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ABSTRACT,

The excifations functions of differential cross sections in pion-nucleus scattering at inter-
mediate energies have been obtalned %7 fitting in the c¢. m.s. with Legendre polynomials all the
existing data on ln, 2H, 3He 4He, C and 160, The spectra have then been deduced calcula-
ting the maximum likelihood Lorentz lines through a Monte Carlo method, Among the main featu
res, we find a resonant behaviour of the excitation functions at energies much lower compared to
the free 4d-resonance position. The shift is angle-dependent and A - -dependent. A possible expla-
nation of the downward energy shift is given on the ground of the recent developments of the collee
tive isobaric resonance model,

1.~ INTRODUCTION,

The most striking feature in pion-nucleon scattering at intermediate energies is the well
known A(1232)P33 resonance in the total cross section at pion energy E =180 MeV and with a
width Ty ®110 Mev(l),

Excitation functions of differential cross sections at all angles exhibit the same behaviour.

A slight downward energy shift of the resonance occurs in the pion-nucleon case(2). Pion-
~-proton scattering below 300 MeV is almost completely dominated by the 1=1 partial wave due to
the isospin 3, spin 3 P-wave resonance. At E =195 MeV, the phase shift for this channel passes
very rapidly through 90°, Correspondingly, since this one wave dominates the scattering, the
real part of the forward scattering amplitude Re f N (0°)=0 at E= 195 MeV. However, because
of the momentum factor 1/k in the expression for the imaginary part Im N (09},. the Im fﬂN(OO)
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has its maximum shifted downwards slightly to E =187 MeV, Since the expression of the optical
theorem for the total cross section has an additional 1/k factor in front, the resonance is shifted
down further to the experimental value E = 180 MeV.

Meagurements of pion-nucleus total cross sections show a peak clearly related to the 3-3
resonance of the pion-nucleon system(3). However, this experimental peak is broadened and shi_f
ted approximately 40-50 MeV downwards. inenergy comparedtothe peak in o(uw,N) (E 2= 130-140
MeV), Theoretical explanations or calculations of this shift appeared in several studies(4-7), The
resonance shift seems not to be an exotic effecf(G), but it is simply a consequence of the passage
of the pion through a dispersive, absorptive medium(2), This multiple scattering tends to diminish
the energy variation of the forward @-nucleus scattering amplitude fn_n(OO) and, thus, leads to a
broadening. In addition, imcluding nucleon Fermi motion also broadens and lowers the peak slightly.
Multiplication of Im f__ (0°) by the energy dependent 1/k term, to form the total pion-nucleus
crogs-section, therefore, leads to a considerably larger shift in the peak position than was found
in the corresponding step for the pion-nucleon cross section,

Moreover, shape and position of.the peak in pion-nucleus scattering depend on A, the mass
number of the target nucleus. As A is increased, the peak becomes broader and its maximum mo
ves to a lower energy., Sedlak and Friedman(8) have shown that this A -dependent behaviour origi—m
nates in geometric.and refractive features, rather than in microscopic nuclear dynamics. This re
sults from the blackness of the nucleus to the pion wave in the 3-3 resonance region,

As far as concerns differential cross sections in pion-nucleus scattering, available data on
light nuclei give excitation functions with resonant behaviours at energies much lower compared to
position of the 4 resonance, especially at large angles(g). Positions and widths of the peaks de-
pend on the scattering angle and also on the mass number,

In order to study the excitation functions of differential cross sections, comiparing homogene
ously data from experiments covering different energy and angular intervals, we have fitted allithe
existi~g data on light nuclei such as *H, 2H, 3He, He, 12C, 160. The main features of the exci-
tation tuanctions have been then deduced and compared to the elementary pion-nucleon scattering, A
possible explanation of the downward energy shifts has been given on the ground of the recent collec
tive resonance model of Klingenbeck et al. (10) and Hindel et al,(11) B

.

2. - EXCITATION FUNCTIONS OF DIFFERENTIAL CROSS SECTION FOR LIGHT NUCLEI,

Backward angle (n‘t, 12C) differential elastic cross section in the energy range 23-90 MeV
has been measured by the authors(12) with a streamer chamber spectrometer 13) exposed to the
pion beam of the LEALE Laboratory of Frascati, The spectrometer consisted of a self-shunted
streamer chamber filled with 4He at 1 atm and placed in an electrornagnet. In this way the cham
ber visualized the incident and the scattered pions for events occurred both in the 12¢ external ~
target and in the filling gas.

The correspondiag excitation function for 12¢ s reported in Fig, 1. The solid line is the
maximum likelihood Liorentz function obtained with a Monte Carlo calculation, Our lower energy
values (E <20 MeV) are presently under analysis, however, the figure seems to show a resonant
behaviour. The peak position is shifted to.an energy much lower compared to the position of the
4 resonance in pion-nucleon scattering.

Two large angle (ni—, 4He) values (1509 £ 10° and 1659 ¥ 159) have been measured(14) with
the streamer chamber with 81 MeV &~ and 33 MeV ©™, In Fig. 2, the corresponding excitation
functions have been deduced from these data and large angle elastic data from other experiments 15},
The Lorentz lines show a maximum at E = 73,5 MeV at 0 = 150° and at E = 72.6 MeV at 6 = 165°,

A similar behaviour can be found for the large angle excitation function in (ﬂ?f, 2H) scatte-
ring, In Fig. 3 is reported the excitation function of differential cross section at 155° t 5° from
the experimental data available in literature on pion-deuteron scatter‘ing(ls). The figure shows:a
peak again at a much lower energy (E = 98,7 MeV) compared to free A resonance,

In order to obtain the excitation functions of differential cross section from light nuclei and
to compare in dn homogeneous way data from different experiments, we have fitted in the c¢.m. s.
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FIG, 1 - Excitation function of
(nT, T2C) differential elastic
cross section at 1759 %5°, Ex
perimental data: ref, (12), The
solid line is the maximum like
lihood Liorentz function obtai-
ned with a Monte Carlo calcu-
lation,

FIG, 2 - Excitation functions
of (%, %e) differential ela-
stic cross sections at 1500
110° and 165° 1 15°. Experi-
mental data: triangles ref. (14);
circles ref. (15). The solid cur

ves are Lorentz lines,



210 ]
3 - B, =(155%5) cms. ‘
"g‘ w JL.
& LI
3 //—\\
S
el
15 -

05 ¢ .

i i 1
0 50 100 150 200 250
E(MaV)

FI1G. 3 - fxcitation function of (:‘6‘-F 2H) differential elastic cross section at 1552159,
Experimernrtal data: ref. (16). The solid curves are Liorentz lines.

. V‘llll!('llll'l | S N 00 S B A R e 0 A 0 A B | —~ lll‘rTf!Il[lllull
5 A o 30" (708 IS B 4 arf N CAO I P a-120° (p)
= af o ? & g 4 ! g
2 2 1t £ .
E gl [ 5 4 ¢ & | b\{
g \ | < ogk $ jo NS | 3
K] S 2 p ! g ;
5 -* f § = | h 5 7% R ——
" 150 | E 15¢ | -
| |
1 R 1+ ( | B
s} ) 4 5} 1
~ | \EU:%
" v
0 " ' i 15F |
or \ : b 1 [ | .
ki L
A
s/ ' ]
2t B ~ |
- =3 I Tt
2 4 £

—TT
s
%
=~

D_—.—————
1 1 1

(5]
=3

h ' - j“‘i\l\-._

150 5- ! sl f ]

L | AP |
- & | L i ]
L | - L | 3
il Py A : s o . W 7
} K {““ ]

r. | _+ 16 -1 - 12 |
150} | G 1) ol | | 10k | ,
b } | 8+ ! I .
90- 4 ; . 6- Q | ]
L | | al- 4
30 2 ‘ of | ]
PR o NOUIRI W T WY [T IR Iy, « NP, W PRIy SN NPT N - VP, WH R W AN A

0 20 60 100 140 180220260 300 0 20 60 100 140 180 220 260300 0 20 60 100 140 180 220 260 300
E{MeV)

FIG, 4 - Excitation functions of differential elastic cross sections of at on pro‘ron and

..I
light nuglei at 30°, +900 and 120° Symbolw- Wp & (w.p): e (w7, 2H);
m(s”, SHe): A (m 4He) & (JF 2C) o (m™, 160) represent the best fit value ob-
tained at the energies where d.Lfferentlal cross section data are available. The solid

curves are Lorentz lines,
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with Liegendre fotynomlals all the existing data on 1M ref. (1), 2H: ref. (16), 3He: ref, (17, 4He:

ref. (14, 15), C:ref.(12,18), 160: ref (19). The excitation functions have then been deduced cal
culating the maximum 11kelih«ood Lorentz lines through a Monte Carlo method.

In Fig. 4 the excitation functions of differential cross sections at 309, 90° and 120° for light
nuclei such as QH, 3H 4“He, 12¢ ang 16 O are reported, together with the curves relative to.ele-
mentary @1 scattering,.

3. - ANALYSIS OF THE EXCITATION FUNCTIONS,
The following main features can be drawn from the analysis of the excitation functions:

a) The excitation functions of (.'n:f, p) differential cross sections show a resonant behaviour peaked
at the same energy of the free A resonance over the whole angular interval,

b) The excifation functions of mw-nucleus differential cross sections show a resonant behaviour peak
ed at energies much lower compared to the A position. The shift is angle-dependent and A ~-de-
pendent : it is as much pronounced as the angle increases and the nucleus is heavier., All this is
stressed in Fig, 5, in which are reported the angular dependences of the peak positions for the
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FIG, 5 - Angular behaviours of peak positions of the excitations functions. Solid line :
(o ,15). Dotted line: (w~,p) Symbols: e (w -, 2H); a (wt, 3He); B (7, 3He);

A (:rf, He); &. (nt, 12C) represent peak positions at 10° intervals, unless the lack
of experimental data. I.ines are drawn as a guide to eye,

considered nuclei, compared with the behaviours of the elementary processess. 4 resonance do
not exhibit nearly any angular dependence, as it is known and appears also in the figure. On the
contrary, the positions of the peaks of the excitations functions of differential cross sections
seem to decrease with the scattering angle, the angular behaviour becoming flat only at back-
ward., Moreover, the angular behaviours of the peak positions show an A -dependénce: steeper
slopes and lower energy values for heavier nuclei.



What is significant to stress is that, at forward, angular behaviours and peak posgitions are
close to those of the elementary resonances.

¢) The angular behaviours of the momentum transfer g_ corresponding to the energy value E_ of
the peaks, show (see Fig. 6) the significant feature of the existence, for each nucleus, of some
charactems’uc maximum angle 6,, such that, for 0, < 8,, the qp values are close to those of
(@, p), while for 0,> 0, the behaviours become nearly f]a’c
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FIG. 6 - Angular behaviours of the momentum transfer q
to the peak positions of the excitation functions.
5. Lines are drawn as a guide to eye.

corresponding
Symbols are those of Fig.

Again,the 8,, values are A-dependent: higher for lighter nuclei.

Moreover, the 0,,
elastic cross section,

values seem to be close to the first diffraction minima in the differential

d) Excitation functions widths at forward angles seem to be almost equal to the A width value, while
at large angle the peaks are as much narrow as heavier is the nucleus.

e) The ratio between the (ni‘ p) differential cross section values corresponding to the excitation fun
ction maximum is, in average, 9.05%0.1 over the whole angular interval, This is, as it is kn@wn
the AT- /AO value and it meansg that, at the resonance; there is almost no contribution from the
T= 1/2 state in (&7, p) interaction, Moreover, it is a.good check of our analysis method.

f) Peak 1nten31t1es of the excitation functions of light nuclei at forward angles seem to be Z multi-
ple of the (& ,p) value. In Table I the light nuclei peak intensities and their ratios R, to the
( ,p) values at 200 are reported In Fig. 7 the angular distributions of the normalized ratios

R /Z are shown. The R" (8 ‘) values range from about unity at forward angles, to about
0. }l)+ 0. 6)5 for all the exammeg nuclei

g) The normalized ratios RrR" ,» plotted as a function of q 2, where q_ is the momentum transfer
corresponding to the peak energy and a is the equlvalpent spherical radius of the nucleus show
(see Fig. 8) form-factor-like behaviours. It is interesting to note that deuteron behaves differen
tly from all the other light nuclei, N



TABLE I - Peak intensities of the excitation functions of light nuclei at 20°
and relative ratios Ry to the (m*, p) values,

+ + + -
(", p) | (a7, p) | @, 20 | (@7, Pre) | (-, YHe) | (7, 120) | (&", 180y
do _ ]
(30 )pear'® “29| 3387 | .17 33.65 | 26.30 76.87 275,16 318,87
P
(mb/sr)
R, ! 1/8. 12 0.99 | o0.78%) 2,27 8.12 9.41
prl = Rp/Z 1 1/8.12 0.99 0,780 1.13 1.35 1.18
(x) in this case Rp is defined as the ratio with (o7, n) ~ (n’+, p) cross section.
(o) in this case R% = Ry/(A - 2Z).
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4. . COLLECTIVE RESONANCES IN PION-NUCLEUS SCATTERING.

Txplaining the salient features of the above obtained excitation functions of differential cross
sections seems to ask for more ingight into the dynamics of the elementary processes.

Tt is well known thai pion-nucleon scattering at intermediate energies is dominated by the
A{1232) resonance. From the large elementary cross section xtp at the resonarce energy (o ¥
¥ 900 mb) it is to be expected that a conventional multiple scattering approach to pion-nucleus
scattering does converge slowly as the corresponding mean free path of such a pion is smaller
than average nucleon-nucleon distance in a nucleus, Due to this strong interaction many body
effects will appreciably modify the elementary m-nucleon t-matrix, so that the impulse approxi-
mation and its modifications are not the adeguate description.

A natural way of introducing many body effects is the explicit inclusion .of the isobar degre
es of freedom of bound nucleons. For such a description of pion-nucleus scattering various more
or less closely related models have been developped during the last few years: the Isobar Door-
way Model of Kisslinger and Wang<20), the Collective Model of Dillig and Huber 21) and the Mul-
tiple Sgattering Approach of Lenz et al, (22) ; related aspects have been discussed by Brown and
Weisels?/,

Following the Collective Model approach, Klingenbeck et al. (]’0), and Hindel et al. (11) have
recently given a new description of pion nucleus scattering, which treats the isobar on the same ’
footing of the nucleon. The model has been applied to elastic and inelastic pion~-carbon scattering
and to elastic pion-deuteron scattering, The starting point is the assumption that the incoming pion
excites a bound nucleon into the A4 resonance, thereby creating an isobaric particle-hole ( 4N)
configuration. Since the 4 interacts strongly with the sorrounding nucleons, the various (AN)
configurations of the same quantum numbers are coupled, thus leading to new eigenstates IA’%}
of the whole nucleus. Those nuclear excitation can decay by emitting a pion, thereby leaving the
target nucleus in its ground or one of its excited states, respectively,

The propagator of this system

- _ -1
Glw) = __HAN(O)) -co_; (1)



contains an (energy dependent) AN interaction, VAN , and can be expressed by the eigenstates
lA *> of the 4N Hamiltonian as:

43¢
Glw) = 3 —2——1 (2)
" sJ(a))-w
n

21
where eg( ®) denotes the complex eigenvalues of the A¥ excitation,

The sum of these A¥ reslonances which differ in their position and width, as well ag in their
multipolarity and parity, builds up the scattering cross section,

The relevant role of V N Pbecomes obvious if one considers the limiting case of no 4N inter-
action; then the quasi-free scattering amplitude is recovered from eq. (1) ;

- -1
lim Glw) — G [ -] . (3)
free i
VAN“’ 0

Thus the deviation from quasi free scattering amphtude s reflects the effects of the AN inter
action. In particular, the detailed structure of the AX resonances is expected to manifest itself in

a sensitive manner at backward angles, where the deviations from the quasi-elastic picture are ex
pected to be more pronounced,

Ags far as concerns the 4N interaction, since very little is known about it, it has been con-
structed in a frame of a One Boson Exchange (OBE) model, taking into account explicitely additio-
nal contributions resulting from g and @ exchange.

The coupling between the various (AN) configurations is dominantly due to their individual
coupling to the pion nucleus continuum channels. In the OBE description, this manifests itself by

the fact that the exchanged pion can be a real pion, propagating on its mass shell and therefore lead
ing to a ecoraplex and energy dependent AN interaction,

Summearizing the features of this approach the excitation spectrum of a complex nucleus in the
region of the 4 resonance is characterized by a number of broad resonances of different multipola
rity, Because of the similarity in the description, the occurence of these A¥ collective resonances
can be considered as Giant (3-3) or Giant Isobaric Resonances (GIR).

The significant point, which allows for a connection with the main feature of the experimen-
tal excitation spectra of differential cross section, is that an A¥ resonance, whose energy is push
edidown below the free (3-3) position, may be the dominant one, This fact results in explicit pre-~
dictions for the excitation functions of differential cross sections, in the sense that they exhibit dra

stic different ener%y behaviours as strong variations in shape and peak position depending on the
scattering angle L0

In Fig. 9 we have reported the excitation functions at some angles for pion-carbon scattering,
asiresulted from our analysis of the experimental data together with the predictions of the collecti
ve resonarnce model, The qualitative agreement between shapes, widths and positions seems to in-
dicate that the basic ideas about the excitation of isobaric nuclear resonances are realistic.

The less agreement at large angles is possibly an indication that the harmonic oscillator wa-
ve functions with the same oscillator parameters for nucleons and the bound isobar, used to diago-
nalize the AN Hamiltonian, are only a first-step approximation.

A similar qualitative agreement can be found for the excitation function in pion-deuteron scat
tering. In Fig. 10 is reported our analysis of the large angle experimental data, together with the
collective resonance model prediction, obtained from the angular distributions at various energies
calculated by Hindel et al, 1), The peak position, far from the free A resonance, is reproduced.

In the figure is also reported an other excitation curve, peaked at an energy higher than the
experimental result. It corresponds to a different choice of the coupling constants fQNN/4Jv,
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22 / 2 . . .
F’QAN/ 4, fQAA/4n_, used in the costruction of the one-boson-exchan

ge AN potential and thereby
it ‘dorresponds to different angular distributions(11)

This indicates, as stressed before, that the collective resonance model results strongly de

pend on the model assumptions : for example on coupling constants, or on oscillator parameters;
or-on the size of the configuration space.

Degpite the qualitative agreement found in the two cases now considered, in order to explain

all the physical features of the exeitation functions of differential cross sections, the influence of
those uncertainties must be thoroughly investigated,
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