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The experimental data on the interaction of frr‘i- on 4He and 3He, obtained by the Torino -

-Dubna - Frascati collaboration, are presented, The elastic scattering of 7t on 4He and 3He has

been studied at the Laboratory of Nuclear Problems of the JINR, The wt inelastic and the n=~ back
ward elastic scattering on *He have been studied at the LEALE Laboratory of Frascati,

Among the nuclear structures which can be used in the study of pion interaction and absorp)
tion mechanism, the wa-cluster model appears to be rather attractive, Recent experimental results
on pion absorption and scattering by even-even nuclel seems to be satisfactorily explained in terms
of the a-~model, According to the above considerations, the great interest for a detailed study of the
pion- e particle interaction is fully justified, especially as far as inelastic reactions {with and with

out charge exchange) and absorption are concerned,

e . v . . s + 3,4
The differential cross-section measurements of elastic scattering of w- on ~° "He weTe

' performed uging a high-pressure (4 atm) helium self-shunted streamer chamber surrounded by. a
scintillation countes hodoscope, covering the angular interval (25° - 165%), Fig, la shows the ex
perimental Se’t-»up; and Fig, lb a picture of a (=, 4He) elastic scattering event, The pion beam.
parameters and the method for the events selection are described in refs, (2, 3), The central beam
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Pig, la - Diagram of the experimental set-up
for (w-, He; and (v¥, 3He) scatiering measu~
rements'-?

1) bending magnet, with a helium streamer
chamber at atmospheric pressure to measure
the energy. and the energy spread of the inco-
ming 7+ beams; 2) quadrupole lenses;

3) helium filled streamer chamber (4 atm),
surrounded by the hodoscope of scintillation
counters(logic : Cy, Cp, Cgs Cys C5s Cgo . Fig, 1b - Typical (", 4He) elastic scattering
’C7,21)- event, ' :

energy values were determined with a precision of (2-3) MeV and the energy spread was of (4~8)%,
depending on the peak energy. The muon and electron beam contamination was measured with a to
tal energy loss Cerenkov counter with a precision better than 3%, Fig., 2 shows the distribution of
the parameters of the (-rr"t, 4tle) elastic scattering event of Fig, 1b, measured several times(3), The
deduced energy values of the incoming pions resulted in good agreement with the central energy. of
the beams, In the angular distributions, the events have been grouped in angular intervals, -whose
widths were chosen depending on the statistics we obtained, The cross-section measurements-were
performed for wi',, at 68, 98, 135, 145 and 156 MeV; for w~ - also at 120, 174 and 208 MeV,
Fig. 3-shows the experimental values for the \(w’-'f,». 4'He) differential cross-sections and the results
‘of 'the optical model calculations with Liaplacian-and Mach potentials 4). The results obtained using

8,453 9,=(652.5)

R,=({796 ¥13) mm

Fig. 2 - Distribution of the parameters of the _

event of Fig. 1b, measured several times, T : ) :

All the data are reconstructed in the space )

®_: angle of the elastically scattered pion;

¥t angle of the a~-recoil; Rg: range.of the

a-recoil, From these data the energy of the

incident pion turns out to be Ey =(181 t4) rJ
:./

e

MeV and during thai run the central pion-beam A I I, [ NS P AP S N
3 45 8.(deg) 63 B4 B85 66 Gideg) 77 80 R{mm}

energy was (180 T 9) MeW,
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the Mach 'potentia1(5) are in better agreement with experimental data, Fig, 4 shows the comparigon
between our data and those obtained at 68 MeV by Crowe et al, (6) and at 180 MeV by Binon et al,(7)
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Fig, 4 - a) Comparison between (v, 4te) elastic differential cross-section at . = 68 MeV
and that obtained at the same energy by Crowe et al.(6), p) Comparison between (-, %He)
elastic differential cross-section at 174'MeV and that obtained at 180 MeV by Binon et a1,{7),

the agreement is very good also for the differential cross-section at 174 MeV, where the angular
behaviour has been obtained with rather poor statistics (about 400 events(4)), Fig, 5 shows the
experimental values for the (w-l-', He) differential eross-sections and the results of the optical mo
‘del calculations, using spin and isospin-dependent poten1:ials(8). There is rather good agreement
between the experimental data and theoretical results ; in general the statistics is not sufficient tp
discriminate between the Laplacian and the Mach potentials,  An interesting feature observed in the
(wE, 4He) and (xr-l:, 3He) angular distributions is the fact that the minimum value of the cross sec-
tions occurs at about the same angles over the whole energy region (¢~ 759 ¢, m, s, ). The same
effect was observed by Binon et al, 7 in-{n", 4He) elastic scattering measurements at (110 - 280)
MeV, whereas for (=, 120) elastic scattering the angular position of the cross-~section minimum
shifts from 60° to 40° in‘the energy region (70~ 280) MeV 9 . The optical model calculations,
using Mach potential describe qualitatively well the experimental data, the differential eross-seg
tion minima are correctly predicted, but there are discrepancies in the small angle region, These
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differences between calculated and experimlen’tal results decresse with increasing pion energy, Fig.

6 shows the energy behaviour of the total cross-sections for (wf, 4He) and (ﬂt,

o

He) elastic scatte

ring, Both energy behaviours of the experimental cross-sections show a resonance at about 150 MéV,

T T T T
L +
o} T ! ¥
} wl 15‘!0 -
L E 3Ha
™ 1 /‘—.\\\\.
L. - /‘/ ﬂk\\\\
100} - 100 //“\ \\
L q "’ S
504 ~
| ¥ i
ik L L 1 | i 1
5 ;
50 100 150 200 T (MeV) 100 150 200 T, (MeV) 250

Iig. 6 -~ Energy behaviour of the total elastic crogssw
sections for (w<, 4He) and (v, 3He) elastic scatte-
ring. The values were deduced by integrating from
0% to 180° the best-fit curves fitted by Legendre
polynomials, The curves represent the optical mo
del calculations-with - Mach {(full line) and Laplacian
(dashed line) potentials,

It must be noted that this behaviour is mostly deter-
mined by the forward part (9 <75°) of the differential
cross-section, The rescnance position is reproduced
by the optical model previsions, but there are evident
quantitative discrepancies, in particular at energies
lower than 100 MeV, Landau, at the Pittsburgh Con-
ferencell0 presented an improved optical potential
for low and intermediate energies, which shows a ve=
ry good agreement with our experimental data, Fig, 7
shows the comparison between our data and those ob-
tained by Landau and Thomas(10) in the assumption
that the pion-nucleon interaction can be described by
a separable.potential,

Figures 8 and 9 show the ('n'i-, 4‘He) and
(-;ri', 'He) elastic scattering differential cross-sec-
tions as a function of the squared momentum trans-
fer 1tl. As we can see, for E_>100 MeV, the con

Fig. 7 - Comparison of (v~, %*He) differential
cross-sections with the results, obtained by
Landau and Thomas, using an improved opti-
cal modell10),
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‘tribuﬁon of the non-exponential part of the cross-section respect to the total elastic eross- sectlon, .

s negligible, and becomes more important and increases with the decreasing of the incoming pions
energy The larger values of the non-exponential part of the differential elastic cross-section ocw-
cur at larger values of the squared momentum transfer, that is, in terms of angular distribution,
in the region of backward scattered pions, Therefore, in agreement with Hlifner theoretical analy-
sist , we can conclude that at low pion energies (E «100-MeV) and at backward -angles, the in-
teraction eross-sections contain more informations on the nuclear structure,

Fig. 10 shows the large angle spectro
meter we use at the Frascati Laboratory to
measure the pion-nucleus backward scatter-
ing 12,3), With this experimental apparatus it
is possible to measure the momentum (4p/p~
~1%) of incoming and scattered pions by solid
targets or by *He, which is the filling gas of
the streamer chamber visualizing the pion
tracks 3‘). Fig. 11 shows the energy behaviour
of the differential (v, 12C) elastic scattering
cross~section we measured at 175°, The ma-
ximum value of the differential cross-section
is shifted to lower energy respect to the reso-
nance energy of the total elastic cross-sectior £
The experimental data (ours and from refs, (9),
(13)} are compared with the ogtlca] model pre~
visions using Mach potential There is quali
tatively agreement but at Jow energies the theo
retical values are higher than the experimental

102~

[L3

. 2¢ en LNF- 175°

on' LNF t75%

A CERN 140 ' Fig. 10 - Layout of the experimental appa_
an! LAMPF 120° : ratus to measure the pion angular distribu
tion at large angles, C;_g: scintillation
counters ; (1) collimator 4x10 cm? R

(2} analyzing magnet; (3) helium self-shun
ted streamer chamber ; (4) solid target
~3%x40x% 100 mm®, The trigger for hv-
~pulse generator is given by the logic :
(Cl; Cz: C3: -(54: Cs: CB)-

dafdw  frbisriem
3
.

Fig. 11 - Energy behaviour of the backward
g 'G:--,TZE!) elastic scatfering differential cross
ol .| -section, The theoretical curves have been
{ calculated using the potential of Mach 5) for
different angular values (¥ = 120°, 145°, "1759)
and for »~, Full pomts ('n 120);- present
work ; open circles: (-n., C) ~ present work,
the low energy data are preliminary; square:
“ref, (13); triangles: ref, (9).

20 TTAG B0 80 100 130 140 180" 180
Err (MaV)



ones

tering cross-section we obtained, compared with those from different experiments
(#*8He) 170" = 180°

‘g0t a* A~ LNF
= B — ENF
E-) P A .
£ 7 //' \\
= / A
3- / \

g / \ 7 e ~.JINR
2T / )
/ \ .m - CERN
L ! \ A - LNF
/ \
/ \
5t \ L
/ \
L LA \
i \
\
3 \
N .
! X 0]
.'1
_ M
~ —
T e )
) , " B e e e L [
56 100 80 200 750
E, (MeV)i.p

£l
- = AHe) 150°
w
-

VE o1 a6~ JINR
.3,_., o - LNL
4 AL~ LNF
v —

i ZTN
/ N
/ \
J/ A a e — JINR
/ L \ » -~ UNL
’ i Y
® 8
Lo, " 5 ‘ A — LNF
5 / \
/ ¥ { vl .
[o]
/ \g ‘
{ i
4 \
i ! \
o ;
L o ~ )
s AN '
- 0
- \+ (4
~? o
L -"Q\N @ — — L9
50 300 150 200
Ex (MeV)

(14)

The same considerations can be done in the case of the large angle ('rr-
tering d1fferent1al crosse-section, Fig. 12 shows ‘the value of the differential (n?,

- 10 - -

(6,7, 15}

Fig, 12 - Energy behaviour of the backward (-uf,

ing differential cross~sections..

culated using'the potential of Maech, for .
are from references : (4), (6), (7), (8), (15), (16);

work,

4’He) elastic scatter
The theoretical curves have been cal
The experimental data
triangles; present

‘He) elastic scat
He) elastic scat-
Fox
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‘He again, the maximum value of the differential elastic cross-section takes place at low energy

- {at 40-70 MeV), comparing with the maximum of the total elastic cross section (at ~ 150 MeV) (Fig,
), Fig. 18, deduced from ref, (17), shows the energy behaviour of the total and of the differential
(at ~ 160°) elastic (w",p) scattering cross-sections, As we can see, the maximum is at about 180
MeV in both cases, Fig, 14 shows the energy bahaviour of the differential (v, d) (L, 3He)‘ elastic
scattering cross~section at large angles (~160°). Here too, the shift to low energies of the reso-
nance values, respect to the resonance value of total and backward differential (r~, p) elastic cross|
sections, is more than 100 MeV,

75 . PV -
P |3
E . <
. (T3-P) atge B

=---(7% p) 160° g
3
h)
50t 5
°
\ i
B - —“\
z a 3
28} ,/ ~ ~
e ~
: ,‘I -~ - 3 z
3 e 2 ~ .
3 / 1
s — . ) O . PR X . " . L i . ; 5
50 100 150 200 250  Ex (MeVab

Fig, 13 - (=7, p) total and differential {at ~ 160°) elastic scaftering cross~secti0u“ .‘N),

, e ¢ 3Hey  180°
J. ! e N o(m*3He) 160
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Fig, 14 - (n; d) and («%, 3He) differential elastic scattering cross-sections (at about 1’600),
compared. with the (=7, p): 0% clastic scattering cross-section (dashed line), The experi-
mental (%%, d)¥60° gaty arve from ref, (18),
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Py » From this analysis gf the differential pion elastic scattering dataon-d,. 3He,- 4He3 12¢ s it

i idurnsout that, for angles lower than the first cross section minimum {~.50°-7 0°) and-fot energies
+ higher than 100 MeV, the optical model, also in the black-disk model approximation, *ig°in quite
.+igood agreement with experimental data, The energy behaviours of the differential cross-sections
... reproduce the energy behaviour of the total elastic cross -section, In the other angular region, in

" .o sparticular at large angles (# > 150°), the energy behaviour of the differential cross-sections pre-
_sents the resonance at low energy (about 100 MeV lower: respect to the-(r=,p) differential elastic

" ‘gcattering crosg section); furthermore, the optical model previsions, in particular for pion ener-
gies lower than 100 MeV, are not in good agreement with the experimental data, It seems possible
‘to conclude ithat this effect, characterizing the plon-nucleus scattering, is connected to the nuclear
structure:contributions, ' )

Of great interest are.also inelastic and absorption processes, In Fig, 15 the cross-sec=
tions for the double charge exchange of 7" on He, we measured at JINR 19) with the experimental
: apparatus of Fig, la, are presented, The comparison with theo

retical previsions(, s ats indicates that the model based on
o'~ ’ exchange current 21, gives a quite good description of the expe
rimental results, However more definite conclusions can be
- drawn when new experimental data will be available,
2 f ]
% Fig. 16 shows the apparatus we used to study the 7t in-
o° teraction on 4He at the Frascati Laboratory(24), The experi-
ment has been carried out-by using a diffusion cloud chamber,
filled with helium at 15 atm, in magnetic field, The following
reactions have been taken in consideration and analyzed:
16! - o+ 4:He > o7+ 4He . (1)
: '11'+ +n+ 3He (24%) (]')
mttp+ T (40%) (2)
-, .
10 4 9n + 2 -
W n p ‘
n +p+n+d
o 3 .
- [ -+ + 1 . Y
10° R N R N S | " P He (15%) (4)
100 300 500 700 p + 3He
p, (MeV/)
s ™ +n+3
Fig, 15 - Cross-section of p
r+ 4He — 1" +4p reaction as p+tpt+tptn (6%) . (5)

a function of the pion momen-
tum, Upper curyve ; pair corre
lation prevision J ; lower cur
ve : exchange current mode 2T) ;
open circles : present work;
cross : ref, (22); full point:
from ref, {21),

ptpt+d

In parenthesis -are reported the percentages of occurence of
each reaction normalized to the total number (793) of inelastic
events, The experimental data have been grouped in two ener-
gy bins: (110T12) and (160¥18) MeV. “The elastic cross-sec-
tions{16) are in good agreement with the results we obtained at
JINR(4). The total cross-sections, corresponding to each reactions or groups of reactions, are re
ported in Table I'2%), \

We now analyse in detail reactions (2) and (1Y), We will show that these reactions can be
considered as resulfing from a quasi-free scattering on individual bound nucleons, by assuming the
residual nucleus not to partecipate directly to the interaction with the incoming pion, This point of
view is supported by the experimental angular distributions of the nuclei. Moreover, the Fig, 117
dhows the differential cross-sections of reaction (2) at 110 and 160 MeV; vs, the laboratory angle
of the scattered pion, together with the cross-sections of the nt scattering from free protons ac-

s
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Fig, 16 - Layout of the experimental apparatus to study the (1r+, 4He).in’ce*raction: 1) v sourc a3

2} quadrupole lens; 3) collimator (15x2) em®; 4);cameras ; 5) flash unit; 6) refrigerator; 7) ana
lyzing magnet and diffusion cloud~chamber, '

_TABLE I _

| 110 MeV 160 MeV
. - : : Ny Py
1] wt+%He - o 40+ %He | o, = (38.8 ¥ 3.0)'mb 65 = (52.7% 5 0) b
2| at+%e v aTEp it o =(84.6% 7.8) mb e = (102.3 T 7, 6) mb
+ o by, L T + 9 )
31 it He —m +2p+n 0= (39.0%4,9) mb 0p = (32,8 % 4,3) mb
ntptn+d
: 4 4 o 3 ‘
4 w + He — 7 +p+ "He UT=(22,3-.I:3'.7)mb 0T=(48,61’5,3)mb
p+-3He ’
5» 1r++4He — 'rr0+3p +n
3p+n Op = (13.1%3,0) mb Op = (15,1 %3,1) mb
»p+p+d v
& 0
®, = 10

cording to the data reported by Giacomelli et al, 517). From a comparison among the angular distri,
buticus plotted in Fig, 17, a fundamental similarity turns out to exist between the behaviour of
7w+ *He —» v 4+ p +1t reaction and that of pion scattering from free proton,

Fig, 18 shows the behaviour of the cross-secticn for reaction (2), vs, the laboratory scat
tering angles between the incident " and the proton and between the incident 7" and the tritium,
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for the two pion energies considered in this work. The. analysis of the figures confirms our pre-
vmus considerations upon the behaviour of the nuclel produced in reactions (1') and (2), More pre .

cisely, if such nuclei were involved as a whole in the interaction, some asimmetries should show
up in the angular distributions of proton and trltlum, corresponding to well defined kinematical
correlations, On the contrary, the forward-backward asymmetry in the tritium distribution turns .
out to he fully consistent, within the experimental errors, with a guasi-spectator role played by
this nucleus, .

Fig, 19 shows the angular correlation between the proton and the scattered pion, both in
reaction (2) and in seattering from free proton at the energies considered in this work, Here again
the analogy ig strictly in favour of a mechanism of direct interaction on a proton,

Fig, 20'shows for E, =110 and 160 MeV, the differential cross-sections of processes (1)
and (2) vs, the laboratory cmgle of the scattered pion, together with the differences, at about the
sare energles of incoming pions, between the differential elastic cross-sections of the (wt, He)
and the (nT » 3He) elastic scattering reactions of Figs., 3 and 5 respectively, From these differen

ces one can infer the behaviour of the differential cross-section of n¥ scattering on bound neutron,,
Within the limits of the experimental errors, a good agreement is evident between the cross-sec-.
tion of process (1') and the differential elastic cross-sections, The differences between cross-sec!
tions of processes. (1) and (2), which can in some way be ascribed to the different w-N isotopic
spin states involved, give a further evidence for a direct interaction mechanism,

Figures 21a ard 21b show the co:mparison"za) between our measurements at 160 MeV of
the differential cross-section of the reactions wh + 4He —» ot + p+tand o+ ‘He > " + 1+ 3He
and the differential cross-sections of the same reactions, induced by n" at 153 M2V, obtained by
Budagcw et al, (15). The value of the differential’'cross-section of the reaction i on bound proton |

esults higher than the differential cross-éection of the reaction =~ on bound proton ; in particular!
the ratio between the cross-sections,’ 1nte§r?ted in the (20°-180°) interval, results (8.4 ¥ 1, 7).
This value is very close to that, obtamed for free proton, of (9.8 £ 0,2). As a conclusioh, we|
feel quite safe to state that the features of reaction (2), together with his relatively high probabili
ty of occurance, supports esseniially a pion single nucleon interaction,

On the contrary,. the ratio between 1n’cegrat|=d cross- sectlon of the reactions, induced by
+¥ on bound neutron, does not agree with the value obtained for the bound proton (¢ (v~,n) /a(w n)ia-
=1,3%0,2). tis interesting to note that the behaviour of'the differential cross—sectlons (wt, p)b,
and (1r s n) , we obtained at 160 MeV for 4He, are very similar fo those, deduced for the deute~
rium hy Noxem 28) 4t 182 MeV, (Fig. 22},

We think to have shown that the low energy pion-nuclear physics-is interesting and pre-
sents a lot of new important questions,

o

The authors would like to thank the Directorates of the Italian National Institute of Nu-
clear Physics, ofthe Accademia Nazionale dei Lincei and of the Joint Institute for Nuclear Rese
arch ot Dubna, for their continuous encouragement and support during the experiments,
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