are  the termre quadratic i n  P , 4 = 1, U/M and pa = j+ w/ZM a r e  
kinemetic fac to r s ,  & i e  the pion energy, and M i e  the nucleon 
maee. - 

The parameter d, takes i n t o  account the reeca t t e r ing  of the 
pion on a pa i r  of nuclear nucleons 

The reciprocal corre la t ion length i e  repreeented /2-4/ by i t8  e x p e e -  
eion i n  the Permi-gae models < J / Z  ) =jX, /2f,  where KF = 1.4 P" . 

The mingle-nucleon parametere 8 and to., can be calculated by 
0, f 

ueing the  data  of the phaee-shift analyeie of the j M  -8cattaaing. 

Table 1. Optical  parameter s e t s  f o r  50 YeV 

sca t t e r ing  

- 
mtrapolateci 

Set A met A Set  I Set I1 



The absorption parameters go and Co , and a leo  2 , are usually 
regarded a s  f r e e  and are  obtained by f i t t i n g  t o  the data  o_n pionic 
a tom.  Actually, the a d j u t a b l e  parameters a leo include 4 s ince 
a b e t t e r  descr ipt ion of the pionic atom data  is achieved a t  valuee 
of i t  much l a r g e r  than suggested by (3). In the  f i r e t  two columne 
of Table 1 we preeent two s e t s  of parametere of the SW-potential 
from ref.l3/ f o r  the ecat ter ing a t  50 MeV. In Set  A the abeorptive 
parameters are  f i t t e d  t o  the pionic atom data and Extr. s e t  A ehowe 
t h e i r  extrapolated values t o  50 MeV i n  accordance with 19/. It is 
seen from Fig. 1 t h a t  theee s e t s  do not provide good deecription 
of the data. The Imaginary pa r t s  of the  si  le-nucleon parametere 

and CoJ, have been calcula ted in /2-3 by multiplying the lu- 
ginary parte of the 3M - b p l i t u d e  by the Paul i  f a c t o r  F ( x ) .  This 

P 
fao to r  f o r  piona hae been calculated i n  /lo/ f o r  i n f i n i t e  nuclear 
matter. It is obviously a rough approximation t o  a r e a l  s i t u a t i o n  of 
f i n i t e  nuclei .  Indeed, the Pallli f a c t o r  f o r  i n f i n i t e  nuclear matter 

1 1 1 1 1  

T,= 5 0  MeV' 

Fig. 1. E l a s t i c  ecat ter ing 
'of 50 Y~VX'  from 12c and 
160. The curve8 a re  cal-  
culated ueing the parame- 
t e r s  given i n  Table 11. 
The s o l i d  curve is f o r  s e t  
I, the daehed i e  f o r  Sktr. 
eet  A and the  dotted is 

I . . . . . . . 1  
0 40 80 120 160 

f o r  met A. The data a r e  

9c.m. (deal. from ~ e f  e." '* ' 4/. 

etrongly euppreeeee the forward angle eca t t e r ing  of a pion by a nuc- 
leon. To eliminate t h i e  unphysical behaviour, angle averaging ham 

been performed i n  /lo/. Purther, the Pauli  f a c t o r  gp does not 
take in to  account the exc i t a t ion  spectrum of r e a l  nuclei. Thus, i t  
does not provide a correct  quai-two-particle limit of the theory, 
1.e. the imaginary par t  of the op t i ca l  po ten t i a l  does not vanieh st 
pion energies below the t h e a h o l d  f o r  exci ta t ion of the nuclear 
8yetem. 

In t h i s  paper, t o  allow f o r  nuclear mediwn e f fec te  i n  pion- 
-nucleus sca t t e r ing  we uee the 3M-emplitudes modified i n  the f o l -  
lor ing way 

I 
2 i6,M & (K, K*) 

- g m  + j d ( ~ ) =  Xu 21cG(4Xb) . ( e  - i), (4) 

when, the f a c t o r  .. 

d 
Here fnK is the f r e e  .7A/ - amplitude, d = ( 4 i ~ ) l a b e l e  the quan- 
tum numbers of the X N  -eye tem; 6 (x)  = X a / [ Z  x7 d ~ ~ ( ~ ) / d # ] i e  the 
l eve l  deneity ; 4 ( x )  i e  the  c o l l i s i o n  energy ; the f & f a c t o r  9, ( K )  

of the  rnnk-one eeparable po ten t i a l  

32 (K ,x ' )  = dd yd(~)&(K/j  ( 6  

takes in to  account the off-ahell  behaviour of the -KM-ecattering 
amplitude. In the  caloulations,  we have used 

2 P+f & I K ) =  K / / L K ~ + , %  I (7)  

with = 2. 1 fm" corresponding t o  the pion-nucleon phaee-shift da- 
t a  from ref .  /"/ (RSL- XU 1. 

The a h i f t  of the ZK-amplitude from the energy s h e l l  i e  e e t i -  
matad by the parameter A whioh i e  a ce r t a in  mean exci ta t ion ener- 
gy of the nuclear eyetem. It has entered i n t o  the theorg (eee below) 
due t o  the uee of the completeneee approximation in deriving (4). The 
Plomntun HA i e  determined by the  equation 

The parameter A depends, in general,  on the energy of the Incident 
pion. Aa i t  rill be shorn below (see,  Pig. 2 )  the value of A - 20 MeV 
rill provide the beet deecription of the d i f f e r e n t i a l  croee seotione 
in the whole energy region 0-50 MeV. The eeme valuee f o r  A have 
been got i n  17/ from the u u l y e i e  of the eca t t e r ing  data In the f ra-  
mework of the  unitary approach. 



Expression (4 )  provides a co r rec t  threshold behaviour of the 
pion-nucleon amplitude i n  nuclear medium. A t  low energies ,  a s  KA+ 0 
( K < K, = , m is the_ reduced maas of the X -nucleus 
eyetem) the  parameter &+ 0 and 4 becomes r e a l  

Then, i f  6 + 0 o r  K >>& , the f a c t o r  5- f , and 5 coincides 
with the f r e e  gM-amplitude. Unlike the Paul i  f a c t o r  Cr, , the 

f a c t o r  pd has a n o n t r i v i a l  dependence on quantum numbers of the  

- 
The second change concerne the S -wave parameter /, i n  (3). 

In /2-4/ i t e  imaginary par t  is formed only by the  imaginar~r par te  
of the single-nucleon parameters. A8 it hae been shown by ~ h i e e " ~ ' ,  
some addi t ional  contr ibut ion comes from the imaginary par t  of the  
pion propagator i n  lQ? Following /12/, but taking i n t o  account 
the  influence of the nuclear medium on the  pion r e sca t t e r ing ,  one 
can get  a t  low energies t h a t  

< <+> + ~ K ~ ( K > u * )  9 (9 )  

where < I  /Q > =. 3 K''/~z and k0 is defined i n  (5 )  f o r  /= 0.  

Expressions (4 )  and (9)  are  the  main r eeu l t e  of the  present 
paper. Both the modifications concern mainly the  Imaginary par t  of 
the  o p t i c a l  po ten t i a l  (1 1. The f a c t o r  ed provides a co r rec t  thre- 
shold behaviour of the po ten t i a l  p a r t  of (11, which i n  the low-energy 
l i m i t  become Hermitian. 

In Table 1 we represent two Bets ( I  and 11)  of the parameters 
f o r  50 MeV pions. In  both the s e t s  the absorption parameters a r e  
the eame a s  i n  the  pionic s e t  A ,  and the imaginary par te  of the eing- 

le-nucleon parameters 1, and C, have been ca lcula ted  by using Bqe. 
(4 )  and (9) f o r  A =  25 MeV. The r e a l  par te  of Be and C, i n  e e t  I 
a re  the eame a s  i n  the extrapolated s e t  A. In e e t  I1 we a l s o  repre- 
Bent the ca lcula ted  values f o r  Re and RP Co which a r e  very c lose  
t o  those i n  the extrapolated z e t  A. Thue, s e t  I1 repreoente the pure 
theore t i ca l  ca lcula t ions  of 6, and r, . In  the  ca lcula t ione ,  the  
R 5 L- xN-phase ehi f  ts /11/ have been ueed. 

The r e s u l t  of the e l a s t i c  s c a t t e r i n g  ca lcula t ions  with e e t  I 
( so l id  curve) is ehown i n  Fig. 1. We see  t h a t  the  modified SLIC-poten- 
ti81 provides a good descr ip t ion of the  data  /13*14/ wi th  the  pionic 
absorption parameters. 

In Pig. 2 we demonstrate the s e n s i t i v i t y  of the ca lcula t ions  t o  
the second-order correc t ions  and t o  the parameter A . The dashed l i n e  
corresponds t o  &"20 and A = 0 . The dot ted  and the s o l i d  curve show 

the f u l l  ca lcula t ione  f o r  A =  0 and A = 25 MeV, respectively.  
The mean exc i t a t ion  energy parameterAr20$25 MeV providee the  

beet f i t  of the s c a t t e r i n g  data. The same value f o r  A has been ob- 
tained i n  17/ from the ana lys i s  of the pion s c a t t e r i n g  on 12c and 160 

a t  50 MeV i n  the  framework of the  uni tary  approach / l / .  ~t is natu- 

r a l  t o  euppoee (see a lso/7/ )  t h a t  the - 20 YeV value f o r  A ref-  

l e c t s  the dominant ro l e  of the resonance mechanism i n  the formation 
of the pion-nucleus i n e l a e t i c i t y  parameters. 

In Fig. 3 we a l s o  present the ca lcula ted  r e s u l t  f o r  the  X l2C- 
d i f f e r e n t i a l  c ross  sec t ion  a t  lower energy (30 MeV). It should be 

noted t h a t  a t  energies below 30 MeV, the s e n s i t i v i t y  t o  A becomes 
weaker because the imaginary pa r t  of the o p t i c a l  po ten t i a l  is formed 
mainly by the absorption channel. 

Pig. 2. U a s t i c  s c a t t e r i n g  of 
50 MevXt from 12c. The s o l i d  
curve and the dotted one show 
the  f u l l  ca loula t ions  f o r  A 5 

025 MeV ( s e t  11) and f o r  A -0, 
respectively.  The dashed l i n e  is 
f o r g C L 7  00 and A =0. The data  
a r e  from /13,14/. 

Pig. 3. E l a s t i c  s c a t t e r i n g  of 
39 M ~ V  xt from 12c. The s o l i d  
curve is calcula ted  using (4)  
and (9) and the pionic absorp- 
t i o n  parametere from s e t  A. The 
da ta  a r e  from /15,16/. 



Now we ou t l ine  b r i e f ly  the baeic element8 of the der ivat ion of 
(4) and (9). The de ta i l ed  der ivat ion w i l l  be reported i n  the  exten- 
ded version of the  paper. The e t a r t i n g  point is the equation f o r  the 
aux i l i a ry  operator 

I n  t e r m  of t h i e  operator the o p t i c a l  po ten t i a l  is 
A x,,, (6) = C 7 ; . ( ~ ) .  (11) 

r =l 
Here i e  the c o l l i e i o n  energy) G(F)=(E+A)-'~~ the Green func- -- 

t i on ,  A = Kx-f 4 , X, i a  the pion k i n e t i c  energy operator,  HA 
i e  the nuclear Hamiltonian; 6 = C,,, \a>(nI 18 the operator of 
projection onto exci ted  e t a t e  of nucleue. 

The goal i e  t o  g e t  an appropriate approximation t o  the  y- 
-body operator q(Ej by eome two-body eca t t e r ing  matrix f; which 
i e  defined i n  the space of plane wavee. To do t h i e ,  l e t  IUD u t i l i z e  
the completeneee approximation by e e t t i n g  in the- eecond term of Eq. 
(10) Zh =fa+€- = KO + A  , where E, i e  the  energy of the ex- 
c i t e d  e t a t e  of the nucleus meaeured from the ground-etate energy, 
and A i e  a c e r t a i n  mean exc i t a t ion  energy of the nuclear eyetem. 
Thia approxlmation rnakee it poeeible t o  get  

A Q G ( E )  = ~ ( u - z ) ,  (12) 

where y(~) i e  the f r e e  Green function,  &J i e  the energy of the XI( / -  

eubeystem, and a = (n)/p) A, /( and h7' a r e  the reduced mesea  
of the rK end H A  - eyeteme, respectively. 

The approxlmation (12) i e  va l id  i f  only the  pion-nucleon in te -  
rac t ione,  which can e f fec t ive ly  be considered a8 reeca t t e r ing  of 
the  pion on the same nuclear nucleon by a given xA/-potent ia l  ( the  
d iagram a )  and b)  i n  Fig. 41, a r e  taken i n t o  account. T h u ,  from 
eq. (10) we obta in  the following approximate equation f o r  the two- '" 
-body z!i -matrix: 

LI 

< (LO)=  7p + ~ r , f ( ~ o - z ) f ; ( u ) .  (13) 

Hence, i t  followe t h a t  rb) l a  the off-ehell  ext rapola t ion 
of the f r e e  . r N - e c a t t e r i n g  matrir .  Uaing the rml -one  separable 
po ten t i a l  (61, one can ehow t h a t  

Fig. 4. Qraphycal repreeentation of the  pion reeca t t e r ing  by the 
nuclear nucleone. The daehed l i n e  i e  f o r  pion; the e o l i d  
i e  f o r  nucleon, the waved labela  the exci ted  qucleue (A)  ; 

- i  the open c i r c l e  - T& ; the black c i r c l e  - tXN ; and the 
ehaded c i r c l e  - the nuclear wave funct ion In). 

where G, (x,) = ti?(&)- 2, and the f a c t o r  6 i e  defined i n  (5 ). 
Taking i n t o  account t h a t  a t  low energiee 

6, ( K ~ )  c== 6 d  (K) Ed (K, ~ a )  

we ge t  expression (4). 
The enme consideration of the pion reeca t t e r ing  on the two nuc- 

leone ( the  diagram c )  i n  Fig. 4 )  leada t o  the formula (9). 

The authore wieh t o  thank V.B.Belyaev, R.A.Eramzhyan, A.B.Ku- 
repin  and R.Mach f o r  diacumsione and helpful  advice. 
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