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1. Introdgction

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 syéteﬁatic study of pion-nucleus reactions at
the existing meson factorieé in this energy range. The scattering
data supplemented by the pionic atom data provide a good bqsis 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,ﬂc and 0 in the framework of the
unitary scattering theory (UST}. The formalism of the UST approach
has been presented in several earlier papers /1=3/ ( see
especially ref./ 1/ which we shall refer throughout the present
paper as Part 1 ).

The UST-approach is baséd on unconventional formulation of
the quantum scattering theory in which the evolution of the system
with respect to the coupling constant is considered /47,

we systematically examine here the problem of a unified
description of both the low-energy scattering data and the pionic
atom daﬁa. First particular results of this approach have been
published in a recent 1letter /5/ . Since this 1letter new
experimental results on the elastic scattering of T -mesons by
¢ and ' o at 20, 30 and 50 MeV'/6’7/ and on the total reaction
cross section at 50 and 65 MeV /8/ 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
pionic 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 pionic helium have been deduced from
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the analysis of the low energy m - ‘He 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 m-nucleus phase shifts is of the

form
_ <pot abs
anA(k) = anA (k) + BnA (k). (2.1)

Here, aggt is the phase shift caused by the pure potential

scattering and 6225 is the absorption correction.
2.1, ngt. 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

ot
A

terms of the nN-phase shifts, nuclear form factors and correlation

lowest iterations. It has been shown that 5§ is expressed in
functions.

‘In our calculations we use for 4He, 12C and 16O 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/g/. For the
nN~phase shifts we employ the parametrization according to Row ,
Solo?on and Landau /10/. The off-shell behaviour of the =N
u-matrix is described using a rank-one separable potential with
the form factor in the form

g, (k) = K7 (+gH 1 (2.2)

with g =2.11 tm™1l quite fairly describing the nN phase shifts of
ref./lo/

omns T

2.2, Biis. The absorption.correction ( see eqs.(6.2) and (6.3) in

'

Part 1) for the nuclei with both zero spin and isospin reads as

.

abs

anA,l

= A(A—l)vk—i—:g—s/i (?:z(k)_(ﬁo(k) + k%8 (k)] + (2.3)

BX7-T (k) [(E+1)Py, (K) + & BF_3 (K))/(26+1)),

where Si is the partial wave of Bz(q)-,and o and B are the anéular
transformation parameters: a = -E(1—2/A)(1+E/2A)/(1+£ )f
B=(1+£/2R)/ (1+§) . L

‘ At low energies the complex parametefs Eo and Eo we determine
from the experimental -data on the a-nucleus | scattering
lengths (a, = limag(k)/k,_k » 0) and volumes

(a, = limai(k)/ka, k- 0):

aixp _ a§9t - 1,;2(0).§0', 7=A(A-1) (1+§)/(1+£/2A), (2.4)
a®¥P - a?ot = 7-(B,s + 60-3)32(0)/3], k

t

, are calculated

where 8 = lim ST(k)/kz, k - 0. The quantitiés ég?
in the framework of the potential theory.

One can expect that the paraméters Eo and Eo corresponding to
the short range part @ of the w-nucleus interaction are

approximately constant in the low energy domain 06 - S0 MeV. In

reféll/, this has. been demonstrated by the exampie of the u-‘He
scattering, and the calculations presented below 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 for 4He, 26 ana '®0 are taken in the Gaussian
form )

(@) = (1 - z (-2), 23=qga’ /4, a=(A-4)/6A. (2.5)

A (€)= (1-40a2Z)exp ' q;a,,/4, ‘ s .
The charge distribution parameter a.n is expressed through the
charge radius Ry = <r2>;\/2 of the nucleus by the equation

2 _ 2 3A 2
ch =3 (5578 ) Reone (2-6)

a
s sy 2 _ .__ 2.2 2
following from the definition: Fch(q )= 1-gq Rch/s’ as ¢ - 0.
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/12/

The charge form factor of the pion is taken in the form
h 2 ,..2 2
Fpi(q) = (1+q7/Mg), My=0.462(2) (GeV/c) (2.7)
This value  of M, corresponds to the charge radius of

the pion <r;>‘/2= 0.711(9) £m.

3.Absorption parameters and pionic atoms

In this section we consider the problem of determining the

abs

A from the

parameters ﬁo and EO of the absorption correction &
pionicsatom'data using the system of egs.(2.4).
Récently /13-14/ measurements of the 1s- and 2p-energy level
shifts and widths in the n——aéoms of ¢ and '®0 have been
performed. We collect these data in taﬁle.l. For pionic helium
only the 1s-energy level shift and width are measured /16/. Below,
we shall determine the 2p-level characteristics in the pionic

helium from the low-energy scattering data.

Table 1. Strong interaction shifts and widths in the 1s - and
2p- energy levels in pionic atoms

Nucleus cls,KeV Fls,KeV czp,eV sz,eV Refs.
‘He -0.0757(20) | 0.045(3) - 7.2(3.3)x10"%| 716/
12
¢ -5.822(55) 2.77(4) - 1.17(11). /13/
- - 3.16(16) | 1.36(22) /14/
16
o -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 agx? from the pionic
. ’
" atom data. The first is based on using the ~ well-known

DGBT-formula’ 1718/
+ iFne/z
E T
c (3.1)

_ 1 1 2044 2841 €
a,=-—=2-Ln [(28)11] ] ni

She 7 o

2 (n—z—l)![ 35
2

wheré aB=h2/MnAe2C is the first Bohr radius, E;thazis the Coulomb
unity of énergy ka=1/137), {=Ze is the charge of the nucleus, Mo
is the reduced mass of the .nm-nucleus system. The coefficients °m
takes into accounf'the charge distribution in the nucleus. .For the
1ls-state ¢ can be parameterized with a good accuracy by .the
/19/ ‘
¢y =1-0.024, . (3.2)

where A is the mass number. More eXxact expression for C1s

1s

simple formula

presented in ret/ 2%/ gives results which are numerically close to

(3.2). For the considered nuclei ‘He, 26 and 0 the pa;gmeter

ap = 1.00,1.05 and 1.07, i.e. Cop® 1.0.
calculated numerically using the Klein-Gordon equation.

These values are

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

Nucleus . aﬁxP, fm »a?xP, £n® Refs.
‘He ~0.141(37) + 10.042(3) - + i0.063(29)| ,16/
12, -0.473(5) + 10.113(6) - + 10.432(41){ /137

- - 2.330(120) +.i0.508(81)| /14/
164 -0.588(4) + 10.151(6) - + 10.425(32) | s15/
- - 2.656(46) + 10.597(32) | /14/°

We present in table 2 the values. for a:f? obtained by (3.1)
using the ‘xperiﬁental data for €0 and rnl from table 1.

The other way of determining #ﬁ?? consiste 1p using the
opticalzpoteﬁtial wgich fits fhe shifts and widths of the p}onic
atom levels of the nucleus. ﬁy this method the following vaiﬁes"
for the scattering lengths have been obtained 720/

a,( ‘He)=(-0.139 + 1-0.042)fm, aOCZC)=(—o.452 + 170.132) fm,

ao(’°0)='(-0.547 + i-Q,lsl)f-.‘ (3-3)



Practically the same value for aoﬂso) has been obtained in
ref(ls/. In refs./ls’ 20/ 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.

3.2.5cattering lengths and volumes: calculations

pot

calculated in the
0,1

We present in table 3 the values for a

UST~-approach. Two lowest ‘terms in the series were taken into °’

account. In the calculations we use the nN phase shifts of
ref(lo/. The errors shown in brackets come from the errors in the
nN data.

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

Nucleus aEOt, fm a?Ot, £’
4He -0.091(17) 1.058 (144)
12 :

c -0.317(51) 3.215(426)
164 -0.431(68) 4.240(630)

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

/21-23/

the results of other calculations obtained by using both

/21,22/

the multiple scattering series and the Schwinger-like

pot

variational method’23/. 1n fig.1 a;

is presented as a function

° 4 2u;)/5 where

° 11

of the 7N isoscalar scattering length b = (a
) . . R y .
a21,2j is the nN scattering lengths. We observe an apprgxlmate

pot
]

pot _ oy : -
a; (bo) = ao(bn—o) + A bo'

¢

linear dependénce of a with réép;ct to'bo

Up to now there is a substantial uhcertainty in the nN data for b,

10,24 . . ;
/ o /. Thus it is advantageous to get an additicnal information

from the analysis of the low-energy scattering data.
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Fig.1l Pion-nucleus scattering lengths aEOt for 'He, 2¢ and *%o.

‘The black circies are the résults of the present paper,
the triangles - ref./21{, the squares - ref(zz/ and the

crosses - ref./za/.

The variational apprqach /23/ providésrsummation of the pion
rescatterings at all orders. Good agreement of the multiple
scattering results with those of variatioﬁal calculations (at the
same values for b)) shows that the multiple scattering series is

rapidly convergent not only for ‘He but also for nuclei .with

pot

o / the scattering

A s 16. Unlike to the scattering lengths a

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

3.3.Absorption parameters

The imaginary parts of the absorption parameters ﬁ) and Eo
are determined by (2.4) through the experimental values on :[maol1
in a straightforward way. Using the values from table 2, we obtain
for Imﬁo and ImEo the results listed in table 4. We see that

within the error limits

InB, = 0.1 £n' and InC, = 1.0 fn’, (3.4)

" only for ‘He the value for Im€ is about twice smaller. As it has
. 0

been noted above, the‘experimental value for sz (see table 1) is



Table 4. Imaginary parts of the-absorption parameters

Nucleus Imﬁo, £ ImEo, fn® Refs.
4
He 0.104(7) 0.442(81) /16/
12 :
c 0.098(5) 1.081(68) /13/
- : 1.292(135) “/14/
16, ' » ot
o 0.097(4) 0.820(46) /15/
; o
- 1.074(46) /14/

considered as an estimation. Below we shall show that the

low-energy 'scatterin§ data for ‘m-%He are well described ‘using
Im5°=1.0fm6, as well, ’ ’ v

The values: for Reﬁo and ReEo in table 5 are calculated using

exp X

the values for aol1 and agof from tables 2 and 3. From eqs.(z.ﬁ)
r

it follows that Reﬁo and Reao are determined by the difference of

ReaexP and Re pot

0,1 ao,:' It brings about large. uncertainties in the

values of Reﬁé and ReEo, caused by the errors in both the pionic

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

the low energy scaptering data can help us to determine more
exactly these quantities.

From table 5 it follows that the parameter VReﬁo is
approximately thelsame for the considered nuclei, and within the
error limits, we obtain

o= 4
ReB) = -ImB = -0.1fm". (3.5).

Table 5. Real parts of the absorption parameters

4

Nucleus ReBo, fm Reao, fn® Refsf
4 .
He -0.124(101) - /16/
12, ’ :
-0.136(46) -2.291(738) /13,14/
160 !
~0.101(43) ~3.082(904) /14,15/
38

Relation of this kind betweén the real and imaginary parts of the
s-wave absorption parameters is usually used in the optical model
analysis oé pionic atom data/zs/.

As for Eo, we obtain the value for ReC; (see table 5) which
is approximately three times larger than its imaginary parts. In
many optical model analysés the real part of the p-wave absorption

parameter C. 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 partiéular, the parameter £ of the

LLEE-correction /25'26/. In refs./27/avstrong correlation between Recb
and £ has been demonstrated. In the present approach we use
fairly 1long range 7N 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 /28—32/, we nheglect the LLEE

correction.

4.Pion-nucleus scattering:results and discussion

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

4 16

He,lzc and 0. We shall keep, as a

energy ‘pion scattering by

first approximation, the absorption parameters at their pionic

100

L e 12¢)

3
1

Fig;z.Differential cross section for

nt -}2c at 30 MeV. The solid curve

de/de, mb/st

is calculated for Re§°= -0.1 fn*;
the dashed, dash-dotted and dash-

double-dotted lines are for Re§0 =

-0.02, -0.014 and -0.2 fm', respec-

, A . L . R
0 100 120 10 180
0 40 6 80 tively. The data are from ref./33/.




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 Reﬁo and Reéo are determined with
large uncertainties (see table 5). The sensitivity of differential
cross- sections to variations of these parame’ters are shown in
fiqs..-{Z'and 3. We consider here the case of n-'?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 A kis 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 ReE'J prescribed by relation (3.5).

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

100

| (m*,"C) ‘ Fig.3. Differential cross section

| (30MeV) | for nt -?c at 30 Mev. The solid

curve is calculated for Re:éc’=—2.8fm'5
a | the dashed and the dash-dotted
w lines are for Re§0=-2.0 and
0
£ 10L - -4.0 fm®, respectively. The data
% are from reg./33/,
=
[}
o
10 :

20 40 60 80 100 120 140 160

Ocmydeg-
The value =0.02 fm' of Rel“?!'J is obtained if the Koch and
Pietarinen nN data /2% (b =-0.014 tm (or =-9.7x10* n7') )
for calculation a.EOt are used. 'i‘hus, one can conclude that
the ' low-energy scattering data are compatible with smaller

*ul) of ref./1%/,

val_ue for bo = ~<0.005 fm (or -3.6x10"
The sensitivity of the cross sections to ReE'J is more

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

10
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O m. 429 Ocm.deg.

Fig.4. Elastic scattering of m' at 14, Fig.5. Elastic scattering of
20, 30 and 50 MeV. The data at 14 MeV n*trom '0. The data are
fronm refs{33~'35'36/. The sense

are from ref./34/, at 20 MeV - ref./36{
of the curves is the same

and at 30 and 50 Mev - ref./>3/ mhe
solid and dashed curves are calcu-
lated for A = 25 and 5 MeV, respectively.

as in fig.4.

for this parameter is -2.8 fr®. The same results are obtained ;’rom
the analysis of th_e 7 10 data. Therefore, both the pionic atom
V data .and scattering data at energies below 30 MeV are compatible
with the following af;sorption parameter set
Eo = (- 0.1+ 1i0.1 )‘ ' = ( - 0.25 + 1 0.25 )m;‘

¢ =(—2.8+i1.0)fm6=(-0.35+i0.13)m;6.

\ (4.1)'

The only parameter which-'is not still defined is the nuclear
mean excitation energy parameter A. Below, it is shown (see also
5,
ref./ /) that the best description of the scattering data both for

-'2c and '®0 is provided by A = 15 - 25 MeV.
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4.1. Differential cross sections

4.1.1.%%c and '%0. 1In figs.4 and 5 we present the results of our

elastic

O along with the data from refs{33-36/.

. i +
calculations of the differential cross sections for the n

12 16

scattering by C and

The difference between the solid and the dashed lines shows
sensitivity to the parameter A : the solid lines correspond to
A=25 MeV; and the dashed lines, to A=5 MeV. We see that a better

description of the data around 50MeV is obtained for A =~ 20MeV

16

'2¢ and '‘o.

both for
The sensitivity to A is more pronounced at energies around

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

100
- \ (a-,12c)
o)) § oM 100 (@, 160) g
- t . ) 4
1
\ 50MeV 4
E 0L \ '
_E b 8 ;10 L 3\ N
c v AL P .
© N\ E
B ) v 3 2 - :
© . c )
- 10¢ ¥ ‘Q -
I / 10 E_ . |
| / ' N i
(1] s . 1 L L 1 L s N
204060 100 140 20 40 60 80 100 120 140
Scmdeg. Ocm deg.

Fig.6. Elastic scattering of Fig.7. Elastic scattering of

n~ from '°C at 20, 30 and 50 MeV. T
The sense.of the curves is the
same as in fig.4. The triangles
label the data from ref.”/%/,

the black circles - ref./7/; '

f./7/.

from re

the crosses - ref./37{

12

from °0 at 30 and 50 Mev.
The sense of the curves is the
same as in fig 4. the data are

S’

reflects a dominance of the pion abSorption correction at energies
below 30 MeV in the formaEion of the inelasticity parameters. At
energ&es 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

/6:7437/  he

for the n~ scattering with the experimental data
calculated differentiai 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/. Mofeover,
we obtain a very good description of the asymmetry parameter A(e)
( see fig.8) '

A(0) = (do~/dQ - do’/dQ)/(do /4 + do’/4dQ)

for the ni - '2¢ gata of ref./37/ at 50Mev.

100

v s 1, gat*?
A ‘(9)'M
1 dgo .

™
as

and angular dependence of the

asymmetry parameter for,nt -2¢
at 50 Mev. The aata_ ére from
ref{37/.

for the parameter set (4.1)

ds/da,mb/sr

The curves are calculated

Py
o
T

and A=25 MevV.

20 &0 60 80 00 120 10 160 180
Scm deg. .

4.1.2.'%e. In figs 9 and 10 we present the calculated differential

groés ‘séctions of w' - ‘He scattering along with the data from

refs./38—41/."1n the calculations we use the same absorption

160, and the solid 1lines

parameter set (4.1) as for '2¢ and
correspond to A = 21MeV which is the first excited state of ‘He.
Hence, without any free parameters we obtain a good description of

the scattering data in the energy domain 0 - 50 Mev.

13

Fig.8. Differential cross sections
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+
It can be shown that one cannot describe well the m~ - "He

differential cross sections using ImEO consistent with the value
of sz from ref./la/. Thus, it is profitable to determine the
values of both the shift and width in the 2p-level of pionic
helium which are consistent with the parameter set (4.1).

Substituting (4.1) and the value for a?Ot from table 3 into

egs.(2.4) we obtain

afo = (-0.689 + i0.136) fm", (4.2)
10 - :
*
(@, "He) (7" *He) ;
68 MV -
10+ 1OE
.‘Z
-g oy | L
clt 4
3 E
3 g
3
1¢
2 E
Olr
20 40 60 80 100 120 140
© . Bm:deg.
Fig.9. Elastic scattering of nt ool o v o L
from ‘He at 24, 51 and 68 MeV. The 20 40 60 80 100 120 140
solid and dashed curves are ecnmdeg'
calculated for A =21 and 5 MeV,
respectively. The open circles Fig.10. The same as in fiq.9,

/38,40/ _
label the data from refs. ' but for m~ -‘He.

the black circles - ref(ag/and
the triangles - reg/ 41/,

14

»

Fipally, using the DGBT-formula (3.1) we obtain the following
strong interaction shift and width in the 2bp-level
_ -3 _ -3
€yp = 4-0x10 "eV and T, = 1.6x10 "eV. (4.3)
The obtained®value for sz is approximately twice the experimental
result of ref./16/ and is compatible with the earlier result of

/42/ (2.6 -3 ; i
ref’ : sz =(2.0 ¢ 1.3)x10 “eV. For the ratio sz/rls we obtain

-3
sz/rls = 3.6x10 °,

This value is in good agreement with the Hiifner estimation /257,
3x107°.

In our earlier paper/ll/, we used the absorption p;rameter
set: B =(-0.153 + i0.109)fn* and €,=(-5.538 + i 1.136)fm°. These
values are obtained if in the calculations of the potential parts
of the mn-nucleus phase shifts Sggt the pole part of the uN
p, , ~wave is subtracted. The description of the scattering data
obtained here is better Ehan in /11/. It supports the conclusion
( see Part 1) that if a local density approximation is used for

abs

calculating SnA ., the subtraction procedure is not needed.

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

presented in fig.1l1 (sce also refs./5’11/) 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 n-d scattering in ref./43/.'Switching on the absorption
decreases the total elastic cross section approximately twice at
50 MeV. Hence,kwe 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./za/. From their calculations it follows that at low
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Fig.11l. Elastic scattering of 50 MeVv

calculations and the solid curves

include the effect of absorption.

101
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Ocm.deg.

energies the pion absorption systematicaliy raises the
differential cross sections (see figs 9 and 10 in /28/), 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 m -'°C scattering at 50 MeV. our results
of pure potentia; calculations of the s- and p-wave phase

pot _ o
1

= -12° and s 25" (see table

: pot _ pot pot
shlfts‘(ae = Re&n 60

A'e) are:

: 0
1 in Part 1), while the LT results are: 6§°t = =3

° and af’°t =15

(see table 3 in /28/). This difference makes it clear why our
potential calculations overestimate the m-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 /28/ the first-order optical potential has

been ‘used). Second, we obtain for the n—4He scattering at 50 Mev

16

¢
He
1L ety nT from ‘He, '2c and !°0. The data are
- ' /33,40/ ’
Y from refs/.”~’ . The dashed curves
I’

represent the result of pure potential

o 0

the folldwihg results: 6§°t = ~-7.5 and sfot = 13" which are in

good agreement Qith the optical model calculations of Mach and

0

Sapozhnikov /44/(second-order optical potential): Egot = -6.5 and

6f°t =11%. Therefore, it . would be surprising if one gets for

n-12C the phase shifts which are smaller than those in the --*He

case. Finally, after“the- inclusion of "the pion absorption

correction with the set of parameters (4.1), we obtain.the phase
shifts: 50 = ~17.2% and 8, = 14°, which are in‘gqod agreement with
the results of the phase shift analysis of. the n—lzc'scattering
déta /45/; 80 = -17.1° ana 51=13° while the Lf“results for ;pe
pﬁase shifts after the inclusion of the pion absorption are:
66.=’-6.6° and s = 15.5%. ’

The values of the absorption parameters used iﬁ the LT
calculation were taken from the pionic atom fits made with the
Kigsinger¥like potential (see,e.q. ref.{zs/). It is known that the
values of these parameters depend sfrongly,on the form of the
optical potential. In particular, the value of ReC, is correlated
with the value of the parameter £ of the LLEE-effect
(see,e.g./25'27/). Therefore, to determine the absorption
paraﬁéters of the given optical potential self c§nsistent1y, one
should make the pionic atom fits using this potential.

In fig.12 we show the energy dependence of the pion—nucleqs
phase shifts and inelasticity parameters fo} m -*’c. The same

picture is observed for the n -!%0 scattering. The obtained energy

dependence is in gdod 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= ot ~ Uel) cross sections. It is also

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

pot

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

shifts. The energy dependence of Teot’ el and o for the pion

abs

17
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Fig.12. Pure hadronic phase

shifts and inelasticity para- and total absorption cross

meters for m - TZC.
the pion energy (in the 1lab.)

1

scattering by '2c and '®0 is shown in fig.13. The calculations are

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

s
independent in the considered energy range, and Taps® 100 mb - and

120 mb for 12C and 16o, respectively. At energies around 50 MeV
f_ i : abs _

%inel = %tot ~ %ol ‘estlmated by setting 3 =0 becomes

comparable with aabs, 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./ll/.

In ref./?/ the sensitivity of o on the parameter A has

tot
been investigated for n-'2 and n - '°0 at 50 Mev. Ccomparing
the calcuiated and the experimental values of Crot’ it was shown

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

18

Fig.13. The total, total elastic

. 12 16
sections for mw - °C and O versus

o t_.have
been. estimated using the ' interpolating formula obtained in

ref./46/.

range for A is: 15 - 25 MeV. The experimentél values for o

Quite recently first results on the total reaction cross

. * : . . ..
sections for the n~ mesons on a considerable number of nucleil

12

have been obtained /B/. For C oé has been measured at 50 and

for the

. . t
65:-MeV, and. for lEo_at 50 MeV. Preliminary data on o
+

R
n-12%¢ scattering reported in 741/ agree well with the results df
ret.”8/ : In-table's we present the calculated values of on "
along with the éxperimental data. We see that the calculated cross
sections for the n' mesons are in ‘agreement with the'data fb;
A = 15 - 20 MeV. Some underestimation is observed for m . Thus, the

experimental data show a more stronger Coulomb effect then it is

obtained in the calculations.

Table 6. Total reaction cross sections (U; =Utzt - U;l) for
+ ‘ .
n° - ®c and '°0 at 50 and 65 MeV versus the parameter A
. Theory:vA, MeVv /8/
Tn' MeVv Nuc}eus R mb 15 T 55 Exp.
+
a 175 163 153 166 * 19
16o R
o 216 201 188 242 * 21
50 ] .
12 a 144 134 125 150 t 16
c R . -
d; 171 160 149 193 * 10
+
65 12C UR 192 ;80 168 201 t 16
‘ TR 220 206 193 251 * 20
5.Conclusion
It has been shown that both the pionic atom data and the low
energy pion scattering data for the nuclei 4He, and '®0 can

be describedL using the same set (4.1) of the absorption
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parameters. The calculated pion-nucleus phase shifts are in good
agreement with the results of ther phase shift analysis from
refs./‘s/. We obtainéd fhat the absorption paramefers can be
considered as to be constant in the energy range from 0 to 50 MeV.
This confirms the‘dominance of the pion absorption by two close
correlated nucleons.

-. Taking into acéount that this parameter set provides a good
deséription of the nt ~*He scattering data, and the value for Eo
is consistent with the data on the pionic helium ls-energy level
shift and width, we determined ﬁhe width and shift in the
2p-energy level of pionic helium. Thé obtained wvalues are:

3

c. =4.0x10 ‘eV and r2p=1.s$1o' ev.

‘

2p : i . .
our conclusion about the influence of the pion absorption on

the elastic scdttering quantitatiQely strongly differs from that
demonstrated by Landau and Thomas in their papér /28/. 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 éhannel. 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 sen#itive to the mechanism of the pion-nucleus interaction.
In particular, it becomes possible to determine the only free
parameter of the theory A which is a certain mean excitation
énerquof a nucleus. We obtained that for the p-shell nuclei the
best - description of the data is provided by A=15-25 MeV.
Unfortuynately, accuracy of the recent data /8/ on the total

reaction cross sections on n -'’c and %0 at 50 and 65 MeV does

not allow to narrow the uncertainty in‘'the value of A.
o ; . . - 48
Taking into account that in the p-shell nuclei (see rats./ /)
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 fhe dominant role of the nuclear
resonance mechanism in”the formation of the pion-nucleus
parameters. As for the n-‘He case,this‘value of A coincides with
the first excited state of ‘He. 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 ‘low
energies because of convergence of the considered iterapion 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 ;oniterative 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 nuciei.

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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