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The scattering of pions by deuterons has been studied under the Impulse Approximation
for incident pions with a kineti¢ energy of 225 MeV. The differential cross-sections for the
elagtic and elastic plus inelastic processes have been obtained by the usual scattering theory
and also by means of the Chew-Low amplitude for the pion-nucleon scattering. Numerical
calculations were carried out and comparison has been made with the experimental results.
The validity of the Impulse Approximation is discussed for this range of energy.

O espalhamento de pions por deuterons é estudado usando a aproximagdo de impulso para
pions incidentes com uma energia cinética de 225 MeV. As secOes de choque diferenciais
para os processos elasticos e elasticos mais inelasticos foram obtidas pela teoria de espalha-
mento usual e também por meio da amplitude de Chew-Low para o espalhamento pion-
nucleon. Célculos numéricos foram efetuados e é feita comparacdo com os resultados expe-
rimentais. A validade da aproximagdo deimpulso ¢ discutida na regido da ressonancia(3,3)
de pion-nucleon.

1. Introduction

In this paper, we study the scattering o pions by deuterons using the
so-called Impulse Approximation for incident pions with a kinetic energy
o 225 MeV. The Impulse Approximation (1A), originally formulated by
Chew and Wick!, is essentially based on the assumptions that the incident
particle does not interact strongly with two components d the target-
system at the same time and that during the time o interaction, supposed
very short, the binding forces of the target-system are negligible. However,
when one considers incident pions with an energy close to the energy of
the pion nucleon resonance (nearly 200 MeV), the pion and one of the
nucleons can form a quasi-bound state and therefore the time of interac-
tion will be longer. This has been used as an argument contrary to the
validity of the IA for this range of energy?.

In order to define the rangein which the IA is a reliable one, many expe-
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riments at different pion energies have been made and the results so obtai-
ned have been compared with the corresponding theoretical values. In a
general way, the predictions of the IA for the differential scattering cross-
sections are in agreement with the experimental results at 85 MeV (Refs.
3, 4) and 300 MeV (Refs. 2, 5, 6), but there is a disagreement at 140 MeV
(Refs. 7, 8), mainly for large scattering angles. On the other hand, the nu-
merical results of the IA differ among themselves for pion energies near
200 MeV (Refs. 7, 9, 10), depending on the particular procedure adopted
for the calculations.

We shall obtain the differentia cross-sections for the elastic and elastic

plus inelastic scatterings and compare them with the experimental re-
aults™™. We will not consider charge exchange processes.

2. Scattering CrossSections

We now apply the "pure” IA to calculate the differential cross-sections
for n~ — D scattering, neglecting multiple scatterings. The matrix elements
of the total reaction operator T are written as

T =W, , (t, +1t) ¥) M
where the operators t, and t, describe single scatterings d a negative
pion by a proton and by a neutron, respectively. We have initially an

incoming pion which can be represented by a plane wave exp(ig, . 1) and
a deuteron described by a Hulthem wave function

Japla+ BPre -
¢D(r) "‘ [27'C(ﬂ _a)z] r s (2)

where r is the internucleonic distance, a = 457 MeV, and § = 7«. In the
final state ¥, we can have a free pion and a deuteron, or a free pion plus
two free nucleons, according to the process being studied.

For the differential cross-section, in the laboratory system, for the elastic
scattering we find the expression

E y 12
do 4”[ E W p(O)UU [1Q/2)* g*dq 5(Uf'*U0')]‘
,

40 " 9*| MWEE
, ‘ 3¢ 2
{215 + cos 0" (Ans3 + 2053 + 2134 + 1yy) + AosinZ(@)2) +
sin? 0" {2053 + M43 2131 - N1, |2} > 3)
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where E, and E are theinitial and fina valuesd the pion energy, W is the
nucleon energy, U, and U . are theinitial and fina energies of the pion-
deuteron system, # is the scattering angle, all o them in the laboratory
system, and v is the pion-nucleon relative velocity, E, k, 8" are the energy,
momentum, and scattering angle o the pion in the pion-nucleon center
of masssystem, M is the nucleon rest mass, and e is the fine structure cons-
tant. p(0) is defined as the ratio of

4
J'=-(2—n)—j q*dq (U, ~U,)

v g
to

4
J= (ZUL)j a2 dq (U, — Uy),
Uf'

which are the phase-space factors for the pion-deuteron and the pion
nucleon scatterings. The function p(f) = J'/J is plotted against the scatte-
ring angle in Figure (2).
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Fig. 1 - The phase-space ratio p(6) — J'/J Fig. 2 - The atomic form factor I{Q) at
vs. scattering angle in the lab. system. 225 MeV vs scattering angle in the lab.
system.

The quantity I(Q), where Q = q, —q is the momentum transfer, is given by

Q) = 221(;;“%(72@{ arctg (2%> - 2arctg (a—%—ﬂ) + arctg (—%)} 4

I(Q) is the atomic form factor which is traced at 225 MeV in Figure (2).
L = exp(idy) SN d1, are the usua phase-shift functions, where T is the
isotopic spin of a pion nucleon sysem and L is the orbital angular mo-
mentum of the pion. For >waves, the second subscript is omitted accor-
ding to the notation introduced by Fermi.
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For the differential cross sections for the elastic plus inelastic scatterings
we obtain, in terms o pion-proton and pion-neutron cross sections?,

da*+' _ do” 4 do” da® da"—l”z’ 5)

o T @ - 2I(Q)['E o)

where!?

do?"
o = Tyl + 10,0

S , .
S = 1o [ﬂs + 21, + cos 0’2033 + 4my3 + 131 + 2011) + o sinZ(B’/2)] 5

s o
fo =7 [ns +cos 0 233 + 131)],
S . .
9, =msm0 (133 + 2113131 -2714),

S . ., '
gn = Z;Slne (33 —131),
S| EW? Vv
e MWEE, k?

A paraéll calculation of these cross-sections has been made using the
Static Model, according to which the pion-nucleon interaction occurs
through the coupling o the pion field to an infinitely heavy nucleon. The
pion nucleon scattering amplitude is the Chew-Low amplitude!?

z P2 Dk, ©)

2,1 ="
w]

where
id: o ’
h= S0 M and RC1) = 52,0 50.1)

£i(2,1) and #; (2, 1) are the operators o isotopic spin and angular meo-
mentum, collectively denoted by the index j, and w_and k are the pion
energy and mementum, taken in convenient units, in the pion-nucleon

center of mass system. The expressions for the cross-sections and the
details of the calculation can be found in the paper by A. Ramakrishnan

et al.l°.
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Fg. 3- Theelastic differential cross-section, Eq. (3). The solid line is obtained with §; = .2583,
6, =.2705, §,, =,1029, 6,; =00, §,, =-,0366, and 533 =1.960. For the dashed line,
8, =00, é; =00, 4,; =,13089, §,; = —.4799, 55, = ~.08726, and &;; = 1.96349

3. Results and Conclusons

The differential cross-sections given by Equations (3) and (5), and the
corresponding ones obtained by means o the Chew-Low amplitude (6)
have been calculated at 225 MeV and compared with the experimental
data obtained by one of us!'!, who studied the n~-deuteron interaction
using a bubble chamber. The final sample d this experiment, used to
calculate the cross-sections, consisted of 5387 elastic and inelastic events.
The phase-shifts used in the calculationsarethosegiven by J. Deahl et al'®.
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Fig. 4 - The eladtic differential cross-section as predicted by the Static Model, The curve is
obtained considering only the dominant phase-shift, 653 = 1.96349.

As can be seen from the figures, the fit is in general good, but there is a
considerable deviation for large scattering angles, mainly in the elastic
scattering. This suggests that possibly the greater deficiency in our calcula-
tions is the non-inclusion o the contributions from the double-scattering
terms to the elastic cross section. As we know, the individual scattering
amplitudes assume great values near a resonance and therefore the double
scattering terms should contribute significantly to the cross-section. These
terms interfere with those of simple scattering, and have their greater effect
for large scattering angles. This is because the double-scattering form
factor has a maximum value for backward scattering, decreasing to a
very small value for forward scattering’. With regard to the double scatte-
ring contributions, the reader is referred to a recent calculation by J. M.
Wallace'#, which also incorporates the nuclear Fermi motion.
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Fig. 5 - The differential cross-section for the sam elastic plus inelastic. The solid and dashed
lines are obtained using the phase-shifts given in the caption for Fig. 3.

Figures (5) and (6) represent the differential cross section for the sum
eastic plus inglastic, according to the static model and the usual scatte-
ring theory, for two sets of phase shifts. They show a good fit between
the predictions o the IA and the experimental results. They also show
that this agreement does not depend critically on the adopted formalism,
but it depends on our knowledge about some quantities such as the phase-
shifts and the deuteron wave function. Our results indicate that a possible
temporary pion-nucleon binding to produce a N* and other suggestions
currently given for the non validity o the IA at this energy are not really
significant. In conclusion, our view is that the Impulse Approximation
is realiable to describe the pion-deuteron scattering in the neighbourhood
o the (3,3) resonance and that the inclusions o the Fermi motion o the
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Fig. 6 - The differential cross-section for the sum elastic plus inelastic, as predicted by the
Static Model. Thecurveis obtained by considering only thedominant phase-shif,s;; = 1.96349.

nucleons and of the multiple scattering terms can improve the fitting,
but are not essential to assert the validity of the approximation.
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