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We study the corrections to the first-order optical potential in r-nucleus elastic scattering from 28 to 260
MeV. The dynamical effects of true pion absorption (and correlations) are incorporated into our analysis

through the inclusion of a second-order optical potential. We have performed a y' fit to the measured m-'He

and m-"C elastic differential cross sections in order to determine a parametrization of the second-order

optical potential. It is shown that the inclusion of these higher-order eA'ects not only yields excellent fits to
the low-energy data (& 50 MeV), but also systematically improves calculated cross sections at the larger

angles in the resonance region. We also find a general improvement in the agreement between the calculated
and measured total cross sections, in particular at low energies. Since our first-order potential is essentially
parameter free, we believe that the parameters of the second-order potential determined from the present
work are meaningful and may serve as a useful guide in future microscopic analyses.

NUCLEAR REACTIONS Pion-helium and pion-carbon scattering (28-260 MeV).
Role of second-order optical potential.

I. INTRODUCTION

The elastic scattering of charged pions by finite
nuclei at low and intermediate energies has been
extensively studied in recent years. In several
cases, elastic scattering differential cross sec-
tions were measured with great accuracy over a
large angular range. The availability of such rich
experimental information greatly facilitates detail-
ed studies of pion-nucleus dynamics. Various the-
oretical schemes have been proposed in the litera-
ture for the construction of a first-order pion-nu-
cleus optical potential. ' However, most of theoret-
ical analyses rely heavily on the use of a "fixed-
scatterer approximation" (FSA). While modifica-
tions of the FSA (for example, the introduction of
energy shifts, "}can lead to good fits to the data,
the theoretical uncertainties induced by these mod-
ifications lead to difficulties in the study of higher-
order corrections, particularly in the resonance
region.

In the past we have performed dynamical calcu-
lations using the first-order optical potential of a
covariant theory. 4 The theory provides a satisfac-
tory account of the differential cross sections over
a range of energies. " At the lower energies
(%50 MeV) it is apparent that the inclusion of high-
er-order effects such as true pion absorption is
necessary in order to fit the data. As we will show
in this work, extending the consideration of such
higher-order effects over the range of energies 30
to 300 MeV provides us with a mechanism for pro-
ducing excellent fits to all the elastic scattering
data. We wish to point out that it is only the care-
ful treatment of Fermi motion and binding effects

in the dynamical calculations that makes the pres-
ent investigation meaningful. The necessity of in-
cluding true pion absorption in a theory of pion-nu-
cleus interaction has been particularly stressed by
Lenz. ' Recently, we have shown that the inclusion
of these effects provides a mechanism for obtaining
good agreement with the data for m-4He scattering
at 50 MeV. ' The importance of true pion absorp-
tion has since been confirmed by other researchers
who have only considered energies less than 100
MeV"

In this work we have introduced a phenomenolog-
ical second-order optical potential Iof the form
given in Eq. (2.10)]. The parameters which, in the
main, measure the strengths of the s-wave and P-
wave contributions are determined by performing
a X' fit to the differential cross sections. Our re-
sults show that the introduction of the second-order
optical potential provides an excellent fit to m-'He
and m-"C elastic scattering data from 28 to 260
MeV. The energy dependence of the parameters is
found to be continuous. Further, in some cases
the real and imaginary parts of the parameters ap-
pear to be related by a dispersion relation. The
general continuity of the P-wave parameters deter-
mined in the X' fit is most remarkable in that the
X' fit was performed entirely independently of any
preconceived theoretical constraints.

Since the wavelength of the pion at energies be-
low 180 MeV is not short enough to probe the
short-range nucleon-nucleon correlations, our
second-order potential at these lower energies can
be mainly ascribed to the dynamics of true pion
absorption. At pion energies between 180 and 300
MeV, the scattering of pions by correlated nucle-
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ons may become important. However, owing to the
large cross section for pion absorption in the res-
onance region, ""the role of correlations is un-
likely to be predominant. The unfolding of corre-
lation effects from true pion absorption effects at
higher energies deserve further theoretical study
and is currently under investigation. For simpli-
city, in the following we will assume that the sec-
ond-order potential introduced in this work repre-
sents the effects of true pion absorption, keeping
in mind that the effects of short-range correlations
are also present in our phenomenological form.

We will present in the next section the basic
formulas as well as the parametrization of second-
order optical potential used for the calculation.
Our main results will then be discussed in Sec. III.
[The readers who are mainly interested in the re-
sults of our analysis may survey the figures and
tables after the inspection of Eq. (2.10).]

As we shall see, the inclusion of a p' term in the
optical potential not only improves the large angle
differential cross sections at all energies, but also
leads to systematic agreement between the theoret-
ical results and the data on total cross sections.
We believe that the results of our phenomenologi-
cal analysis will provide further stimulus for the
construction of microscopic models for the under-
lying pion-nucleus dynamics.

II. BASIC THEORY

In momentum space the pion-nucleus scattering
amplitude satisfies the following covariant three-
dimensional integral equation:

(k'IM(w)lk&

ly. The K)) term has been discussed extensively
in the past. The Id„" term represents the interac-
tion of the pion with a pai~ of nucleons.

In Eq. (2.1), the quantity u) is related to the total
energy of the pion-nucleus system by the relation:

2u) =(k '+M ')')'+ (k '+M ')'i'
=E,(k,) + E„(k,), (2.3)

where k, is the pion beam momentum in the m-nu-
cleus c.m. frame. The relativistic phase-space
factor 8 depends gn the specific reduction scheme
employed in reducing a four-dimensional integral
equation to a

covari

an three-dimensional equation.
In this work, we use a reduction scheme similar
to the one based upon the propagator g, of Ref. 11.
For the scattering of pions by a spin zero target
nucleus, we use the propagator given by

5(k"' —u +E~(k")) (p.T-/)(, k„)
(ko -k"')/2([[), + it 2E ~(k")2E~(k")

(2.4)

where pg =E,(k,)E„(k,)/[E, (k,) +E„(k,)]. This
choice of reduction scheme allows for a consistent
treatment of the Coulomb interaction. (The use of
a Green's function, of the form G(k") =[E,(k,)
+E„(k,) -E,(k") -E„(k")+ic] ', is inconsistent with
the use of standard Coulomb coordinate space wave
functions. ) We define

R(k") =[2E,(k")2'(k")] '(gg~/pg ) (2.8)

and rewrite Eq. (2.1) in a more familiar form,

(k'I T(u)) Ik)

=(k'I V(u)) Ik)

=(k'IK(w) I k &

d„-„(k'IK(u) Ik")R(k")(k"IM(u))Ik)
(k,' -k"')/2i), „,+ is

" -„&k'I V(u) Ik"&(k" I T(u )Ik&
k() /2p k —k /2g[( + iE

by using the definitions:

(2.6)

(2.1)
Here M is the invariant scattering amplitude and
K is the covariant potential. If we denote the Cou-
lomb interaction by Kc, we may write the total in-
teraction as

K =Kc+K5(( +K)[(r (2.2)

with K5((' and K)((" representing the first- and sec-
ond-order covariant optical potentials, respective-

(k'I T(u)) Ik& —=R' '(k))(k'IM(u))Ik)R' (k) (2.7)

(k'I V(u))Ik& =-R' (k')(k'IK(w)Ik&R'i (k) . (2.8)

It is clear that the T and V in the above equations
can be identified with the usual SchrMinger equa-
tion T matrix and V matrix in the low-energy limit.
Our expression for the first-order optical potential
is given by

(k'IV"(w)(k)= 2 dr()~)'((k')[M.„/E„,(Q)]u''(P' l[ ()2)('(j P'- -IM(,)(s)I P', - ))j '(P()-()) '

x E~P [/~" (Q Q' )R ~ /2(k) (2.9)

In Eq. (2.9) the quantities uM„„u and E are, respectively, the invariant (off-shell) v-N amplitude and the
invariant nuclear density matrix. The letters (nj I) specify the hole state in the spectator nucleus. This
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spectator nucleus has momentum Q and mass M„,-, . Further, Q& and Q„' denote the momenta of the struck
nucleon in the rest frame of the target nucleus of mass M„. The nuclear binding and the Fermi motion of
the struck nucleon affects the m-N amplitude mainly in the determination of s, the square of the invariant
mass of the v t(I-system. [We refer to Refs. 3 and 7 for a detailed discussion of the consequences of our
determination of the values of s. Note that s = (p+P -Q)2= (p' +P'-Q) 2]

We parametrized the second-order optical potential in the following way:

0r'Ir('&(ee)(ir) 2 e=()r ')(re'( )A(„A-1)(2e)'(f e '" "' (e(r)') dr)

x B(k) ' ' +k'C(k)k'k ' ' '
( )[v(k)]' ' ' [ (k)]' (2.10)

with

Co
v, (k) = pk +no

v, (k)= -,Cl.k
k~+ n,

(2.11)

(2.12)

factor for the plane wave states employed in this
work and in Ref. 12, while the factor A/(A —1)
arises from the fact we have employed the actual
number of nucleon pairs, A (A —1)/2, in our potential
V„"' in lieu of the usual A' factor. [It is in-
teresting to note that the use of the A(A —1) factor
removes the anomaly in the value of B, obtained in
the pionic-atom analysis in the case of 'He. "]

B(k) 0( ) 0() B(k)0 [V (k )]2 0 (2.13)

0'~v
k 'C(k )k' k ' ' k''kC(k ) ~

[v (k )J' (2.14)

It is then possible to relate the parameters B and
C to the absorption parameters B, and C, employed
by Tauscher and Schneider in their coordinate
space analysis of the pionic-atom optical poten-
tial. '2 We find

B=BO 16m' ' 1+M„2M@ (2.15)

and a similar relation between C and G,. The fac-
tor (16)i') ' is due to the different normalization

Here B and C are energy-dependent complex pa-
rameters which represent, in the main, the s- and
P-wave ~-nucleus absorption strength. The v, and

vy are the "form factors" for s and P waves m -nu-
cleus interactions. (In general the fundamental ab-
sorption amplitudes classified according to their
angular momentum are mixed together when these
amplitudes are transformed into the c.m. frame of
the n-nucleus system. Because of this, we do not
make a precise identification of the form factors
v, and v„but consider them as part of our pheno-
menological specification. Further theoretical
study of the second-order optical potential should
provide a better understanding of the nature of our
phenomenological potential and of the physical sig-
nigicance of v, and v, .)

In the zero-range limit (o(;-~), we have the
more conventional forms:

III. RESULTS AND DISCUSSIONS

We have performed a y' fit to the data by varying
the two complex parameters B and C defined in Eq.
(2.10). In one case, the fit was carried out with
n; = ~ (the zero-range limit}; in the other case, we
have used o.; =700 MeV/c. Such calculations have
been made for m -'He scattering at 51, 110, 150,
180, 220, and 260 MeV. The 51 MeV data are due
to Crowe et al."; the other data are from Binon et
«." We have also made a y' fit to the w'-"C data
at 28 and 49 MeV, '" and to the n -"C data at 120,
150, 180, 230, and 260 MeV. " For the basic m-N
amplitudes used in the calculation of the first-or-
der optical potential, we have used the CERN-TH
phase shifts" and the LMM off-shell model. "
However, we have modified the CERN-TH phase
shifts at low energies so as to insure the correct
threshold behavior. This modification makes our
low-energy phase shifts very close to those given
by Salomon. "

The theoretical differential cross sections cal-
culated without and with the inclusion of the sec-
ond-order potential for the case n, = n, = a = ~ are
compared with the data in Figs. 1-9. (The theo-
retical cross sections calculated with the inclusion
of V„' for a = 700 MeV/c are very similar to those
cross sections obtained for iz=~. ) One may see
from these figures that the effect of adding V„" to
the optical potential significantly improves the the-
oretical results. At lower energies (T, & 50 MeV},
the inclusion of V„" improves the results espe-
cially in the angular region where there is a mini-
mum in the measured cross sections. At higher
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energies, the effect of V~ is to significantly im-
prove the calculated cross sections at the larger
angles. These features can be understood easily.
The potential V„' depends on the square of the
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FIG. 2. Same caption as Fig. 1 with T~= 150 and 180

MeV.
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FlG. 1. Comparison of the data (Hef. 14) for x —He

elastic scattering at 51 and 110 MeV with various theor-
etical calculations. The dashed curves result from the
use of V~+ Vz' only. The solid curves include the po-
tential V & in the zero-range limit {n=~). (The
curves corresponding to a finite range calculation with
u= 700 MeV/c are very similar to the solid curves
shown in the figure).
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PIG. 3. Same caption as Fig. 1 with T~= 220 MeV and
260 MeV.

nuclear density. For light nuclei, such as 4He and
"C, the square of the nuclear density is a more
rapidly decreasing function of r, the distance from
the center of the nucleus, than the nuclear density
itself. Consequently, the inclusion of Vz' mainly
alters the m-nucleus interaction strength in the
central region. The interaction in the peripheral
region is still dominated by VN . %e remark that
in the resonance region the potentials V„" and V„'
are highly absorptive. Thus the differential cross
sections are mainly sensitive to the details of the
interaction in the surface. In the regions of small-
est density this interaction is dominated by V„'
but as one moves further toward the center of the
nucleus V„" and V&' become comparable in mag-
nitude. The subtleties of this radial dependence
leads to interesting effects. For example, the
cross section at forward angles is rather insensi-
tive to the magnitude of V&' while the cross sec-
tion at the larger angles is very sensitive to this
quantity. These features may be observed in the
figures representing the cross sections in the res-
onance region.

In Table I we present the values of the complex
parameters B and 0,'C determined for n-'He scat-
tering. The constants are given for the zero-range
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FIQ. 4. C".omparison of the data for m'- C elastic
scattering at 28.4 and 48.9 MeV with various theoretical
calculations. The data marked by (+) and by (4) are
taken from Befs. 8 and 15, respectively. The curves
have the same meanings as in Fig. 1.

case (n = ~) and for the finite range case (o. =700
MeV/c). In the zero-range case the corresponding
values of B, and C, are also presented, making use
of Eg. (2.15). The values of the complex param-
eters B and k,'C for m-"C scattering are presented
in Table II. The real and imaginary parts of B and
k,'C which are functions of the pion energy are
shown in Figs. 10-15. The continuous curves are
drawn as a guide to the eye. In the resonance re-
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calculations. The curves have the same meanings as
in Fig. l.
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FIG. 7. Same caption as Fig. 5 with T, =180 MeV.
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FIG. 9. Same caption as Fig. 5 with T~ =260 MeT.

gion, the real and imaginary parts of the P-wave
parameter, 0, C, exhibit dispersion-like behavior.
It is impm tant to note that above 110 MeV the P-
wave Parameters are an order of magnitude great
ex than the s-suave Parameters. To show this as-
pect more clearly, we present in Fig. 16 the mag-
nitudes of the ImB, Imk, 'C, and Im(B+ k, 'C) for
the zero-range case and for m-'He scattering. The
curves for carbon are similar to those of Fig. 16.
Upon inspecting the figures, one may also infer
that the true pion absorption contribution may be-
come relatively unimportant at pion energies above
400 MeV. Further, we remark from Tables I and

II that the constant C, vanishes as T„goes to zero.
The values of 8, determined from our work take
the form B,=[ k [

—i[ tp( at low energies (T, & 50
MeV). (This form was suggested by Tauscher and
Schnezder" in their analysis of pionic atoms. )

If one restores the various factors relating B(k,)
+ k, 'C(k, ) to the matrix element of the potential,
V~„'~ [see Eg. (2.10)], one finds that the potentials
for 'He and "C are not very different at low ener-
gies. We hope to study m-"0 elastic scattering us-
ing the same method, since we expect the param-
eters for "0 should be similar to those for "C.
As we investigate systems with large mass num-

TABLE I. Values of the s- and p-wave parameters of V&' for 7t- He scattering.

T~ kp

(MeV) (fm ')
Bp

(M, ')
Cp

(M, ') (fm4)
k C
(fm4)

ot =700 MeV/c
J3 kpC

(fm') (fm4)

0.6260 + 0.091 + 0.0
—io.096 -io.0

110 0.9842 + 0.028 -0.038
-i0.013 io.064

+ 1.05(-4)
—i1.12(—4)

+3.36( S)
i1.46( S)

+ O. D

-io.0

8.6O( s)
i1.45( 4)

+ 1.09(-4)
i1.o7( 4)

+3.91( S)
i1.46(-S)

+ 0.0
—io.0

7.94( 5)
i1.24( 4)

150 1.196

180 1.345

220 1.537

260 1.721

-0.079
-i0.003

-1.33
i0.27

+ 0.40
-i0.22

+ 0.25
-i0.026

-0.197
-i0.092

1.92
-i2.50

+ 0.94
-i1.57

+ 0.37
-io.026

-9.97(-5)
i3.64{ 6)

-1.56{-3)
-i3 ~ 19(-4)

+4.68{ 4)
i2.S1( 4)

+ 2.89(-4)
-i2.98 (-5)

-7.09(-4)
-i3.32( 43

8.12( 3)
i1.O6{ 2)

+ S.2O(-3)
i8.65( 3)

+ 2.54(-3)
i1.76( 4)

-1.16(.-5)
-$1.50(-6)

s.4s( 4)
i4.3O( 4)

-2.40(-4)
i3.19( 4)

+2.2O{ 4)
-i1.60(-5)

1.o3( 4)
-i1.80( 43

S.77( 4)
i6.22( 3)

+3.92( 3)
i3.38(-3)

+1.69( 3)
-i9.48{ S)
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TABLE II. Values of the s- and p-wave parameters of Vz for ~- C scattering.
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T~ kp

(Me V) (fm ')
Bp

(m, 4}
Cp

(M, ')
B

(fm4)
kp C
(fm4)

~ =700 MeV/c
B

(fm4) (fm4)

28.4 0.4667 + 0 16 -0 048
—io.097 -io.0

+1.SS( 4)
-i9.35(-5)

2.o1(-5)
-io.o

+1.so( 4)
-$8.98(-5)

-1.8S(-5)
-io.o

48.9 0.6313 + 0.21
-io.0

-0.16
-io.16

+ 1.98 (-4)
-i0.0

-1.25 (-4)
i1.21( 4)

+1.9O( 4)
i9.12( v)

-1.19(—4)
i&.24( 4)

120

150

180

230

260

1.084

1.254

1.417

1.680

1.833

-0.13
-io.013

-0 ~ 083
—i0.014

-0.052
-i0.020

+ 0.148
-i0.002

+ 0.017
-i0.008

—0.25
—i0.63

-0.31
—i0.79

+ 0,43
-i0.63

+ 0.48
-io.067

+ 0.32
-i0.015

-1.20(—4)
i1.2o( s)

V.95( 5)
-i1.35(-5)

4.94( S)
-i1.9S(-S)

+ 2.06 (-4)
—i1.80(-6)

+ 1.61(-5)
iv. ss( e)

-5.63(-4)
i1.41{ 3)

-9.26 (-4)
i2.36( 3)

+1.65( 3)
-i2.43(-3)

+2.61( 3)
i3.61( 4)

+2.ov( 3)
-$9.68{-5)

-2.46(-4)
—$7.80(-6)

2.V4( 4)
-i4.89(-5)

-2.39{—4)
i2.61( 5)

V.V1( S)
-K1.80 (-5)

+ 3.01(-5)
i1.81( 5)

2.26(-4)
i1.43( 3)

+4.62( 4)
i2.33( 3)

+ 2.03(-3)
i2.4S( 3)

+ 2.39(-3)
i3.61( 4)

+ 1.56(-3)
i&.31( 4)

ber, we expect we will be able to achieve a more
universal parametrization.

The theoretical cross sections, &&, o„, and o„
oe& calculated for n'-'He and w-"C scattering

are presented in Tables III and IV, respectively.
The comparison between the theoretical total cross
sections (obtained with and without V„'~) and the

data is shown in Fig. 17. We see that in general,
the inclusion of V„" considerably improves the
theoretical results, especially at low energies.
Very good agreement with the measured values for
o& is obtained in most cases. Finally, in Fig. 18
we present the comparison between the real parts
of the forward nuclear scattering amplitude calcu-
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FIG. 10. Real (e) and imaginary (0) parts of the para-

meter B for ~-4He scattering. The curves are drawn
only as a guide for the eye.
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FIG. 11. Real () and imaginary (0) parts of the par-
ameter kp C for 7r —He scattering. Same caption as for
Fig. 10.



I I I

ot oo2: 2: ~ — C: =700 MeV/c
12

1:
E

Yo

cCi

E

IO

0

-2
0

I I

100 200 300
-2=

T~ {MeV}
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meter B for 7r-' C scattering in the zero-range limit
(n=~). The curves are drawn only as a guide for the
eye.
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F1Q. 14. Same captions as those of Fig. 12 with z
= 700 MeV/c.

lated with and without the inclusion of V„". We
stress that in the X' fit we have performed, only
the experimental elastic differential cross sections
were used. The experimental total cross sections
have not been used in making the X' fit. Further,
we have not required that the parameters of the
second-order potential have any smooth energy
dependence, that is to say, we have made an ener-
gy-independent fit. For these reasons, it is re-
markable that our fit yields good agreement with
measured total cross sections, a smooth energy
dependence of Ref„(0), and generally continuous
energy dependence of the P-wave parameters. The
behavior of the s-wave parameters 8 in the case of
"C (see Figs. 12 and 14) is not easy to interpret
and requires further study. We may conjecture
that the oscillations observed in the s-wave pion-

nucleus parameters are due to "interference ef-
fects*' obtained when expressing the fundamental
absorption amplitudes (wNN-XX) in the pion-nu-
cleus center of mass frame.

We note that in the case of 'He the data are suf-
ficiently precise so that the parameters J3 and k, 'C
are very well determined. Our analysis indicates
that there are no other solutions which will signifi-
cantly reduce the value of y'. The very large ratio
of ) Imk, 'C

I /I Im & ) at 110 MeV (see Fig. 16) makes
the value of y' relatively insensitive to variations
of the parameter [ Im B [ by a factor of 2. However,
for the other cases, the parameters are deter-
mined to within 10%.

A word of caution is in order, however. As may
be seen from the figures, at 110 MeV and above,
the m-nucleus P-wave absorption is very much
larger than the w-nucleus s-wave absorption. Thus
we have much more confidence that we may ulti-
mately understand these P-wave parameters on the
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FIQ. 13. Heal () and imaginary (0) parts of the para-

meter Ao C for ~-' C scattering in the zero-range limit
(n=~). The curves are drawn only as a guide for the
eye.
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FIQ. 15. Same captions as those of Fig. 13 with n
= 7OO MeV/c.
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TABLE HI. Calculated cross sections for 7t.- He scattering.

Tf
(MeV)

Without V"'
Oz Oei

(mb) (mb) (mb)

With V"' g= )
0'g &ei

(mb) (mb) (mb)

KVith VN (0, =700 MeV/c)
0'p (Te).

(mb) (mb) (mb)

51
110
150
180
220
260

39.9
168.5
265.5
303.3
282.7
228.7

28.2
80.4

102.5
109.7
97.1
76.1

11.7
88.1

163.0
193.6
185.6
152.5

59.6
197.8
302.7
309.9
271.2
219.5

30.2
79.6

112.9
110.8
107.9
83.4

29.4
118.2
189.8
199.1
163.3
136.1

60.9
201.0
283.6
305.5
269.2
222.6

30.4
82.5

111.0
112~ 1
102.4
85.0

30.5
118.5
172.2
193.4
166.8
137.6

10
I I

[im (a+I, d
)~m e

basis of a microscopic theory. " It is possible that
some still higher-order effects (for example, p'
terms of the optical potential) are incorporated in
the effective small s-wave p' potential at the higher
energies. The somewhat unusual behavior of the
s-wave parameters for v-"C scattering (see Figs.
12 and 14) mentioned previously may be an indica-
tion of the possible role of still higher-order ef-
fects. On the other hand, at 50 MeV we believe the
s-wave parameters are well determined and phys-
ically significant.

IV. CONCLUDING REMARKS

We have demonstrated that the second-order op-
tical potential plays an important role in pion-nu-
cleus scattering from 28 to 260 MeV, the energy
range we have studied. At low energies, the ef-
fects on the cross sections are dramatic aver the
full range of scattering angles. In the resonance
region, the imaginary part of the second-order po-
tential reaches a maximum. [This feature is prob-
ably related to the resonance in the (vNN-NN)
amplitudes. ] However, since the first-order op-
tical potential is already very absorptive in the
resonance region, the effects of the second-order
optical potential ean only be seen in the differential
cross section at the larger scattering angles.

We would like to identify the true pion absorption
mechanism as the main source of our second-or-
der optical potential. This identification can only
be made on the basis of further analysis, since we

10
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FIG. 16. The magnitudes of the parameters ImB,
ImAO~Q, and Im(B+ko C) for m-4He scattering with
n= ~. The curves are drawn only as a guide for the
eye.
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FIG. 17. Comparison of the data (Hefs. 14 and 16) for
C total cross sections (k) and ~-4He total cross12

sections (y) with calculated total cross sections. The
open triangles and circles represent calculated results
including the effects of V~2 ('2C: 6; He: o). The (+)
and (x) points denote calculated results in the absence
of second-order effects ( C: +; He: x).
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TABLE IV. Calcu1ated cross sections for x- C scattering.

(Mev)

Winout V"'
(Jg Oei

{mb) (mb) (mb) (mb)

With v (o. = )
0'z ~ei

(mb) (mb)

With Vz' (0. =700 MeV/c)
Op (T~i

( b) (mb) (mb)

28.4
48.9
120
150
180
230
260

46.0
71.4

576.6
717.3
752.8
673.2
588.7

27.6
42.2

311.0
341.8
314.0
254.2
223.8

18.4
29.2

265.6
375.5
438.8
419.0
364.9

142.1
260.9
664.7
714.6
680.4
637.3
582.7

74 ~ 8
101.6
238.6
267.4
249.5
255.5
248.9

67.3
159.3
426.1
447.2
430.9
381.8
333.7

142.1
259.6
664.3
703.0
678.6
648.0
588.7

74.9
101.9
240.7
253.2
249.6
262.9
249.4

67.2
157.7
423.6
449 ~ 8
429.0
385.1
339.3

5 I t I I f I t I 't I t t I I
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nC
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E

5
1-+

h
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lr- He
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'" (.)
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{vevj

FIG. l8. Energy dependence of Ref&(0). The {6)and

{+)points, respectively, correspond to m-' C scatter-
ing amplitude with and without the inclusion of Vz
The (0) and {x)points, respectively, correspond to the
~- He scattering amplitude with and without the inclu-
sion of y'2~

have not fully excluded the possibility that short-
range and other nucleon-nucleon correlations con-
tribute in an important manner to the second-order
potential in the resonance region. We have seen,
however, in a previous study" that the highly off-
shell nature of the scattering of a pion from a cor-
related pair of nucleons is quite important. It is
only in the FSA that one would expect resonant ef-
fects at T„=180 MeV in the scattering of a pion
from a correlated pair. In a fully dynamical theo-
ry the analysis of such amplitudes is rather com-
plicated. We believe that most resonant effects in
such amplitudes would be suppressed by off-shell
effects. In lieu of a fully microscopic theoretical
analysis, we suggest that a study of the total pion
absorption cross section will be necessary for
clarifying this situation.

One may also iaquire as to the importance of
pion absorption in the m-nucleus d wave. We have
found no evidence for such a mechanism at ener-
gies T, & 180 MeV. At 220-260 MeV, the large

error bars for the differential cross sections at
large angles in m-4He scattering and the absence
of data for 6I, & 90 for m-"C elastic scattering do

not aQow us to make definite conclusions.
Finally, we remark that the analysis we have

carried out is only made possible by the existence
of very high quality data at several energies. We
suggest that in future experiments an attempt be
made to achieve data of similar accuracy.
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APPENDIX

In our dynamical calculations, we do not use the
FSA. Further, we deal with the nuclear density
matrix rather than using only the matter density
(as in the FSA). The method of obtaining the wave
functions needed for constructing the density ma-
trix of 4He from the knowledge of the experimental
charge form factor was given in Ref. 5. For "C,
we employed the following procedure. We assume
harmonic oscillator shell model wave functions for
the s- and P-shell nucleons. We calculate, using
these wave functions, the matter form factor
Emat (tl} and the charge form factor E,h(q)

Empt( tl)Ept (tl) We adjust the harmonic oscillator
(HO) parameters of the wave functions to fit the
experimental E,h(tl). We use a realistic proton
form factor" in our calculations. Further, we ob-
tained a better fit to the high momentum part of the
charge form factor by allowing the P-shell HO pa-
rameter to be slightly different from the s-shell
HO parameter. The s- and P-shell wave functions
obtained in this manner are given by

(Al)
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(A2)

We now comment on the structure of the second-

order optical potential. The matrix elements of
V~„'~ are given in Eq. (2.10). As we have previous-
ly shown' the Fourier transform of the square of
nuclear density in Eq. (2.10) is related to the anti-
symmetrized A. -nucleon wave functions by

H(q) =A(A -l)(2v)' e '"'[p(r)]'dr

dk, dk ~ ~ ~ dk~d&6(k, +k, + ~ ~ ~ +k„+k) P*f (k„k„.. . , k; —Z, . . . , k&+Z+q, . . . , k~)

&& g g (k„k„k3,. . . ,kq),

where q =k-k' and &=kq -k,'. The momenta -k
and -k represent the initial and final momentum
of the target nucleus in the n-nucleus c.m. frame.
The 6 function in Eq. (A3) expresses the c.m. cor-
relation of the A. nucleons.

Equation (A3) can be evaluated analytically for
harmonic oscillator wave functions. The result
for "C with a same Ho parameter 8 for both s-
and P-shell nucleons is

2m"
H(q) =, [Ao(A. , —1)+ 2AOA, (—,')(1 —~q'R')

+A, (A, —1)(~)(1-~q'R'+ ~q'R') j
5&2&2/4S (A4)

where A0=4 and A., = 8. We note the relation
Ao(AO —1)+ 2A, A, +A. ,(A, —1) =A(A —1) for A =A
+XI. The generalization to different HO param-
eters for s- and P-shell nucleons is

2w '~'
pH(q)= A (A -1)s ""o ~'+2A A (-'- q'p')e "

0 I

5Z'
+A (A 1) ' (1 —~q'R '+~q'R ')e ' ' e" '~"I y2g 3 6 I 340 I

I
(As)

with

P'-=2R 'R '/(R '+R ') . (A6)

Here, with different oscillator parameters for the

s and P shells, the c.m. correlation is only treated
approximately. The approximation is, however,
adequate since the values for R,(=1.63 fm) is very
close to that for R,(=1.64 fm).
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