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Reactions ' C(sr+-, sr+-1)' B and ' C(~+-, m. +-t) B
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We have measured the angular and momentum distributions of the scattered pions from

the reaction '2C(~+, n. +d)' B in a coincidence experiment. We compare our results with

two theoretical models based on the impulse approximation. We also present some data on

the reactions ' C(~+—,a+—t) B.

NUCLEAR REACTIONS ' C(m.+—,m. +—d)' B, ' C(m.+—,a—t) B, E = 130,
150 MeV; measured o.(p), 0(0), compared with PWIA.

I. INTRODUCTION

While studying the reactions ' C(m-+, m +-p)"B we
also obtained some data on the reactions
' C(a +—

, m+—d)' B and C(n +
, rr +t)sB. —A p—relimi-

nary account of the (n+, sr ~d, t) m. -easurements was

given in an earlier paper. ' Here we present angular
and momentum distributions and compare them
with two theoretical models. The first, or "one step
model, " assumes a one step process in which a pro-
ton and neutron, whose wave functions overlap, are
ejected together [see Fig. 1(a)]. The second, or "two
step model, " assumes that a single nucleon is
knocked out in a quasifree scattering process and
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that this nucleon subsequently picks up one of the
other nucleons [see Fig. 1(b)] to form a deuteron.

II. DESCRIPTION OF THE EXPERIMENT
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The experiment was carried out at the

+MAL

pion
channel of the Schweizerisches Institut fur Nuklear-
forschung (SIN). The scattered pions were

FIG. 1. Diagrams of the reaction "C(~,~id)' B: (a)

the one-step model; (b) the two-step model. There is an

equivalent diagram to (b) in which the roles of the inter-

mediate proton and neutron are interchanged. The inter-

nal particles marked with a circle are assumed to be on

their mass shells.
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FIG. 2. Scatter plot of the energy of the ejected deu-

teron versus the pion energy loss in the reaction
' C(~+ ~+d)' B
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FIG. 3. Measured cross section versus 02 for the reac-
tion ' C{n.+—,m. +—

,d)' 8 for E„&10 MeV for Tl ——160
MeV. The solid curve represents the one-step model and
the dashed curve the two-step model. The use of the
symbol hp2 indicates integration over a rather large
momentum bite (Ap =61 MeV/c), multiplied by an em-
pirical normalization factor as indicated.

momentum analyzed with SUSI (SIN Universal

,
Spectrometer Installation). In coincidence with
"SUSI" we used a four element Si-Ge spectrometer
to identify the deuterons and tritons, and to mea-
sure their energy. Except where noted otherwise,
the SUSI spectrometer was tuned to a central
momentum of 169.5 MeV/c (80 MeV). The Si-Ge
spectometer was held at an angle of 30' with respect
to the incident beam. The angle of SUSI was varied
as indicated (all angles are given in the laboratory
frame). For a more detailed description of the ex-
perimental setup as well as for a discussion of the
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FIG. 5. Same as Fig. 3 except that Tl ——200 MeV.
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kinematics we refer to Refs. 1, 4, and 5.
The results of a typical run are shown in Fig. 2.

The data are clipped at high and low pion energies
by the momentum bite of SUSI. The arrows indi-
cate where the SUSI acceptance fell to 50%%uo of its
central value. A low energy cutoff caused by range
effects in the Si-Ge spectrometer can be seen in the
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FIG. 4. Same as Fig. 3 except that Tl ——180 MeV.

FIG. 6. Measured cross section versus p2 for the reac-
tion ' C(m+, m+0)' 8 for T& ——200 MeV and 02 ——117.5'
for all the data {circles) and for E„F10MeV {crosses).
The solid curve represents the one-step model and the
dashed curve represents the two-step model, multiplied
by an empirical normalization factor as indicated.
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deuteron energy spectrum.
The curve is the locus for all those events that

left the residual nucleus in its ground state. The
clustering of the events in the vicinity of this curve
indicates that roughly 50%%uo of the events lead to the
ground state or to one of the lower excited states of
the residual ' 8 nucleus. As in Ref. 1 we have di-

vided our data according to the excitation energy

E,„of the residual ' 8 nucleus. Events with

E,„(10 MeV leave the residual nucleus in the
ground state or one of the lower excited states.

For events with E„F10MeV the residual nu-

cleus is excited into the continuum. The latter
events are either due to the knockout of a nucleon
from one of the deeper shells or to more violent fi-
nal state interactions. They should not be well

described by our models, which are based on an im-

pulse approximation. The comparison between

theory and experiment in Figs. 3—6 should thus be
made with those experimental points (X) that
represent only the events with E,„(10MeV.

Figures 3 —5 show the angular distributions of
the scattered pions from the reaction
' C(a+, m+d)' B for incident pion energies of 160,
180, and 200 MeV, respectively. The solid and the
dashed curves represent our calculations in the one-
step and two-step models as defined in Sec. III.
The cross section d tr/dA dQddp is, in actuality,
more nearly a double differential cross section since
we have averaged over a momentum bite of 61
MeV/c.

As in all impulse approximation calculations that
do not take into account distortion effects, the
theoretical cross sections are much too large. The
neglected effects, mainly the loss of pion flux to
other reaction channels, can be shown to have little
dependence on scattering angle or pion momen-
tum. ' This discrepancy, for which we have ac-
counted by introducing an empirical normalization
factor, should, therefore, be of Httle importance and
in the comparison between theory and experiment
one should concentrate on similarities of shape,
rather than on absolute magnitudes.

In Fig. 6 we have plotted the cross section as a
function of the momentum of the scattered pion.
The incident pion energy was 200 MeV and the an-

gle of the scattered pions was 117.5 . As before the
error bars represent statistical errors only. This
momentum distribution is based on three runs with
different though overlapping settings for the mag-
netic field of SUSI. The differential cross section
for the momentum distributions is a true triple dif-
ferential cross section. Each event was weighted to
allow for the variation of the spectrometer accep-
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FIG. 7. Measured cross section versus 02 for the reac-
tion ' C(m+„m+t) B for TI ——160 MeV.
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FIG. 8. Same as Fig. 7 except that T~ ——180 MeV and
m data are included.

tance with momentum. The cross sections have
been corrected for the attenuation due to nuclear re-
actions in the target and in the windows, etc., of the
apparatus, for pion decay losses, for muons counted
as pions, and for wire chamber inefficiencies. By
examining the proton data which have smaller sta-
tistical errors, it was possible to check that the spec-
trometer acceptance function was correct and to es-
timate the systematic errors to be about 15%.

In Figs. 7—10, we present the measured angular
and momentum distributions for the reactions
' C(n.+-,n.+-t) B. These results complement the ones
published earlier. ' In view of the poor statistical
definition of these data and the undoubtedly com-
plicated nature of the (a,nt) reaction we have not
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FIG. 9. Same as Fig. 7 but Tl ——200 MeV.

made any attempt to fit theoretical models to these
distributions.

III. THEORETICAL MODELS

To describe the quasielastic ' C(sr+, ~+d)' B re-
action with E,„(' B)~ 10 MeV, we have considered
two microscopic models: (1) the overlap shell
model (one-step model); and (2) the internal pickup
model (two-step model). These reactions are,
respectively, represented by the reaction diagrams
shown in Figs. 1(a) and 1(b). The dynamical con-
tents of these two models are quite different. In the
one-step model, one requires the formation of a vir-
tual deuteron prior to the pion scattering. In the
two-step model, the deuteron only forms in the final

step of the reaction by an internal pickup process.
As we shall see at the end of this section, this
difference leads to different numerical results. The
main purpose of our analysis is to see whether or
not one needs to invoke preexisting deuteron clus-
ters in ' C in order to explain the observed high
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FIG. 10. Measured cross section versus p2 for the re-
action ' C(n.+,~+t)'B for T&

——200 MeV and 02 ——117.5'.

deuteron knockout rate. We have only performed
plane-wave calculations of the diagrams of Fig. 1.
As stated above, the effects of distortions amount
more to a reduction of the absolute magnitude than
to a change of the shapes of the differential cross
sections. ' We thus believe that our basis findings
concerning the reaction mechanism will remain un-
changed should distortions be included in future
calculations.

The concept of the overlap shell model was first
proposed in an early study of the Li(p,pd) He reac-
tion. In this model, the projectile knocks out a pre-
formed deuteron arising from the overlap of the
single-particle wave functions of a neutron and a
proton. In the present case, we describe the ' C in
terms of an ' B core and a two-nucleon cluster com-
posed of a proton and a neutron in the Ip3/2 shell.
We then use the Brody-Moshinsky transformation
to transform the wave functions of these two parti-
cles into an internal wave function of the cluster
and a wave function for the cluster relative to the
' B core:

= g g (lLmM
~

Ap, )(nl, NL, A,
~

n&l&, nzl2, A, )g„t~(r)@~tM(R)( —,—,s&s2 ~SM, ), (1)
nlNL mM

where (nl, NL, A,
~

n~ 1~,n212A, ) are the Brody-
Moshinsky brackets. All the other brackets are
Clebsch-Gordan coefficients. The (n; l;m;s; ),
(i =1,2), are the quantum numbers of the single
particle state of the ith particle; the (nlm) and
(NLM) are, respectively, the quantum numbers for
the internal state of the cluster and the center of
mass motion of the cluster in the parent nucleus; iL

I

and S denote the total orbital momentum and the
spin of the two particles;

r —=(x) —x2)/~2

R=(x)yx2)/v 2

are, respectively, the internal coordinate of the clus-
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ter and the coordinate of the center-of-mass of the
cluster relative to the ' 8 core. With n1 ——n2 ——0,
l1 ——l2 ——1, we have for the quantum numbers
(nlNL ) the possibilities (0010), (0101), (1000),
(0002), and (0200). The internal wave function of
the cluster is made to overlap the deuteron wave
function. We only consider the s state (1 =0) of the
deuteron. This limits the above possibilities to
those with L =0 and 2 only. Since S (the deuteron

spin) = 1, we have for I =L+S the possible values

J =1,2, 3. Since

J+ J,.„=Ji2C=0

this leads to three possible values for the spin of
' B; J„„,=J=1,2, 3. Since the isospin of the deu-

teron is zero, the initial isospin of the (np) pair
must also be zero. Consequently, the spin part of
the initial (np) pair must be symmetric, which rules

out J„„=J=2. This model predicts thus that only
the J=1 (T =0) and J =3 (T =0) states of ' B will

be seen in this reaction. Currently, the resolution of
our experiment is not sufficient to test this interest-

ing prediction. The cross section in the one-step
model is given by

=," (~d)e-"'"'I'G(k)
~ f "~ "

~ y, (r)
I

'dr
~

-',
dn'd. 'dn

where

G(k)= g [I (bk)[i (Q')] + —,G, ' [i,(Q')] +I', (bk)i (Q')i&(Q')],
aP

(3)

with

I"0(x)=G~' [—, —x +x /6]+[G~ +G3 g]x /15

I &(x)=Ci' [3—x ] .

The constant terms predominate and the shape is
similar to an S state wave function for the motion
of the deuteron cluster. Further, we define

GI' =28/(2J+1)(Cg' )

where CI ' is the coefficient of fractional parentage
(cfp) for the ath state having total (orbital) angular
momentum J(L).' The numerical factor multiply-

ing the cfp has its origin in the antisymmetrization
(which was left out in the original formulation of
the overlap shell model. ) The iI are radial integrals
over

8'Ir jo(Q'r)P~(r)f (r)exp[ —(r/2a) ],
with Wo ——1, W~ ——1 —(r/2a), and Jo is a spherical
Bessel function. Here Q (Q') denotes half the pion

I

I

momentum transfer in the rrd (m' C) c.m. system.
The sums over a and P correspond to the first three
excited states for each J, and the parameter b is re-
lated to the shell-model oscillator parameter by
b =a[A/(A —2]'I . For our case A =12 one ob-

tains a =1.69 fm from electron scattering measure-
ments. The term ~ denotes the Jacobian of the
transformation from the n' C c.m. to the laboratory
frame. The deuteron wave function Pd and the
correlation function f (which prevents the overlap
of the nucleon cores within the cluster) are taken
from Ref. 8. (The correlation parameter y of Ref. 8

was varied over the given range y=0.75 —2.0. Our
choice y=2.0 was made because it gave the best
agreement with our experimental results. ) Finally
we use for (do./d0) (md) the experimental ~d elas-
tic cross sections of Ref. 11.

In the two-step model the pion is assumed to
strike first a proton or neutron which then picks up
another neutron or proton as it leaves the nucleus
[See Fig. 1(b)]. This leads to the following differen-
tial cross section for the removal of an (np) pair
from thep shell of ' C:

d 0
dn6d02dP2

where

a, J7, (T7),m7
f dP3X g G gs„ I (r )4gf 0(k6 —kgs —S„&) ~

p5v5

(4)

M23

2m M3

' EIIE„'1/2
2 3

E IIE II
1 5 4E'1E'2M~

' 1/2

and
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G ap5v5, J7( T7 )

—= [2«(2T+1)~'"CJ (T )& Ims z vs
I z

—V4&& vms z
—ms 100&& lms 2 vs

~ 2 ps&& 'VsJ7p7~ —,'p4& .

is the energy of the ith particle, M~ is the nucleon
mass, and M23 is the invariant mass of the (23) pair.
The single- and double-primed quantities denote,
respectively, the energies calculated in the c.m.
frames of the m' C and the ~ nucleon systems. Fur-
ther, r' is the Jacobian of the transformation of the
the cross sections to the laboratory frame. The k&q

and k6 represent the kinetic energies of the (np) pair
and the deuteron relative to the ' 8 nucleus. Fur-
ther,

S„p——Mp+M„+M, —M, 2 -27 MeV

is the separation energy for the (np) pair from ' C.
The step function 19 reflects the value of the
minimum energy for deuteron knockout. For the
sake of simplicity, we use a —= [ v3 Vs I,
P—:Im5, ms I, and 5= [Pq,1us,P7,PsI to denote the z
components of the spin (v), the orbital momentum

(m), and the total angular momentum (p) of the
particles. In obtaining Eq. (4), we have carried out
the summation over isospin indices, and T7 is the
isospin of the ' 8, which depends on the value of
J7. In Eq. (6) the brackets are the Clebsch-Gordan
coefficients and Cq, 1r 1

the cfp for separating an

(np) pair from the lp shell of ' C and leaving the
' 8 in a state with spin (isospin) of J7(T7). Again

[28/(2T, +1)]'/2

is due to the antisymmetrization. The possible
values for J7(T7) are 3(0), 2(l), l(0), and 0(1). Un-

like the one-step model, it is now possible to have
even-spin states for ' 8 bemuse the deuteron is now
formed by an internal pickup process. Finally, in

Eq. (4),

@t3 =43/2, (Q)43/2, (Q1)kd (Q2)

which is a product of two single-particle nucleon
wave functions and the internal wave function of
the deuteron, with

and

Q = —Pg —P, (A —1)/3,
Q, —P7+ Pg(A —2) /(2 —1),

Q2=P6/2 —P3 .

In Eqs. (4) —(6), the numerical subscripts refer to
the particle numbers in Fig. 1(b). For example,

(~ 2+M 2)1/2

I

The single-particle proton and neutron wave func-
tions are the Fourier transforms of the p-shell wave
functions used in the one-step model. The momen-
tum space deuteron wave function is from Ref. 12.

IV. DISCUSSION

Results obtained with the use of the one- and
two-step models are represerited in Figs. 3 —6 as
solid and dashed curves, respectively. For ease of
comparison with the experimental results, they have
been multiplied by the numerical factors indicated
in the figures. These curves should only be com-
pared with the set of quasielastic data (shown as the
crosses). As one can see both models are quite suc-
cessful in reproducing the qualitative features of the
various distributions.

In the two-step model, we have not included con-
tributions to the cross section arising from a
double-scattering term in which the pion scatters
off both the proton and the neutron. This term is
likely to be small because it represents a higher-
order process. Its effects on calculated cross sec-
tions should be examined in the future when more
detailed experimental information has become avail-
able. As explained at the beginning of Sec. III we
believe that the qualitative features of our theoreti-
cal results discussed in this section will not be al-
tered by the use of distorted waves in future calcu-
lations.

In its application to (p,pd) reactions, the overlap
shell model gave an insufficient magnitude for the
cross sections. We believe this was due to the
omission of a proper antisymmetrization of the
many nucleon system in the original formulation of
the model. In general, the antisymmetrization in-

troduces an overall factor which is often quite im-

portant in reactions involving transfers of more
than one nucleon.

The shapes of the angular distributions of the
scattered pion given by the two models are quite
different at large angles; they reflect essentially the
difference between the differential cross sections of
the md and mp elastic scattering at these angles.
The two models also give different positions of the
maximum in the pion momentum distribution.
However, current limited data points are not able to
discriminate one against the other. Future experi-
ments designed to distinguish these two models are
called for.
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