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1. Introduction 

The interaction of low - energy pions (below,., 70 MeV ) with 

nuclei has attracted much attention in the last decade. It has been 

stimulated by a systematic study of pion-nucleus reactions at 

the existing meson factories in this energy range. The scattering 

data supplemented by the picnic atom data provide a good basis for 

testing the theory of pion - nucleus interaction. 

The present paper is aimed to describe systematically the 

results of the analysis of the elastic scattering of low-energy 

pions by the light nuclei 4He, 12
C and 16

0 in the framework of the 

unitary scattering theory (UST). The formalism of the UST approach 

has been presented in several earlier papers /l-3/ ( see 

especially ref./ 1 / which we shall refer throughout the present 

paper as Part 1 ). 

The UST-approach is based on unconventional formulation of 

the quantum scattering theory in which the evolution of the system 

with respect to the coupling constant is considered / 4/_ 

We systematically examine here the problem of a unified 

description of both the low-energy scattering data and the picnic 

atom data. First particular results of this approach have been 

published in a recent letter /5/ Since this letter new 

experimental results on the elastic scattering of rr- -mesons by 

12c and 160 at 20, 30 and 50 MeV /G, 7/ and on the total reaction 

cross section at 50 and 65 MeV /B/ became available. We analyze 

these data in the present paper too. 

Our paper is organized as follows. In sect.2 we make a sketch 

of the calculational scheme of the UST-approach. In sect.3 we 

discuss the determination of the absorption parameters from the 

picnic atom data. The results of the description of the scattering 

data are presented in sect.4. The strong interaction shift and 

width in the 2p-level of the picnic helium have been deduced from 



the analysis of the low energy rr - 4He scattering data. In the 

concluding section 5 we summarise the main results of our study. 

2. Formalism of the unitary approach 

Referring to the details to ref _/l/, we outline only the 

basic elements of the UST approach. The characteristic feature of 

this method is that a formalism is developted for a direct 

calculation of the pion-nucleus phase shifts. 

The general formula for the rr-nucleus phase shifts is of the 

form 

o (k) = opot(k) + oabs(k) 
rrA rrA rrA • (2.1) 

Here, o~~t is the phase shift caused by the pure potential 

scattering and o~~s is the absorption correction. 

2.1. o~~t. In Part 1 we developed an iterative method for solving 

the basic equations for this quantity appropriate for the study of 

interaction of low-energy pions with light nuclei. we determined 

the range of convergence of the iterative series (below - 70 MeV). 

At these energies it is sufficient to take into account only two 

lowest iterations. It has been shown that o~~t is expressed in 

terms of the rrN-phase shifts, nuclear form factors and corr.elation 

functions. 

In our calculations we use for 4He, 12c and 16
0 the form 

factors, correlation functions and single-particle density 

calculated in the harmonic oscillator model. The nuclear size 

parameters are determined from the scattering data/ 9
/. For the 

rrN-phase shifts we employ the parametrization according to Row, 

Solomon and Landau /lO/ The off-shell behaviour of the rrN 

u-matrix is described using a rank-one separable potential with 

the form factor in the form 

g (k) = kl/ (k2+~2/+1 
V 

(2.2) 

with ~v=2.ll fm-1 quite fairly describing the rrN phase shifts of 

ref.flO/ . 
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2 . 2 . o aAbs. The absorption- correction ( see eqs. ( 6. 2) and ( 6. 3) in _, __ rr_ 

Part 1) for the nuclei with both zero spin and isospin reads as . 
abs _ l+~ "'2 - 2 -

orrA,l - A(A-l)k 1+2~/A {pl (k) [B0 (k) + a•k · C
0

(k)] + . (2. 3) 

~-k
2·C

0
(k)[(l+l)P:+l(k) + l p~_1 (k)]/(2l+l)}, 

"'2 /\2 
where pl is the partial wave of p (q). ,and a and~ are the angular 

transformation parameters: a= -~(1-2/A) (l+~/2A)/(l+~ ); 

~=(l+~/2A)/(1+~). 

At low energies the complex parameters B
0 

and C
0 

we determine 

from the experimental data on the 11-nucleus scattering 

lengths (a
0 

= limo
0
(k)/k, _k ➔ 0) and volumes 

(a
1 

= limo
1
(k)/k3

, k ➔ 0): 

aexp _ 
o 

aexp 
1 

apot = ,.,p2(o)•B , )'=A(A-l)(l+~)/(l+~/2A), 
o o o 

apot = l'·[B •o + c -~•p 2 (0)/3], 
t a o o 

(2.4) 

where o lim p2(k)/k2, k ➔ o. The quantities apot are calculated 
1 0, 1 

in the framework of the potential theory. 

One can expect that the parameters B
0 

and C
0 

corresponding to 

the short range part of the rr-nucleus interaction are 

approximately constant in the low energy domain o - 50 MeV. In 

ref(ll/, this has been demonstrated by the example of the rr-4He 

scattering, and_ the calculations presented b"elow confirm that 

conclusion. 

2. 3. Coulomb effects. The procedure of taking into account the 

Coulomb interaction has been described in sect.7 of Part 1. The 

charge form factors tor 4He, 12C and 16
0 are taken in the Gaussian 

form 

ch 2 2 2 z FA (q) = (1 - 4 a Z) exp(-Z), Z = q, ac~4, a=(A-4)/6A, (2.5) 

The charge distribution parameter ach is expressed through the 

charge radius Reh= <r2>;(2 of the nucleus by the equation 

2 2 JA 2 
ach = 3 ( 5A-8 ) Reh! (2.6) 

following from the definition: 2 2 2 2 
Fch(q )= 1-q Rch/6., as q ➔ o. 
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The charge form factor of the pion is taken in the form /l2/ 

F~h(q2
) = (l+q

2
/~), 11v=o.462(2) (GeV/c)~ (2.7) 

This value of ¾ corresponds to the charge radius of 

the pion <r!>1
/

2= o.711(9)fm. 

3.Absorption parameters and picnic atoms 

In this section we consider the problem of determining the 

- - . . abs h parameters B
0 

and C
0 

of the absorption correction orrA from t e 

picnic . atom data using the system of eqs_. (2. 4). 

. : /13-14/ 
Recently measurements of the ls- and 2p-energy level 

shifts and widths in the rr - -atoms of 12C and 160 have been 

performed. We collect these data in table.1. For picnic helium 

only the ls-energy level shift and width are measured /l6/. Below, 

we shall determine the 2p-level characteristics in the picnic 

helium from the low-energy scattering data. 

Table 1. Strong interaction shifts and widths in the ls - and 

2p- energy levels in picnic atoms 

Nucleus i::
19

,KeV r ,KeV c 2 P 1 ev r ,ev Refs. 
1 s 2p 

4He -0.0757(20) 0.045(3) 
-4 /16/ - 7.2(3.3)x10 

12c -5.822(55) 2.77(4) - 1.17(11). /13/ 

- - 3.16(16) 1.36 (22) /14/ 

160 -15.43(10) 7.92(32) - 4.82(36) /15/ 

- - 15.05(26) 6.77(36) /14/ 

3.1.Scattering lengths and volumes: experiment 

There are two possibilities to obtain aexp from the picnic 
0 I 1 

atom data. The first is based on using the well-known 

DGBT-formula/17 , 18/ 

l l I a 2l+l c + ir /2 
cf = -- _!__ n2 +4 [ (2l) 1 1 )2 (n-l-1). ( _B_ ) nl nl 

l cnl z2 • • (n+l) ! 2 E 
C (3.1) 

4 

t 
\ 
T ., ., 

1 
i 
1 
I 

.~ 
~-

wher~ a
8

=h2/MrrAe2 i;: is the first Bohr radius, EcMrrAa
2
is .the Coulomb 

unity of energy (a=l/137), 1;:=Ze is the charge of the nucleus, MrrA 

is the reduced mass of the.rr-nucleus system. The coefficients cnl 

takes into account the charge distribution in the nucleus., For the 

ls-state c
1

s can be parameterized with a good accuracy by .the 

simple formula/l 9/ 

c
1

s = 1 - 0.02 A, (3.2) 
where A is the mass number. More exact expression for c 1s 

presented in ref(201 gives results which are numerically close to 

( 3 . 2) . For the considered nuclei 4He, 
12

C and 
16

0 the parameter 

c 2P = 1.00,1.05 and 1.07., i.e. c 2p"' 1.0. These values are 

calculated numerically using the Klein-Gordon equation. 

Table 2. Pion-nucleus scattering lengths and volumes: 
experimental values 

Nucleus exp f 
ao , m 

exp f 3 a
1 

, m 

4He -0.141(37) + i0.042(3) - + i0.063(29) 

12c -0.473(5) + i0.113(6) - + i0.432(41) 

- - 2.330(120). + i0.508(81) 

160 -0.588(4) + i0.151(6) - + i0.425(32) 

- - 2.656(46) + i0.597(32) 

Refs. 

/16/ 

/13/ 

/14/ 

/15/ 

/14/' 

We present in table 2 the values tor aexp obtained by (3.1) 
· · 0, 1 

using the experimental data tor cnl and rnl from table 1. 

The other way of detensining aexp
1 

consists in using the o, 

optical pote~tial w~ich fits the shitts and widths of the picnic 

atom levels ot the nucleus. By this method the following values" 

tor the scattering lengths have been obtained 1201 

a ( 4He)c(-0.139 + i•0.042)fm, a (1
~)=(-0.452 + 

0 , , 0 

11
0 

(
100) =1-0. 547 + i · 0, 154) t■ . 

i·0.132)fm, 

(3 .n 
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Practically the same value for a
0

(
160) has been obtained in 

ref(15/. In refs./15 ' 201 the· scattering volumes have not been 

calculated. Comparing (3.3) with the values listed in table 2, we 

conclude that a simple formula (3.1) well reproduces the results 

of the optical model calculations. 

3.2.Scattering lengths and volumes: calculations 

We present in table 3 the values for apot calculated in the 
· 0,1 

UST-approach; Two lowest . terms in the series were taken into 

account. In the calculations we use the rrN phase shifts of 

ref(lO/. The errors shown in brackets come from the errors in the 

rrN data. 

Table 3. Pion-nucleus scattering lengths and volumes: 
potential calculations 

Nucleus pot f a
0 

, m pot 
at ' fm3 

4He -0.091(17) 1.058(144) 

12c -0.317(51) 3.215(426) 

160 -0.431(68) 4.240(630) 

In fig.1 we compare our results for scattering lengths with 

the results of other calculations/21- 23/ obtained by using both 

the multiple scattering series 1 21 • 221 and the Schwinger-like 

variational method/231. In fig.1 apot is presented as a function 
0 

of the rrN isoscalar scattering length b = (a
0 + 2a

0 )/3 where 
0 U 31 

a 2~, 2 j is the rrN scattering lengths. We observe an approximate 

linear dependence of apot with resp~ct.to b 
0 0 

a~ot(b
0

) = a
0

(b
0
=0) ·+ A b

0
• 

Up to now there is a substantial uncertainty in the rrN data for b
0 

/10,24/ 
Thus it is advantageous to get an additional information 

from the analysis of the low-energy scattering data. 
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Fig .1 Pion-nucleus scatterlng lengths apot for 4He, 12c and 160. 
. . 0 

The black circles are the results of the present paper, 

the triangles - ref.1211, the squar~s - ref(221 and the 

crosse■ - ref.1231 • 

The variational approach / 23/ provides summation of the pion 

rescatterings at all orders. Good agreement of the multiple 

scattering results with those of variational calculations (at the 

same values for b
0

) shows that the multiple scattering series is 

rapidly convergent not only for 4He but also for nuclei with 

A :s 16. Unlike to the scattering lengths apot , the scattering 
0 

volumes aiot are mainly determined by the first-order term. 

3.3.Absorption parameters 

The imaginary parts of the absorption parameters B
0 

and c
0 

are determined by (2.4) through the experimental values on Ima 
0 ,1 

in a straightforward way. Using the values from table 2, we obtain 

for ImB and Imc the results listed in table 4. We see that 
0 0 

within the error limits 

- 4 ImB
0 

= 0.1 fm and - 6 ImCO = 1.0 fm. (3.4) 

Only for 4 -He the value for Imc 
- 0 

is about twice smaller. As it has 

been noted above, the _experimental value for r2p (see table 1) is 

7 



Table 4. Imaginary parts of the·absorption parameters 

Nucleus ImB
0

, fm4 Imc\, fm 6 Refs. 

4He 0.104(7) 0.442(81) /16/ 

12c 0.098(5) 1.081(68) /13/ 

1.292(135) /14/ 

160 0.097(4) 0.820(46) /15/ 

1.074 (46) /14/ 

considered as an estimation. Below we shall show that the 

low-energy scattering data 
. 4. 

for ·rr- He are well described using 

- 6 ImC
0
=1.0fm, as well. 

The values· for ReB
0 

and ReC
0 

in table 5 are calculated using 

the values for aexp and apot from tables 2 and 3. From eqs.(2.4) 
0 I 1 0 t 1 

it follows that ReB
0 

and ReC
0 

are determined by the difference of 

Reaexp 
o 1 I 

and Reapot. 
O 1 I 

It brings about large uncertainties in the 

values of ReB
0 

and ReC
0

, caused by the errors in both the picnic 

atom data and the rrN data. In the next section we shall show that 

the low energy scattering data can help us to determine more 

exactly these quantities. 

From table 5 it follows that the parameter ReB
0 

is 

approximately the same for the considered nuclei, and within the 

error limits, we obtain 

- - 4 ReB = -ImB = -0.lfm 
0 0 

(3. 5) 

Table 5. Real parts of the absorption parameters 

Nucleus 

4 • 
He 

12c 

160 

·.\ 

- 4 ReBO, fm 

-0.124(101) 

-0.136(46) 

-0.101(43) 

- 6 Rec
0

, fm Refs. 

/16/ 

-2.291(738) /13,14/ 

-3.082(904) /14,15/ 

3 

r 
!> 

Relation of this kind between the real and imaginary parts of the 

s-wave absorption parameters is .. usually used in the optical model 

analysis o~ pionic atom data/
25

/_ 

As for c, we obtain the value for ReC- (see table 5) which 
0 0 

is approximately three times larger than its imaginary parts. In 

many optical model analyses the real part of the p-wave absorption 

parameter C
0 

is assumed to be zero, and a good fit of the pionic 

atom data is then achieved by varying the other parameters of the 

optical potential, in particular, the parameter (; of the 

LLEE-correction 1251261. In refs.127/a strong correlation between Rec0 

and (; has been demonstrated. In the present approach we use 

fairly long range rrN interactions (2.3) which 

suppress the effect of the short range NN correlations (through 

the LLEE-effect). Thus, as in many optical model analyses 

presented in the momentum space / 2s-32/, we neglect the LLEE 

correction. 

4,Pion-nucleus scattering:results and discussion 

In this section we present the results of our study of low 

energy ·pion scattering by 4 He, 12c and 
16

0. We shall keep, as a 

first approximation, the absorption parameters at their pionic 

100.------------------, 

"' ' 

('IT',12c I 

30MeV 

E10 
c; 

~ 
'O 

,, 
I 
I \ ·. /,_-.:::7:;::;:-i:"--=-1= 

" ✓ _;;::;:::cJ----::F"J=-
\\ . / ~11✓ ... -
\'.·'--.. P,;.,. / /v· 

Fig.2.Differential cross section for 

rr+ - 12c at 30 MeV. The solid curve 

' - :.,.. /, 
t ,/ 

' , 
--✓ 

- 4 is calculated for ReB
0

= -0.1 fm; 

the dashed, dash-dotted and dash

double-dotted lines are for ReB = 
0 

ml --'---'-~.,-~-_..,....=-~=--' -0.02, -0.014 and -0.2 fm
4

, respec-
20 LO 60 BO 100 120 1LO IOU --- --- .,n «n tively. The data are from ref _/33/. 

e,.m_deg. 
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atom values, and ·determine the energy range of this approximation 

by comparing the calculated cross sections with the data. 

As.it has been shown in the previous section, the real parts 

of the absorption parameters ReB
0 

and Re<\ are determined with 

large uncertainties (see table 5). The sensitivity of differential 

cross· sections to variations of these parameters are shown in 

figs • .-:2 and 3. We consider here the case of rr-
12

C scattering at 

30 MeV because at the pion energies below this value the 

sensitivity of the cross sections to the other important parameter 

of the present approach /J. is negligible ( see figs. 4 and 5 ) . 

From fig.2 it is seen that a good description of the data is 

achieved at the value of ReB 
O 

prescribed by relation ( 3. 5) . 

Howeve~, the 30% variations around -0.1 fm4 cannot be excluded. 

100---------~ 

... 
Vl 

:a 
E 10 
.g 
\0 
'O 

(Tc•. ,2c> 
(30MeV) 

.... -------,,
,'./1 ~:!--=·-· ---·-·-· 

~----1 

1.0.__~~---'------,'C,--...,__~~---'--' 
20 40 60 80 100 120 140 160 

0cm·deg. 

Fig. 3. Differential cross section 

for rr + - 12c at 30 MeV. The solid 

curve is calculated for ReC
0 
=-2. 8fm

6
; 

the dashed and the dash-dotted 
lines are for Rec =-2. O and 

0 

-4.0 fm6
, respectively. The data 

are from ref./33/_ 

The value .;.o. 02 fm4 of ReB
0 

is obtained if the Koch and 

Pietarinen rrN data / 24/ ( b = -o. 014 fm (or 
0 

- 9 • 7xl0-3 m -I ) 
lT 

for calculation a~ot are used. Thus, one can conclude that 

the low-energy scattering data are compatible with smaller 

value for b = -0.005 fm (or -3.'6xl0-3 m-1
) of ref.1101. 

0 lT 

The sensitivity of the cross sections to ReC
0 

is more 

pronounced. From fig.3 we obtain that the most appropriate value 

10 

;~ 

~. 
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10 

~10 
E_ 
~ 
~ 
'O 

10 

10 

(cir•,12c> 

SOMeV 

I I 

·.v.,,.. 
~ :'"·' 
~ H 

20 40 60 100 140 
E>c.m:deg 

Fig.4. Elastic scattering of rr+ at 14, 

20, 30 and 50 MeV. The data at 14 MeV 

are from ref./34/, at 20 MeV - ref.136~ 
and at 30 and 50 MeV - ref./33( The 

100.r-------'---, 

10 

... 10 
.!/! 
.0 
E 
C: 
32 
IO 
'010 

10 

('IT•, 16c)) 

. 'l!MeV 
', ~--

\ ..... ~- ............. 

20 40 60 ' 100 140 
E>c.m.,deg. 

Fig.5. Elastic scattering of 

rr + from 160. The data are 

from refs(33 • 35 • 361 • The sense 

of the curves is the same 

solid and dashed curves are calcu- as in fig. 4 . 

lated for /J. = 25 and 5 MeV, respectively. 

for this parameter is -2.a fm'. The same results are obtained from 

the analysis of the rr .!.60 data. Therefore, both the picnic atom 

data.and scattering data at energies below 30 MeV a~e compatible 

with the following absorption parameter set 

B ~ ( - 0.1 + i 0.1) fm4 = ( - 0.25 + i 0.25 )m-4 

O . lT 

C = ( - 2.8 + i 1.0) fm6 = ( - 0.35 + i 0.13 )m-6 
o lT • 

(4.1) 

The only parameter which·is not still defined is the nuclear 

mean excitation energy parameter A. Below, it is shown (see also 

ref./5/) that the best description of the scattering data both for 

12c and 16 0 is provided by /J. = 15 - 25 MeV. 
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4.1. Differential cross sections 

4.1.1. 12 c and 160. In figs.4 and 5 we present the results of our 

calculations of the differential cross sections for the rr+ elastic 

scattering by 12c and 160 along with the data from refs(
33

-
36

/. 

The difference between the solid and the dashed lines shows 

sensitivity to the parameter 11 : the solid lines correspond to 

11=25 MeV; and the dashed lines, to 11=5 MeV. We see that a better 

description of the data around 50MeV is obtained for 

both for 12c and 16
0. 

11 ~ 20MeV 

The sensitivity to 11 is more pronounced at energies around 

50 MeV and becomes weaker when the energy of a pion decreases. It 

100.-::------~ 

10 

:n 10 
:,, 
E_ 
C: 

~ 
ID 

-o 10 

14T-,12c 1 

50MeV 

\ 19·~ 

V 
0.1 ......... _.___.__....__.__._~~ 

20 40 60 100 140 
9c.mdeg. 

Fig.6. Elastic scattering of 

rr- from 12c at 20, 30 and 50 MeV. 
The sense.of the curves is the 

same as in fig.4. The triangles 

label the data from ref./6/, 

the black circles - ref./71, 
the crosses - ref./37( 

100 (<it-,160 l 

:n10 
~ 
E 
ci 
-0 

~ 
-0 

10 

12 

S0MeV 

ll'· 

I 

\,~1· 
\.A 

20 l.O 60 80 100 120 11.0 
0c.m_deg. 

Fig. 7. Elastic scattering of 

n - from 160 at 30 and 50 MeV. 

The sense of the curves is the 

same as in fig 4. the data are 

from ref./7/. 

i 
l 
) 

.l 
,i 

reflects a dominance of the pion absorption correction at energies 

below 30 MeV in the formation of the inelasticity parameters. At 

energies around 50 MeV the differential cross sections arise as a 

result of strong interference between the absorption channel and 

the pure potential channels (see below subsect. 4.1.3). 

In figs. 6 and 7 we compare the results of our calculations 

for the rr- scattering with the experimental data 16 , 7 , 37/ : The 

calculated differential cross sections at 50 MeV overestimate 

appreciably the recent data of ref./7/ at large angles and are in 

good agreement with the older data obtained in ref./37/_ Mo;eover, 

we obtain a very good description of the asymmetry parameter A(8) 

( see fig.8) 

A(8) (dcr-/dQ dcr+/dO)/(dcr-/dQ + dcr+/dO) 

for the rr± - 12 C data of ref./37/ at 50MeV. 

100,----.-----,.....--------

:;; 
' .0 
E 
a 

~ 
" 
10 

' ' I 
' I I 
' ' \ 
' \ 
' I 

20 40 60 

LO,----------
de.c-i~c101o1 oa A(&). cteM ~ dCl1 .. 

06 

Q \ 

Q \yrh--.-4 
80 120 160 

..,ffl .... 

80 _ 100 120 140 160 15l 

9<:Jn.•deg. 

Fig.a. Differential cross sections 

and angular dependence of the 
+ 12 asymmetry parameter for. rr- - c 

at 50 MeV. The data . are from 

ref(37/. The curves are calculated 

for the parameter set ( 4. 1) 

and 11=25 MeV. 

4.l.2.
4
He. In figs 9 and 10 we present the calculated differential 

cross sections of rr± - 4He scattering along with the data from 

refs./3B-4l/. In the calculations we use the same absorption 

parameter set ( 4 . 1) as for 1 2 C and 1 6 O, and the sol id 1 ines 

correspond to 11 = 21MeV which is the first excited state of 4He. 

Hence, without any free parameters we obtain a good description of 

the scattering data in the energy domain o - 50 MeV. 

13 



It can be shown that one cannot describe well the 1/ - 4 He 

differential cross sections using Imc
0 

consistent with the value 

of r 2p from ref/161. Thus, it is profitable to determine the 

values of both the shift and width in the 2p-level of picnic 

helium which are consistent with the parameter set (4.1). 

substituting (4.1) and the value for apot from table 3 into 
1 

eqs.(2.4) we obtain 

a~xp = (-0.689 + i0.136) fm3
• (4 .2) 

10 r,-----------. 
(qr•, 'He) 0 

10 

~ 

~ 
c::1 

i 

2'MeV / I).:/ 
~ .'.°"--; I 

o.1, io 40 60 ~ 100 120 140 
9c.m.'deg. 

Fig.9. Elastic scattering of rr+ 

from 4He at 24, 51 and 68 MeV. The 

solid and dashed curves are 

calculated for !J. = 21 and 5 MeV, 

respectively. The open circles 

label the data from refs / 38 ' 4o/, 

the black circles - ref~391and 

the triangles - ref~ 41/. 
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Fig.lo. The same as in fig.9, 

- 4 but for rr - He. 

Finally, using the DGBT-formula (3.1) we obtain the following 

strong interaction shift and width in the 2~-level 

-3 -3 
c 2p"" 4.0xlO eV and r 2P = l.6xl0 eV. (4.3) 

The obtained·value for r2p is approximately twice the experimental 

result of ref.1161 and is compatible with the earlier result of 

ref~42/ . -3 
r 2P =(2.0 ± l.3)xl0 ev. For the ratio r 2p;r1s we obtain 

-3 
r 2p;r1s = 3.6xl0 . 

This value is in good agreement with the Hufner estimation 1251 
-3 3xl0 . 

In our earlier paperfll/, we used the absorption parameter 

- 4 - 6 set: B
0
=(-0.153 + i0.109)fm and C

0
=(-5.538 + i l.136)fm. These 

values are obtained if in the calculations of the potential parts 

of the rr-nucleus phase shifts ~pot the pole part 
rrA of the rrN 

p
11 

-wave is subtracted. The description of the scattering data 

obtained here is better than in /ll/. It supports the conclusion 

( see Part 1) that if a local density approximation is used for 

calculating ~!~s, the subtraction procedure is not needed. 

4.1.3.Effect of pion absorption. The results of our calculation 

presented in fig.11 (see also refs./5 ,ll/) show a strong influence 

of the pion absorption on the elastic scattering at low energies. 

The pion absorption reduces the differential cross section at both 

the forward and backward angles. The same effect has been observed 

for the rr-d sca·ttering in ref / 43/. switching on the absorption 

decreases the total elastic cross section approximately twice at 

50 MeV. Hence, we can conclude that around 50 MeV the differential 

cross sections arise as a result of strong interference between 

the pure potential and the absorption channels. At energies below 

30 MeV the total reaction cross section is formed mainly by pion 

absorption channel. 

our conclusion about the role of the pion absorption at low 

energies diverges strongly from that given by Landau and Thomas 

(LT) in ref./281 . From their calculations it follows that at low 

15 
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Fig.11. Elastic scattering of 50 MeV 

rr + from 4He, 12C and 16
0. The data are 

from refs(33 , 4o/. The dashed curves 

represe_nt the result of pure potential 

calculations and the solid curves 

include the effect of absorption. 

energies the pion absorption systematically raises the 

differential cross sections (see figs 9 and 10 in / 29/); and the 

role of the pion absorption is mainly reduced to fill the minima 

in the differential cross sections. 

Let us compare in more detail the results of our calculations 

with those of LT for the rr - 12c scattering at 50 MeV. Our results 

of pure potential calculations of the 

shifts (opot = Reopot ) are: opot = -12° 
l rrA, l o 

1 in Part 1), while the LT results are: 

s- and p-wave phase 

and o;0 t = 25° (see table 

opot = -3° and opot = 15° 
0 1 

(see table 3 in / 29/). This difference makes it clear why our 

potential calculations overestimate the rr-nucleus differential 

cross sections and those of LT underestimate them. We believe that 

our results are correct for several reasons. First, our 

calculations have been made within the range of convergence of the 

iterative series ( in 1281 the first-order optical potential has 

been ·used). Second, we obtain for the rr-4 He scattering at 50 MeV 

16 

the following results: .spot = -7. 5° and .Spot =; 13° which are in 
0 1 

good agreement with the optical model calculations of Mach and 

Sapozhnikov / 44/(second-order optical potential): .Spot= -6.5° and· 
0 

.s;0 t = 11 °. Therefore, it would be surprising if one gets for 

rr-
12

c the phase shifts which are smaller than those in the rr-4He 

case. Finally, after the· inclusion of the pion absorption 

correction with the set of parameters (4.1), we obtain the phase 

shifts: .S = -17.2° and 8 = 14°, which are in good agreement with 
0 1 ' , 

the results of the phase shift analysis of the rr- 12c scattering 

data /45/: 8 = -17 .1 ° and 8 =13° while the LT .. results for the 
0 1 

phase shifts after the ·inclusion of the pion absorption are: 

8 = -6.6° and .S = 15.5°. 
0 1 

The values of the absorption parameters used in the LT 

calculation were taken from the picnic atom fits made with the 

KiS:singer_-like potential.(see,e'.g. ref.{25/J. It is known that the 

values of these parameters depend strongly_ on the form of the 

optical potential. In particular, the value of Rec~ is correlated 

with the value of the parameter l; of 
/25 27/ . (see,e.g. ' ). Therefore, to determine 

the LLEE-effect 

the absorption 

parameters of the given optical potential self consistently, one 

should make the picnic atom fits using this potential .. 

In fig.12 we show the energy dependence of the pion-nucleus 

phase shifts and inelasticity parameters for rr - 12c. The same 

picture is observed for the rr - 160 scattering. The obtained ~nergy 

dependence is in good agreement with the PSA data of refs./45/. 

7.2 Total cross sections 

Using the optical theorem one can calculate the total (utot> 

and the total reaction (uR= utot - uel) cross sections. It is also 

possible to estimate the total absorption cross section (uabs) by 

switching off the potential part (.Spot) of the pion-nucleus phase 

shifts. The energy dependence of utot' uel and uabs for the pion 
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and total absorption cross 

sections for rr -
12

C and 
16

0 versus 

the pi_on energy ( in the lab.) 

scattering by 12c and 160 is shown in fig.13. The calculations are 

performed for A= 20 MeV. We see that uabs is practically energy 

independent in the considered energy range, and uabs~ 100 rnb and 

120 mb for 12c and 

uinel· = utot - uel 

comparable with 

160, res~ectively. At energies around 50 MeV 

estimated by setting ~abs= o becomes 

uabs which shows the beginning of the 

interference between the pure potential and the absorption 

channels. The same results for the pion-4He scattering have been 

obtained in ref.Ill/. 

In ref./5/ the sensitivity of utot on the parameter A has 

been investigated for rr - 12c and rr - 1 60 at 50 MeV. Comparing 

the calculated and the experimental values of utot' it was shown 

that, as for the differential cross sections, the most appropriate 

18 

range for A is· 15 - 25 MeV. The experiment<!l values for utot have 

been estimated_ using the interpolating formula obtained in 

ref./461. 

Quite recently first results on the total reaction cross 

sections for the 
+ . 

rr- mesons on a considerable number of nuclei 

+ 
have been obtained 1°1 For 12c uR has been measured at 50 and 

16 · , , + 
65 · MeV, and for o at 50 MeV. Preliminary data on o:R for the 

rr±- 12c scattering reported in / 47/ agree well with the results of 

ref./8/ In · table· 6 we present the calculated· values of UR 

along with the experimental data. We see that the calculated cross 

sections for the rr + mesons are in · agreem'ent with the data for 

A= 15 - 20 MeV. Some underestimation is observed for rr-. Thus,the 

experimental data show a more stronger coulomb effect then it is 

obtained in the calculations. 

' • • + + + 
Table 6. Total reaction cross sections (uR =ut~t - u;1 > for 

rr± - 12c and 160 at 50 and 65 MeV versus the parameter A 

+ Theory: A, MeV 
Exp_/8/ Trr, MeV Nucleus uR, mb 15 20 25 

+ 175 163 153 166 ± 19 
160 UR 

- 216 201 188 242 ± 21 u 

50 + 
12c UR 144 134 125 150 ± 16 

UR 171 160 149 193 ± 10 

---+ 
65 12c UR 192 180 168 201 ± 16 

UR 220 2P6 193 251 ± 20 

5.Conclusion 

It has be_en shown that both the pionic atom data and the low 

energy pion scattering data for the nuclei 4He, 12c, and 160 can 

be described using the same set (4.1) of the absorption 
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parameters. The calculated pion-nucleus phase shifts are i~ good 

agreement with the results of the phase shift analysis from 

refs./45/. We obtained that the absorption parameters can be 

considered as to be constant in the energy _range from Oto 50 MeV. 

This confirms the dominance of the pion absorption by two close 

correlated nucleons. 

Taking into account that this parameter set provides a good 

description of the rr± - 4He scattering data, and the value for B
0 

is consistent with the data on the pionic helium ls-energy level 

shift and width, we determined the width and shift in the 

2p-energy level of pionic helium. The obtained values are: 

-3 -3 
c2P=4.0xlO ev and r 2P=l.6~1o ev. 

Our conclusion about the influence of the pion absorption on 

the elastic scattering quantitatively strongly differs from that 

demonstrated by Landau and Thomas in their pap~r 1281 . We showed 

that at energies around 50 MeV the differential cross sections 

arise as a result of strong interference between the pure 

potential effects and pion absorption channel. At energies below 

30 MeV the inelasticity parameters are formed mainly by the 

absorption channel. 

The effect of interference makes the scattering data to be 

very sensitive to the mechanism of the pion-nucleus interaction. 

In particular, it becomes possible to determine the only free 

para-ter of the theory A which is a certain mean excitation 

energy of a nucleus. we obtained that for the p-shell nuclei the 

best description of the data is provided by A=15-25 MeV. 

Unft:irtunately, accuracy of the recent data / 
8 

/ on the total 

reaction cross sections on rr - 12C and 16
0 at 50 arid 65 MeV does 

not allow to narrow the uncertainty in·the value of A. 

Taking into account that in the p-shell nuclei (see refs./
49

/) 

the excitation spectra show a pronounced giant resonance structure 

concentrated around 20-30 MeV, it is natural to suppose that the 

20 

~ 20 MeV value for A reflects the dominant role of the nuclear 

r~sonance mechanism in·' the formation of the pion-nucleus 

parameters. As for the rr- 4He case,this _value of A coincides with 

the first excited state of 4He. Along this line we come to the 

model of two energy levels of a nucleus for the description of the 

pion-nucleus interaction. 

In the present paper, in the framework of the UST-approach 

we analysed the pion interaction with light nuclei and at ·1ow 

energies because of convergence of the considered iteration scheme 

of solving the basic equations. To extend this consideration to 

the case of more heavier nuclei and to higher energies it is 

necessary to develop noniterative methods of solving the basic 

equations and to determine the energy dependence of the absorption 

parameters. Nevertheless, we believe that the main features of the 

pion-nucleus dynamics at low energies which have been found in the 

present study are also valid for more heavier nuclei. 

The author is indebted to V. B. Belyaev, R. A. Eramzhyan, D. 

A. Kirzhnits and R. Mach for stimulating discussions and helpful 

advices. He also wishes to thank to A. P. Sapozhnikov for the help 

in the numerical calculations, and to B. Kampfer for suggestions 

concerning the manuscript. 
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