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The srd elastic scattering observables are calculated in the energy range 25 to 180 MeV on the basis of the
Faddeev-Lovelace equations where relativistic kinematics are' used only for the pion. In the (3,3) resonance
region, the importance of all 8, P mX channels (included in an exact way) and the sensitivity to the
description of the deuteron wave function are demonstrated. The vector and tensor polarizations are predicted
at 142 and 180 MeV.

~NUCLEAB BEACTION8 md elastic scattering, 7'~=25-180 MeV, do/dQ, total
cross section, vector and tensor polarizations, Faddeev calculation.

I. INTRODUCTION

The pion-deuteron (rd) scattering problem
seems to be of fundamental importance to nuclear
physics, and it has gained an ever increasing
amount of interest. On the one hand it contains
most of the phenomena which are found in pion-
nucleus (vA. ) scattering, while on the other hand it
is closely related to the elementary processes of
pion-nucleon (vN) and nucleon-nucleon (NAt} scat-
tering.

The rising interest in this problem resulted in

a considerable progress in the experimental and
the theoretical fronts as well. On the experiment-
al side we are now able to get good quality elastic
scattering data at various pion laboratory kinetic
energies (T~), while the first experiment on deu-
teron polarization is due in the near future. On
the theoretical side, the progress is impressing
just as well. Tge fact that the quantum mechan-
ical three-body problem can be solved exactly is
of extreme importance when applied to the a'd

system, since it provides the most reliable test
for any approximation which is to be used in n'A

scattering problems. These include the single
scattering approximation (SSA), the form factor
approximation (FFA) (which are much in use at
low energy due to the small wN cross section),
as well as nA optical model and other approxima-
tions.

The solution of the three-body problem came with
the use of Faddeev equations, but it took some
time before reliable numerical results came out,
in particular through the use of separable interac-
tions. A rather extensive application of this
formalism to the md system has been carried out
by Afnan and Thomas, ' and Thomas. ' lt is now
clear that while fully relativistic theories of md

reactions are in their first phase, "the nonrela-
tivistic theory is well under control, and the
amount of success is strongly related to the ques-
tion of whether one has a reliable numerical code.

Yet, a careful examination of theoretical cal-
culations of nd induced reactions provides a strong
motivation for further investigations. To begin
with, we feel that in view of the extreme complex
nature of the calculations, there must be an inde-
pendent check of Thomas results. But there are
other points that should be examined carefully,
namely the following:

(i) Mostof the calculationsperformed sofar as-
sume that the mN interaction at medium energies
(120& T„&250 MeV) is dominated by the b, (1236)res-
onance. (We shall term this assumption as the P33
scheme. ) The obvious question is whether the inclu-
sion of other mNpartial waves, inparticular aQ S and

Ppartial waves is important, and to what extent. (The
solution of the mdyroblem in which aQ S and I' mN par-
tial waves are retained in an exact manner is here-
after referred to as the SP scheme ).

(ii) In practically all previous calculations the

coupling of two nd channels with l, l' =J+1 orbital
angular momenta has been neglected. (This cou-
pling will be referred to as l, V coupling. } Again,
the question arises whether this neglect is justi-
fied.

(iii) The sensitivity of the results to the two
nucleon (NN} interaction parameters has not been
completely studied. In particular one would like
to check the results for various values of the D-
state probability in the deuteron wave function
(P~}, in the bP scheme. Another interesting
question is how the results are affected by using
different parametrizations of the NN separable
interactions such as Yamaguchi and Pieper-Reid.
Besides, one must check whether 1VcV rescatter-
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ing effects in nondeuteron states (such as P or
'S ) are important.

(iv) What are the predictions of the theoretical
calculations for deuteron polarization observables'?

These questions. and many others provided the
motivation for the present work. Partial answers
to these questions have been given recently by
ourselves. ' ~ In short, we have found that both
the SP scheme and the l, I' coupling are of great
importance in both cross section and polarization
calculations, even at T, =242 MeV, which seems
to be well covered by the P» resonance.

In this paper we elaborate on the questions
raised above, and provide reliable numerical re-
sults for various quantities at various energies.
So far, the present calculations seem to be the
most complete ones in the sense that points (i }-
(iii) above are taken into account in an exact way,
in combination with the use of relativistic kine-
matics for the pion.

The paper is organized as follows: In Sec. II
the calculation scheme is described. It starts
with the discussion of the three-body equations
with relativistic pion kinematics (RPK). The re-
lation between partial wave on-shell md ampli-
tudes X~, i (E}and scattering observables is brief-
ly studied, and then we move on to list the rh' and
~lV two-body forces that will be used subsequently.
Section III consists of our results, and is there-
fore the heart of the whole paper. The low energy
domain, defined by 25& T„&60 MeV, is covered
in Sec. IIIA, while the vicinity of the (3, 3) reso-
nance is discussed in Sec. IIIB. Our results for
total cross sections (elastic, inelastic, and total)
are presented in Sec. IIIC while Sec. IIID is de-
voted to polarization observables.

Few words about the presentation of the results
in Sec. III are in order. The extreme complexity
of the calculations combined with our limited
knowledge of the reaction mechanism leave little
room for careful interpretation of any single re-
sult. Thus, we feel that any attempt to draw defi-
nite conclusions is too ambitious, and therefore,
the presentation of the results in Sec. III is done
with the stress put on information rather than on
interpretation.

Finally, we conclude the paper in Sec. IV in.
which some comparison with the fully relativistic
(FR) results of Rinat and Thomas' is done. We
also mention two directions for further investiga-
tions. In the low energy domain, the coupling to
the absorption channel must be considered, "
whereas at higher energies, inelastic effects in
the nN system might be important especially in
the explanation of the dip in the cross section. at
8, around '150'.

II. THREE-BODY EQUATIONS AND TWO-BODY INPUT

This section describes the semirelativistic
three-body equations and the separable NN and
aÃ interactions used in the calculations.

A. Three-body equations

In the semirelativistic (SR) equations the nu-
cleons are considered as nonrelativistic particles
and relativistic kinematics are used only for the
pion. This approximation is fully justified in the
low energy range, and seems also reasonable in
the resonance region (at T„=142MeV, we have
v„/c-0.1).

The SR equations can be derived in two ways.
The first method proposed by Thomas' is based
on the nonrelativistic Faddeev-I ovelace equa-
tions, modified by using relativistic pion kinetic
energy (the corresponding equations are denoted
hereafter RPK). In the second approach, we ap-
proximate the FR equations at first order in
terms of the nucleon kinetic energy, and we thus
get RPK2 equations which are very close to the
HPK equations. This approach is more satisfac-
tory, but more tedious than the first one, and will
not be described here. In Ref. 5, the complete
derivation of the RPK2 equations is given, and it
is also shown that the RPK equations can be de-
duced from RPK2 with only-a few' additional ap-
proximations. In what follows, we recall the
main features in deriving the RPK equations, and
we indicate what change occurs in RPIa.

Let us consider the md system as a three-body
system with two identical nucleons and the pion
as third particle. The particles are interacting

fppLE I. Summary of the parametrizations used for the S&- D& && channels and for the
S, P x& channels.

Title
&-& tensor forces

Refer ence Notation
&-& forces

Partial waves Reference Notation

Yamaguchi

Pieper rank 1
Pieper rank 2

o%

6.49%
6.45%

12

YO
Y4
Y7
P1
P2

a11 S and P

P33 alone
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pairwise through separable forces. The corre-
sponding nonrelativistic Faddeev- Lovelace equa-
tions with inclusion of antisymmetrization coming
from the identical nucleons have been given in ex-
plicit form by Afnan and Thomas. ' Similar equa-
tions have been used by two of us in three-body
calculations of do. elastic scattering. ' In operator
form, the equations read

X„„=Q Z„~R„X„,.

X~m=Z~~+Q Z08RSXs +QZnnR»X»m ~

8 8

The n, m (n, P) labels refer to NN (Aw) pairs. The
Born terms Z„„(Z„S)correspond to the exchange
of a pion (nucleon), and R„(R„)are the propaga-
tors of the NN (Nw) pairs in the three-body Hilbert
space. The physical elastic scattering amplitudes
for m+4- n+d will be given by 2X«evaluated on

the energy shell.
The equations (1) are then written in three-body

Hilbert space, and, after angular momentum re-
duction, they are reduced to a set of coupled one-
dimensional integral equations. The explicit form
of these equations and of the partial wave Born
amplitudes are given in Eqs. (B4}-(B5)of. Ref. 1
or in Eqs. (16)-(17)of Ref. 10.

In the RPK approach proposed by Thomas, ' one
considers relativistic kinematics only for the pion,
i.e., the nonrelativistic kinetic energy q, /2m, is
replaced by the invariant t, = (q, '+ m„')'~'—m, .
Therefore, using our notations of Ref. 10, one
must insert the following modifications:

(i} The NN propagator in presence of the pion is,
in the classical kinematics, R„(E—q„'/2l»„„„),
where E is the three-body c.m. energy and p., » '
=m» '+(2m„) '. In BPK, it becomes R„(E—t»
—q, '/4m„).

(ii} The resolvent of the free Hamiltonian ap-
pearing in the partial wave Born amplitudes for
exchange of particle 4 reads, in the classical
kinematics, (E —qp /2m, —q, '/2m& —q»»/2m») ',
where q„=q,+q& is the momentum of the exchanged
particle, andi, j, ~ a,re the particle labels. In
RPK, when the label refers to a pion, t, is used
for the corresponding kinetic energy.

It can be shown' that two additional modifica-
tions must be introduced in RPK2.

(iii) The mN propagator in presence of the nucieon
is R„(E—q„'/2g„„„},where the reduced mass be-
comes l»„»„'=ms '+ (m„+m,+E) ', instead of

p„,,„'=m„'+(m„+m, ) ' which holds in RPK.
(iv) The relative momenta of the interacting

pairs are given by the usual expressions':

p,. =- p, q, —q, , p, =m,./(m, . +m, ),
(2)

p, =q, +p~qq, pq =m, /(m, +m, ),
where (q, '+ m„')'~' is used for the pion mass (in-
stead of m, in RPK).

The scattering amplitudes are obtained by solv-
ing the system of coupled one-dimensional integral
equations. The singularities of the kernel are
avoided by using the method of contour rotation,
and we solve the system exactly with the Pads
approximant technique following the procedure
described in Ref. 5. One can then construct the
scattering matrix M(8) in the channel spin repre-
sentation'.

&»'lM(8)l 1v& = 2 Xf. ,(q', q; s)& I'm'iv'I ~p&&~pl fmiv& I', ,„.(q')I'~ (q).
gp gfftgf m'

(4)

where

'(k}=m '+(k'+m ') ' '

(m„ is the deute ron mass).
The analyzing powers T„(m cT-+m+ d) and the

Here, the channel spin is 1 with initial and fi.nal
projections v and v', S=T+7 =T'+ i is the total
spin, q and q'are the initial and final c.m. mo-
menta with relative angle 8, and Xfi, (q', q; s)
are the physical scattering amplitudes (q' =q =k
= on-shell c.m. momentum).

The elastic differential cross section o(8) is
calculated by

o(8) =-,' [4n' i„»()k]' Tr[M(8)Mt(8)]

r

polarizations t„(ff+d-w+E) are evaluated
through the relations

T„=Tr (Mr„M~)/Tr(MM ),

t» =Tr(MM 7'» )/Tr(MM ),
(5)

where the 7.~, are the spherical tensor operators
relative to the deuteron.

In the above relations, the Madison convention
is used for evaluating 18(8). Therefore the follow-
ing relation holds: t», =(-1}""T»,.

For the practical calculation, one needs all
partial wave amplitudes X f f~ up to l, l' = l,„and
J=J,„=l,„+1,where /,„,J,„arereasonable
cutoffs (l,„=7is sufficient for energies up to
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200 MeV). The scattering amplitudes are obtained
by solving the system with Padd [3/3] for 4 =0 to
3, and taking the single scattering approximation
(SSA) X~~" =Q„Z&„jt„Z~for J =4 to 8.

B. Two-body interactions

We only draw up the list of the NX and wN sep-
arable interactions used in our calculations. All
these interactions have been described elsewhere
in the literature, and one can find in the hereafter
quoted references their parameters and character-
istics (a summary is also given in Refs. 2, 5).

1. Nucleon-nucleon interactions

We take. into account the 'S,-'B, channel, apd

only in one case, the 'S~ arid all the P waves are
also introduced.

(i) For the 'S, —'D, cha~~el, we take either
Yamaguchi or Pieper parametrizations. The one-
term Yamaguchi potentials are chosen to give
E~ =2.224 MeV, a, =5.40 fm, r, =1.73 fm, and

Q =0.282 fm', with D-state probabilities (P~) 0%,
4%, and 7%%ug. The interactions with PD=4% and 7%
are those of Phillips, "and the parameters of the
interaction with PD = 0% are P = 1.436 fm ' (range)
and X= -210.663 MeV fm ' (strength). These three
interactions are phase equivalent only at low en-
ergy and lead to a poor description of the phase
shifts: 6('S,} is always positive and agrees with
experiment only' at low energy (up to 60 MeV},
6('D, ) has the wrong sign, and the mixing para-
meter &, is not reproduced.

The Pieper-Reid separable interactions" are
constructed in order to have the same deuteron
wave function as the Reid soft-core (RSC) poten-

. tial. We have used only the rank-1 and rank-2
parametrizations. Their deuteron properties are
given in Ref. 12. The rank-1 potential has P~
=6.49%%up and leads to a similar description of the
phase shifts as the Yamaguchi potentials. The
rank-2 parametrization (Pn =6.45'%%uo) is better in
the sense that it gives a negative 6 ('D, ) in cor-
rect agreement with experiment.

The differences between the Pieper and Yama-
guchi interactions are also apparent in the shape
of the deuteron form factors. The Pieper poten-
tials have the same deuteron form factors as
RSC, namely the monopole form factor Go(q)
shows the diffraction minimum at q -4.4 fm ' and
the dipole form factor G, (q) has a broad maximum
at q -2 fm ' (see Fig. 2.7 of Ref. 13), while the
Yamaguchi interactions give a nodeless 6, reflect-
ing their smooth character and a G, similar to the
RSC one (see Fig. 2.11 of Ref. 13).

(ii) In the 'S, channel, we use Yamaguchi poten-
tial whose parameters are calculated in order to

III. RESULTS AND DISCUSSIONS

We now present our results obtained with the
semirelativistic equations in the energy range 25
to 180 MeV. For the sake of clarity, there will
be four subsections concerning respectively the
low energy domain (A), the resonance region (8),
the total cross section (C) and the polarization ob-
servables (D).

We must emphasize that our code has been
checked by comparing with the RPK results of
Thomas at 142 NeV, using the Y4-P33 interac-
tions. The agreement is complete as described in

Ref. 6.

A. The low energy domain

At present time, there is only one recent set of
experimental-data for n+ d scattering at 47. '7 MeV
by Axen et al. ,"but other m'd and m d experiments
are now in progress at Saclay for 25 MeV &T,
& 60 MeV." In order to compare with experiment,
we include the effects of the Coulomb interaction at
first order, following the approximate method of
Thomas. ' The full scattering amplitude is written
as

8 C
Xg+g =Xmc ++me ~ (6)

Xs~ is the pure strong interaction amplitude ob-
tained by solving the three-body equations, and
X~ is the pure Coulomb amplitude evaluated at
first order in the form factor approximation. " "
Figure 1 displays the results obtained at 25; 47.V,
and 60 MeV with the Y4-SP interactions. The
strong interference between Coulomb and nuclear
forces is clearly reflected throughout the angular

give the singlet low energy parameters a, =. -20.31
fm and r, =2.V fm.

(iii) For the 'P„~P„'P„and'P, channels, we
take one-term parametrizations adjusted to fit
the corresponding phase shifts. The parameters
are given j.n Refs. 14.

2. Pion-nucleon interactions

We choose the same potentials as Thomas' in

the S and P wN channels. The parameters are de-
termined by fitting the phase shifts and the scat-
tering length (or volume). The problem of choos-
ing which data to fit is discussed in Ref. 2 where
one can find the results of the parameters search
for the best nX potentials.

Table I summarizes the two-body forces used
throughout. In what follows, the name of the cal-
culation will be specified by two labels: The first
one denotes the NN parametrization and the sec-
ond one refers to the n+ channels which are taken
into account.
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FIG. l. Elastic differential cross sections at T,
= 25.0, 47.7, and 60.0 MeV with the Y4-SP interactions.
The Coulomb correction is added ( ), subtracted
(—~ ~ —~ ~ ) or neglected (--—). The experimental r'd
data at 47.7 MeV are from Bef. 15;

range, especially in the forward part. As shown in
Fig. 2, the overall agreement with w'd data at
4V. '7 MeV is good, the main discrepancies appear-
ing in the region of the maximum near 40'. Chang-
ing the P~ value to V/o does not improve the situa-
tion. We notice that our results are very close to
those of Thomas (see Fig. 8 of Ref. 2}, the small
changes reflecting the differences between the
two calculations (Thomas neglects the l, l' cou-
pling and some three-body channels are supposed
to have a negligible effect}. We also note that the
behavior of the backward differential cross section
with a change in I'~ is different from that found in
earlier calculations based on the single and double
scattering approximation. ""

We have tested the influence of the other NN
channels by adding to the Y4-SI' interaction the
'8, and all P NN partial waves. The effect.at 47.7
Mev is rather small, the differential cross section
being at most 2% higher than the Y4 SP curve. It-

is thus justified to neglect the NN channels other
than 'S, —'D

B. The (3,3) resonance region

Most of the three-body calculations performed
up till now in the ~(8, 8) resonance region use FR
equations. " The study of Rinat and Thomas'
seems to be the most complete in the sense that
the importance of various truly relativistic effects
and the influence of the D-state probability are
investigated. However, some fundamental aspects
are discarded in their calculations, namely (i) the
l, l' coupling is neglected, (ii) only the 'S, —'D,
NN and the P33 wN channels are taken into account,
and (iii} the description of the tensor force is
rather poor.

These approximations can be removed, but we
are faced with the problem of solving systems of
coupled integral equations of large order. The
technique of Pads approximant makes possible the
exact solution of such systems. Nevertheless,
the computing time would be very large in the FR
approach, and it seems reasonable in a first step
to limit ourselves to the semirelativistie approach.

l. Effect of coupling and impor'tance of relativistic effects

These bvo points have been discussed in Ref. 6 at
T, =142 MeV, and we only recall our conclusions:

(i) The effect of l, l' coupling is not negligible.
Considering the scattering amplitudes T~J,. the
diagonal terms (l =l'=J+1) calculated with coupling
are very close to those obtained without coupling,
and the nondiagonal terms T J' y J' g' TJ' g J y are
of the same order of magnitude as T~„,~„The
g4-I'33 differential cross section calculated with
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coupling is identical to that calculated without cou-
pling in the forward part, but becomes up to 'l%

higher at backward angles. This effect on the
cross section is not essential, but we will show
in Sec. IHD that the tensor polarizations are very
sensitive to the coupling.

(ii) The importance of relativistic effects was
investigated by comparing the RPK and RPK2 re-
sults obtained at 142 MeV with the Y4-P33 and
Y4-SP interactions. The results given in Table I
of Ref. 6 show clearly that a more correct treat-
ment of the relativistic effects by means of RPK2
produces a significant decrease mainly in the
backward differential cross section, and that the
relativistic effects become smaller in the SP
scheme than in the P33 scheme. (In the P33
scheme, the differential cross section at 180'
is lower by about 11'%%up in RPK 2 than in RPK, and
in the SP scheme this difference is about 6%.)

In what follows, all the results have been obtain-
ed in RPK theory with l, l' coupling included.

2. The SP and P33 schemes

In order to study the effect of introducing the
other S, P nN„channels in addition to P», we
compare the results obtained in the P33 and SP
schemes with the same tensor force. The cal-
culations have been performed at 142 and 180 MeV
with the Y4 and P2 parametrizations.

In Fig. 3(a), we give the Y4-P33 and Y4 SP-

curves at 142 MeV. The effect of the SP scheme
is to lower strongly the differential cross section
throughout the angular range (the decrease is 26%
at 0', 12% at 90', and 40% at 180'). Referring to
the experimental data, the improvement of Y4-SP
calculation in comparison with Y4-P33 is obvious,
even if the backward region remains too high.

The P2-P33 and P2-SP results at 142 MeV are
shown in Fig. 3(b). As in the Y4 calculation, the
SP scheme improves the agreement with experi-
zpent. However, we note that the backward de-
crease is smaller in the P2 calculation (20% at
180') than in Y4.

Similar trends appear at 180 MeV as shown in
Fig. 4(a) and 4(b). The agreement with experiment
throughout the angular range is better when all S,
P wN channels are included, and we note that the
decrease at forward angles is smaller (-9%%uo at 0')
than at 142 MeV.

We can now conclude the following:
(i) The inclusion (in an exact way) of all S and P

wN channe&s brings very large effect in the RPK
calculations, especially at backward angles, and
improves systematically the agreement with ex-
perimental data.

(ii) Even at energy close to the (3, 3) resonance
where the P33 should dominate, the decrease of the
cross section due to the SP scheme is important.

(iii) The effect at backward angles is strongly re-
duced when the +N tensor force is more reali. stic.
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FIG. 3. Elastic differential cross section at T,
=142 MeV using the Y4 3(a) or P2 3(b) tensor forces,
and the SP ( ) or P33 (---) schemes. Experimental
data are from Hef. 20.
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FIG. 4. Same as Fig. 3 for T~ =180 MeV. Experi-
mental data are from Ref. 21.
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In Ref. 5, we have evaluated the differential cross
section at 142 MeV using the single scattering ap-
proximation. The calculation has been done with the
Y4 tensor force in the SP and P33 schemes. We
found that the decrease due to the SP scheme is- 20% at forward angles, but is negligible in the
backward domain. Comparing with the above re-
sults, we conclude that the perturbative treatment
at lowest (second} order of all other than P» wN

channels is not sufficient here, and the large ef-
fect at backward angles appears only in the exact
calculation.

3'. Influence of the NN tensor force

Here, we investigate the sensitivity of the dif-
ferential cross section to the description of the
'S, —'D, NN channel.

First of all, we consider the effect of the 8-
state percentage value of the deuteron by using the
YO, Y4, and Y7 parametrizations. An increase of
PD from 0% to 'l% lowers slightly the differential
cross section throughout the angular range, as
well in the Y-P33 as in the Y-S& calculations.
The results obtained at 142 MeV are given in Table
II, and similar conclusions hold at 180 MeV. This
effect is small in comparison with the effect found
by Rinat and Thomas' in the FR approach where
the backward cross section is reduced up to 25%
at 180' when P~ goes from 4% to 6.'|%. However,
one must remember that the one-term tensor
forces used in our calculations and also in the FR
approach do not give an equivalent description of
the 'S, —'D, channel when the P~ value is changed.
It is therefore incorrect to set down the observed
variations only to a genuine effect of PD.

The results of Figs. 3 and 4 show clearly that the
Pieper tensor force (P2) leads to a better agree-
ment with experimental data than the Yamaguchi
interaction, as well in theP33 as in the SP scheme.
One must attribute this effect to the fact that the
P2 potential gives a better description of the 'S,-
'D, channel than Yamaguchi, namely as regards to
the phase shifts and to the deuteron wave function.
%e also have calculated the differential cross-

section at 142 MeV with the P1 interaction which
has the same deuteron wave function as P2 and
phase shifts similar to the Yamaguchi ones [name-
ly &('D, ) has the wrong sign]. The P1-SP results
are found to be slightly higher than the P2-SP re-
sults throughout the angular range (the variation is
at most ™3%).Therefore, the large differences
(mainly at backward angles) between the Pieper and
Yamaguchi results must be attributed to the differ-
ence in the description of the deuteron wave func-
tion rather than to the details of the NN phase
shifts, and it appears essential to use a 'S, —'D,
parametrization which gives above all a realistic
deuteron wave function.

4. Effect of the other NN channels

The role of the other WN channels in the reso-
nance region has been tested by adding to the Y4-
SP interaction the 'S, and all P ~N partial waves.
The effect at 142 MeV is comparable with that
found in the low energy domain: The differential
cross section is slightly higher than the Y4-SP
curve, the variation being 4% in the minimum re-
gion and 2% at backward angles. Retaining the
Sj Dy XK channel only is the ref ore a good ap-

proximation in the resonance region.

C. Elastic, reaction, and total cross sections

The elastic cross section a„(Z}is obtained by
integrating the differential cross sections dv/dQ
at each energy E

o„(Z)= dfl —„(Z).
The reaction cross section o„(E)is given by the
usual relation

&z(&) =3k Z (2J+1)(&» &m&s g
—l&i'i I'), (8)

Zl1'

whe're the C~, are expressed in terms of the on-
shell scattering amplitudes as

Cf., =- w y, ~~ (k)kXf. ,

TABLE II. Sensitivity of the elastic differential cross section at 142 MeV to the D-state
probability, in the P33 and SP schemes.

Calculation
Elastic differential cross section {in mb/sr)

~c.m. = o' 80.m =90' ~c.m. = 180

YO-P33
Y4-P33
Y7-P33

42.68
42.15
41.48

1.34
1.32
1.26

3.00
2.71
2.67

YP-SP
Y4-SP
Y7-SP

30.79
30.58
29.96

1.15
1.15
1.09

1.68
1.59
1.60
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At last, we calculate the total cross section or(E)
=o„(E)+v„(E).These quantities have been evalua-
ted in the energy range 25 to 256 NeV, with the
Y4-SP interactions. In Fig. 5, we give the results
and compare the total cross section with the re-
cent experimental data obtained at the Swiss In-
stitute for Nuclear Research (SIN)" (in fact, we
have plotted the mean value of the m'd and m d
experimental total cross sections). The general
trend is correctly reproduced, and the agreement
is rather good in the resonance region.

At energies below the resonance, the theoretical
results are lower than experiment. One can at-
tribute the discrepancy to the lack of pion absorp-
tion in our model. Indeed, the reaction cross sec-
tion we have calculated here is the m+0- n+N+N
break-up cross section, the m+d N+N absorption
process being not included. We can simulate the
effect of absorption by adding to our results the
v+ 8-p+P experimental cross-section (see for ex-
ample Spuller and Measdaym' for a summary of the
existing data). For energies up to 250 MeV, this cross
section varies between 4 and 10 mb (see Fig. 3 of Ref.
23), and clearly such a correction improves the
agreement of our results with experiment for ener-
gies up to the resonance. At energies above the reso-
nance, the correction due to absorption is rapidly de-
creasing with increasing energy, and the discrep-

10

102

EL

10

0 100 200 300
T~ (MeV)

FIG. 5. Elastic (—~—~ ), reaction (---) and total
cross sections ( ) calculated with the Y4-SP interac-
tions. The experimental results are the mean values
of the x'd and 7t d experimental cross sections given
in Ref. 22.

ancy between theory and experiment should arise
mainly from the incomplete treatment of rela-
tivistic effects in the RPK approach, combined
with the possibility of pion production.

D. Predictions for polarization parameters

Experiments that involve polarizations are hard
to perform, but they can give valuable informa-
tions on the nature of the forces among the par-
ticles involved, especially their spin dependence.
It is our belief that with the advent of meson fact-
ories, polarization experiments induced by md

elastic scattering will receive particular attention.
The first experiment in this category proposed by
Gruebler et sl. '4 (and now in progress at SIN)
concerns the determination of the tensor polariza-
tion t 2(othe only tensor observable which is non-
zero at 180') in the n +d- n+cT scattering, and we
think that now is the time to present some theo-

reticall

investigations.
Since we know the scattering amplitudes, the

vector (it») and tensor (t,o, t„,i») polarizations
are easily calculated according to Eq. (5) of Sec.
II. Here, we present our results at 142 and 180
MeV (part of them have been discussed in a, pre-
vious letter' ). We have investigated (i) the effect
of the SP scheme, (ii) the importance of I, l' cou-
pling, and (iii) the sensitivity to the description of
the S,-'D, NX channel. We will discuss mainly
the i t„and t,o observables. The quantity &,0 (180')
at 14$ MeV will receive particular attention since
it will be the first available data.

The angular distribution of the vector polariza-
tionit» at 142 MeV with the P2-P33 and P2-SP
interactions are shown in Fig. 6(a). The structure
of it„in the angular range 0' to 120' changes
completely when all S, P, nA channels are includ-
ed in addition to the P33 Using any other tensor
force like P1, YO, Y4, or YV, we found P33 and
SP results close to the P2-P33 and P2-SP results,
respectively. We have also noted that neglecting
the l, I' coupling did not affect the results. Sim-
ilar conclusions hold at 180 MeV, namely the ef-
fect of using all S, I' nN channels and not the P33
alone is still very large as shown in Fig. 6(b).

In conclusion, the vector polarization it» is
rather insensitive to the description of the S,-
'D, AN channel and its structure is highly depend-
ent on the inclusion of all S, P nN channels. A
conclusive experiment w'ould be to measure it»
near 8„. =80 where the theoretical value is
about 0.4 in the SP scheme and an order of mag-
nitude lower in the P33 scheme.

We now come to the tensor polarizations. At
first, we find that the SP scheme leads to non-
negligible effects on the P33 scheme, but, in
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FIG. 6. Vector polarization it~~ with the P2-SP(
and P2-P33 (-—) interactions at 142 MeV 6(a) and
180 MeV 6(b).
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FIG. 7. Tensor polarization t20 at 142 MeV 7(a) 'and

7(b) and 180 MeV 7(c). In 7(a), the used interactions are
P2-P33(-—), and P2-SP with coupling ( ) and with-
out coupling (—~ —~ ). In 7(b), the sensitivity to the
D-state percentage value is shown: The SP scheme is
assumed, and the forces are YO (~ ~ ~ ~ ~ ), Y4 (—-), and
Y7 (—~ —~ ). In 7(c), the used interactions are P2-P33
(—-), P2-SP ( ), Y4-SP (~ ~ ~ ~ ~ ), and Y7-SP (—~ —~ ).

contrast with it„,does not change the structure
of the curves. This is illustrated in Fig. V(a}
for the quantity t„calculated at 142 MeV with the
P2 tensor force. We note a small variation of t,p

(180'), the P2-SP value being -4% lower than the
P2-P33. A similar effect appeared when using
the P1 tensor force, but the variation was found
to be larger (-14%) in the calculations assuming
the Y4 and YV tensor forces. Therefore, the ef-
fect of the SP scheme on t,„(180'}is strongly
reduced when the AN tensor force is more realist-
ic (a similar conclusion was drawn for the differ-
ential cross section in Sec. III 82).

In the second step, we consider the importance
of I, l' coupling. In Fig. V(a), we report the P2-
SI' results for t,p without coupling. The effect
in the angular range 30' to 180' is dramatic, and
the same situation appears for t» and t». One
must therefore take into account the l, l' coupling
in calculating tensor polarizations.

Next, we investigate the sensitivity to the des-
cription of the tensor force. We concentrate on
t 2p which is of interest for the near future. This
quantity is sensitive to the D-state percentage
value, especially at backward angles as shown in

Fig. V(b). For Yamaguchi tensor forces. , t,
(180') decreases with increasing P~, its values
for PD= 0%, 4%, and 7% being respectively. 0.04,
-0.56, and -0.6'7. On the other hand, from the
comparison between the Y'7-SP and P2-SP results
corresponding to tensor forces which have similar
D-state probabilities but different deuteron wave
functions, we infer that the backward part of tmp is
slightly model dependent [t~o (180') takes the values
-0.'l3 and -0.6'7 for the P2 and YV interactions, .re-
spectively]. Since the P1-SP and P2-SP results were
found to be practically identical, this effect ap-
pears to be directly related to the description of
the deuteron wave function, as it was the case for
the differential cross section (Sec. III B3); We
note that the corresponding variations in t„(180')
are smaller than the variations due to a change in

P~ from 4% to 7%. Therefore, provided that the
experimental accuracy will be good enough, there
will be a chance to determine I'~ by measuring tpp
(180') as proposed by GrGebler et al."

An equivalent study of the tensor polarizations
at 180 MeV shows that the above conclusions are
still valid. As an example, we give in Fig. V(c}
the angular distributions of t„calculated with the
P2-I'33, P2-SP, Y4-SI' and YV-SI' interactions.

Let us compare our results with those based on
other models. Our prediction for t,p at 142 MeV
is in good agreement with that obtained by Gibbs"
in a multiple scattering approach, namely the
dependence of t„(180')as a function of P~ is
similar. However, contrary to his statement,
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it» is by no means small as can be seen from
Fig. 6(a). Our results for it» at 142 and 180 Me&
assuming the P» dominance resemble in shape to
those of Hhndel et al.26 who used a D* model for
the nd scattering. However, the effect of the other
S, P nÃ channels in addition to P» should be in-
vestigated in this model.

At last, we point out that the relativistic effects
on the polarization observables were found to be
small when using the RPK2 equations. We have
also noted that introducing the 'So and P 2VN chan-
nels brings small change in the polarization para-
meters, the most noticeable variation being a 6%
decrease in t,o (180').

IV. CONCLUDING REMARKS

We have presented here extensive three-body
calculations of nd elastic scattering observables.
Within the pure three-body theory, most of the
important aspects have been included in an exact
manner, and the quality of the results obtained up
to the resonance region is very encouraging for
further theoretical and experimental work. In the
resonance reg ion two fundamental conclusions
have been drawn from the RPK approach, namely
(i) the effect of introducing in an exact way all the

S, P vN channels is very important, and (ii) it is
essential to use a parametrization of the '5, -'D,
WA channel giving a realistic deuteron wave func-
tion. At this point, it is worthwhile to locate the
points of agreement as well as discrepancy with
the FR results obtained by Rinat and Thomas'
and by Hinat ef al. '' (concerning this recent pre-
print, we are only interested here in the results
calculated without v absorption). Those points
concern the effect of PD on the cross section at
backward angles, the l, l' coupling and the 833
versus the SP schemes.

As we pointed out in Sec. IIIB 3, we disagree
with the results of Ref. 3 in the sense that chang-
ing P o from 4o/o to 7%%uo lowered dv/dQ (180') by 3o/o

in our calculations and by 250& in those of Ref. 3.
It must be pointed out that calculations based on
the SSA by McMillan and I.andau'7 led to an in-
crease of do/dQ (180') with increasing Po. Ex-
cept for the different origin of the two sets of
equations, and the insufficient description of the

deuteron by Yamaguchi form factors, we do not
know the reason for this discrepancy.

In Ref. 27, FR calculations at 180 MeV are per-
formed in which the nN partial waves other than
the P» are included in the SSA [Eq. (3) thereinJ
and it is claimed that this is sufficient. We repeat
here our claim in Sec. IIIB2, that in our view,
this is not enough. The effect of the SP scheme
found by Rinat «a~. on the differential cross sec-
tion is apparent only in the backward hemisphere,
especially in the calculation at Po =6.7%, and,
contrary to our results, the SP curve is found
higher than the P33 curve.

The polarization observables calculated in Ref.
27 look similar to ours, and the same behavior
appears as regards to the various effects, namely
the change in it» due to the SP scheme, the effect
of /, l' coupling on tensor polarizations, and the
sensitivity of t,o (180') to the D-state percentage
vat.ue.

It should be of great interest to complete the
existing studies by performing fully relativistic
calculations including in an exact way all S, P
nÃ channels and using a realistic WX tensor force.

Finally, we shall mention two ways of further
theoretical investigations. In the low energy do-
main, the absorption channel must be taken into
account, in order to account for md scattering
length, as well as low energy cross sections and
polarization observables. In the "high" energy
region, inelastic production channels start to be
important. The incorporation of these effects can
be done in a straightforward manner by using the
input. obtained from the solution of the coupled
channel nÃ equations suggested by Londergan,
Mccoy, and Moniz. " Such an attempt might be
important in accounting for the dip in the cross
section at T, =256 MeV, which so far remained
unexplained.
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