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ABSTRACT

The total cross section of the I(J'U+, 4He) absorption reaction has been deduced at 120, 145
and 165 MeV. The values are close to those of the w¥d —» pp reaction cross section and the
absorption by a quasi-deuteron is the main mechanism in the non-radiative capture of &% on
4fe, The st abgorption with emission of p-3He pairs is negligible, The differences between
the (at, 4He) and the (-, *He) absorption channel are discussed in view of the a-clustering
efifects present in the s~ absorption in light nuclei,

1; - INTRODUCTION,

Up to now the discussion of primary absorption processes of pions on nuclei appears to be
rather controversial., While there exists a general consensus on the existence of the quagi-deuter
on process (that is the absorption of pions on n-p pairs), the existence of the quasi-alpha process
(that is the absorption of pions a-clusters in nuclei) is controversial, In the case of &~ absorp-
tion the measurements of neutron-triton and neutron-deuteron coincidences on carbon showing
pronounced large angle correlations(l) emphasized the importance of #~ absorption on a-like
substructures(z). The measurement of neutron specira, following the g~ absorption in nuclei,
could indicate absorption processes on clusters heavier than «deuteron(s). In the case of the spec
tra of the charged particles, emitted following the absorption of stopped negative pions in carbon
(4)

target, the experimental results give a strong support for the qualitative picture of m~ absorp

tion as a primary absorption on quasiparticles with subsequent equilibration by scattering of the



primary nucleons on particles and holes, In particular, absorption of &~ on. a-substructures and
scattering of primary nucleons on quasi-g-particles in the nucleus it&elf seem to play a notice~ |
able réle. In the measurements of the A-behaviour of #" and ﬁ;‘ abskorptic')n crogs seéction at
125 MeV, Névon et al.(5) found that the cross sections vary approximately as AO'T, but the g"
values are sistematically lower than those measured for the n~ absorption. On the other hand,
the study of the wt absorption in light nuclei(6) shows a clearly vigible effect of two-nucleon cap
ture, but the: effects due to capture on larger clusters are not evident.

These experimental results suggest the hypothesis,that in the nuclei the 't absorption in
quasi-a-particles is a channel not so evident as in the case of the £~ abgorption, However, the
study of the #* and s~ absorption mechanisms on a free g-particle is a prerequisite to any un-
derstanding of the clustering effects in the nuclei. In this paper the comparison between the re-

7)

sults obtained in the study of the negative pion capture( on 4He, with those we obtained for

the positive pion absorption on AHe at (120%15), (145110) and (1657 10) MeV, is performed,

2. - EXPERIMENTAL RESULTS AND DISCUSSION,

We studied the interaction of & on #He with a diffusion cloud chamber in a magnétic fie].q,
exposed to the pion beam of Fragcati National Laboratories. The experimental setq;{p,, the exper__:l;
mental procedure, the globality of the results we obtained are described in ref, (8), In the present
paper the results of the analysis of the absorption events are presented in detail, with all the an~
gular correlations we deduced.

Ag it is khown, the capture of positive pions in 4He can lead to three non-radiative final

channels : ;
at + Yle —» n+(n3He) —— D+ 3tie , (1)

at(an) + pp = np+ pp(3p+n) ,’ (2):

at(np) + 2H —s 2p + 2H . (3)

The events (1) in the photographs appear similar to those of the single charge exchange
at e —» p + 3He +a°, with the proton and 3He tracks always well distinguishible by ioniza
tion, On the other hand the deuteron tracks cannot be distinguished from the proton tracks in the

4

case of the reactions (3); the events (3) cannot be distinguished from the at + *He -» 3p+n

events and these last cannot be distinguished from the o + iHe - 3p + n +@° (or 2p+ 2H+ 7O)
events, However, taking into account the small binding energy of the deuteron, it is pogsible to
assume that the probability of deuteron emission is very small, This assumption is also sup- ‘
ported by the experimental data of refs. (9), The 3pn (or 2pd) events appear as stars ofr three
particles, the relatively high energy of the charged particles indicates that the number of reac-
tions 3pna® (or 2pdn®) is negligible with respect to the number of 3pn events. Fig, 1 shows |

the distribution of the 3pn (or 2pd) events as a function of the opening angle between the tracks

of the two fastest particles, at E, = 145 MeV. A strong correlation between the two protons
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between the two fastest protons,

from the @7 (np) —» 2p (quasi-deuteron absorption) is clearly active at large angles, in agree-
ment with the fact that the (np) pairs are twice ag abundant ag (nn) pairs and a nt yields two
protons at.large angle when it absorbs on a (np) pair and only one proton from a (nn) pairs.
The hystogram contains all the events of the (2) and (3) reactions and the sum of the cross sec
tions of the reactions resulted (117T4), (1274) and (111 4) mb at 120, 145 and 165 MeV respec
tively.

Tentatively we measured the angular distributions of the third slower charged particle
(spectator) of the 3pn (or 2pd) events., Fig, 2 shows the angular distribution of the spectator
particles, at Eg= 145 MeV, compared with the phase-space distribution calculated by the
FOWL program(lo), with the hypothesis that the spectator is a deuteron or a proton from a
(np) pair and that the angle between the two tracks of the two fastest particles is larger than

90 degrees. As one can see it is impossible to determine what kind of particle is the spectator,
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FIG, 2 - 4‘He(n+, 3pn) differential cross section versus the specta-

‘t_c'x?ﬁﬁ‘ticle angle, compared with the phase-space distributions ob-
tained with the hypothesis that two protons are emitted with an an-
gle between them larger than 900 and the spectator particle is a

d:sp (full line) or a proton (dashed line),



There is a group of events which on principle could be confused with the (3pn) events, the
multiple scattering events &t +4He — wt+2p+2n, As shown in the photographs of ref, (11), it is
very difficult to confuse the (3pn) events with the (m"2p2n) events because. of the large differ-
ence between the pion and the proton tracks in diffusion cloud chamber. After several scannings,
Igerformed by different people, it has been possible to state that the upper limit of the number of
(n+2p2n) events, which can be considered doubtful (3pn) events, not exceeds the 10% of the to-
tal, This means that, to the cross section values of the (3pn) reaction, sum of the cross sections
of the reactions (2) and (3), it can be added (S.Stg 8)’ (2:.8-52 8) and (2.6-'_—3 6) mb at 120, 145
and 165 MeV, respectively(g). . . ‘

In order to separate the events (1) from the single charge exchange reaction events ngeﬂ:cj’,
we tested the coplanarity of the p and 3He tracks and deduced all the kinematic parameters in the
phase gpace f{or the two- and three-body reactions, Fig. 3 shows the experimental digtribution at
Egn = 145 MeV of all the events with a proton and a 3He emitted in the final state, as a function of
the opening angle between the two tracks, The data are compared with the phase-space distribu-

tion calculated with the FOWL program for the events of the reaction (1),
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FIG. 3 - Distribution of the events with a p-SHe pair in the fin&l state

versus the opening an%le, compared with the phage-space distribution

calculated for the (p, °He) absgorption events,
The experimental errors in the angle reconstruction and the energy distribution of the o beam
have been taken into account, This comparison shows that only 3% of all the (pSHe) pairs we
measured can be considered as produced by the absorption reaction {1), Moreover, the copla-
narity test which also takes into account the experimental uncertainties gave a limit of 10% for

the number of events with p and SHe coplanar with the incoming pion. As a consequence the



cross section of the (1) channel could be only of few mb in our energy int~erva1(8), that is with an

- + i
o o) (2870 0, @t Y ) mb at 120, 145 and 165 MeV, respectively.

Contemporary to the absorption events, we obtained and measured also the &+ + e <% 7+ + 0+ SHe

upper limit of about (2.3-_l

reaction events, These two prongs events, with 3He and #' in the final state could {on prineiple)
be confused with thie (1) absorption events, Névertheless the Fig. 4 in which the distribution at
Ep= 145 MeV of the (tn3He) events as a function of the angle between the " and 3He tracks
is presented, shows that there is not evidence of events with ' and SHe emitted at large angle

Letween them, Thesé results are in agreement with the data of ref, (8) on the at absgorption in
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FIG. 4 - Distribution of the ( Jt+n3He) events versus the opening angle

between. * and 3He.

light nuclei and with those obtained by KHllne et al.(lz) in 4He, which show the very low proba-
bility of emission of p 3He pairs, It is interesting to note that, in the case of the symmetric
reaction m” + 4He — n+3H, the cross section is higher(m) than that of the reaction (1) and

that the emission of n - 3H pairs hag been detected also in the absorption &~ in the nuclei(l).

At this point, it is possible to conclude that the pion absorption in a-clusters in the nuclei seems
to reflect qualitatively the differences between the #~ and st absorption in “He.

Congequently, it is possible to conclude from the present experiment, that in the case of
positive pions capture in 4He the more important mechanism (in agreement with ref, (14) re-
gults to be the @' abgorption on nucleon pairs (in particular in quasi-deuteron). Fig, 5 shows
that the values of the sums of the cross sections of the reactions (2) and (3) are a little higher
than the values of the &' absorption cross section in free deuter‘ons(15), but these values are
lower than the a capture cross section by nuclear quasi-deuterons in lithium nuclei(w). It is
interesting to note that in the case of quasi-deuteron absorption of photons on 4He, the )'+4He -
= (0p) +2H reaction cross section values are close!!7) to the free deuteron photodisintegration

cross section for E.),':# 40 MeV.,
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FIG, 5 - 4He(d’ﬂ'k, 3pn) cross section versus pion energy compared with
the 21(w*2p) cross section values (full points).

Nevertheless, it must be noted also that the total absorption cross gsection values we de-

duced are lower {about for a factor 0.5) than the values deduced by KHllne et al.(lz)

-measuring
the spectrum of the protons emitted in the at interactions on 4te.

In the case of negative pions capture in 4He there are three non-radiative channels:

o+ 4He —» a7 (pPH) s n+OH, (4)
s~ (pp) +nn -+ np+nn(3n+p), (5)
n'(np)+2H —p 2n+ 2y . (6)

With visualizing detectors it is not possible, because of the complexity and the uncertainties of ‘
the identification of the one prong events, to do a good estimation of the reaction cross sections(ﬁs)
with or without emission of #°. The three channels (4), (5) and (6) have been:identified in measu
rements of energy spectra of the emitted particles and studying the correlations of the (np), (nd)
and (nt) pairs(7). Neverthelessg, the relative branching ratios are not well known, but by charge
symmetry the cross sections for the reactions (5) and (8) must be equal to those of the reactions
(2) and (3).

It is interesting, at 'this point, to compare the results we obtained for the 4He with the sys
tematic results deduced by Ashery et al.(s' 19) for the 7 A< 209 nuclei. Fig, 6 shows that both
at 125 and 165 MeV all the cross sectiofis of the different at interaction channels on nuclei are
growing with A, monotonically from the hydrogen up to the bismuth ("wAz/3 behaviour), The
(n, p) and (m~, p) data and the & +p s @O +n values are from ref, (20); the dédta on 2H1 have
been deduced from ref, (15); the data on 411e from ref.(8). In the case of the single charge ex-

change cross section the valuéds are nearly constant in the 1 £ A €12 interval and they are grow
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FIG. 6 - Behaviour as a function of A of:

56 83 209
A

A

the total cross section (open circles) ; the

gum of the absorption and inelastic cross sections (open triangles) ; the elastic cross
section (full points) ; the single charge exchange cross section (full squares) for Eg -
= 125 and 165 MeV, For A =1, from ref.(20); for A = 2, from ref.(15); for A >1,

from ref, (5, 19);

It is important to note(]'g)

ing for A =12,
that for the light and medium nuclei the
sum of the absorption cross section and
of the charge exchange cross section is
systematically higher for the &~ than for
the nt; the &t charge exchange cross sec
tion are systematically higher than the m~
charge exchange cross sections ; conse-
guently the absorption cross section va-
lues are systematically higher for the @~
than for the ", In Fig, 7 the behaviours
at En = 165 MeV of the sum of the cross
sections for absorption and for charge ex
change and of the cross section for the sin
gle charge exchange as a function of A (both
for n7 and ®7) are shown. For A 27 the
data are from ref. (19), for A =2 from ref.
(15), for A=1 from ref, (20).. In the case of

the 4He, our data are compared with those

; for A =4, from ref, (8) at 120 and 165 MeV.
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FIG. 7 - Behaviours as a functionof A, at E =

= 165 MeV, of the sum of the cross sections for
absorption and charge exchange (" open circles;
7t~ full points) and of the cross section for the
single charge exchange (%% open squares; @™~
full squares). For A =1, from ref, (20);for A=2,
from ref, (15); for A =%, from ref, (5,19); for

A =4 and 11;+1, from ref, (8); for A=4 and &,
from ref.(18) at 153 MeV,



obtained at 153 MeV with s~ by Budagov et 21.(18) As one can seé, the @~ ~# ¢ charge exchap
ge cross section value (deduced "indicatively" in ref, (18)) is lower than the @¥ ~» 70 value, but
the sum of the cross sections for absorption and for the charge exchange reactions is a little high
er for the @~ than for the @™,

In Fig, 8 the &t absorption cross section values we obtainéd at 120 and 165 MeV (taking in

to account also the uncertainties in the separation of the absorption eventg from the gsingle charge
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TIG, 8 - Absorption cross section of a1t versus A at 125 and 165 MeV, For A =2, from

ref. (15); for A =27, from ref, (5,19); for A =4, from ref, (12) (diamond) and present data

at 120 and 165 MeV, ‘
exchange events) are compared with the behaviour of the a’ abgorption cross section values ag
a function of A obtained by Ashery et a1,(19), at 125 and 165 MeV, As one can see the values for
the 41le are very lower than the trend shown by the A2 7 nuclei, also if to the 4tie abgorption
cross section values are added the values of the cross section of the quasi-absorption channel
at +4e - at 14t 0‘6++n+3He, that is about 9 and 22 mb at 120 and 185 MeV respectively(g).

(21)

Similar result has been obtained by Schiffer et al. measuring the angular and energy distribu-

tion of the protons emitted in the at absorption on light nuclei,

3. - CONCL.USION,

These experimental data could be explained by the importance of the at absorption on
quasi-deuterons(zz) reldative to other absorption processes, which become dominant as the num |
ber of nucleons exceeds four. In the case of 7~ absorption on 4He also the n-3H abgorption

channel is important, so that the true absorption cross section is higher than in the case of ot ‘



absorption, For this reagon the absorption of w~ on a-clusters in nuclei(l’ 2,4) is more evident
than in the case(m of the positive pions.

Recently Germond et‘al.(23) showed the importante role of the Coulomb barrier in the s+
and 7" absorption at low energies in heavy nuclei. The &~ can probe deeper into the nucleus,
but the repulsive Coulomb potential keeps the &7 on the edge of the nucleus and it seems likely
that a notable fraction of the two-nucleon mode will contribute to the true absorption, It seems

realistic that similar mechanism could be extended also to the case of the light nuclei.
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