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A b s t r a c t : D a t a f r o m p i o n i n e l a s t i c s c a t t e r i n g a n d c h a r g c - e x c h a n g « -
e x p e r i m e n t s a r e d i s c u s s e d w i t h i n t h e f r a m e w o r k o f a D W I A
a n a l y s i s . T h e p r o p e r t i e s of t h e p l o n - n u c l e o n i n t e r a c t i o n
t r a n s f o r m e d to t h e p l o n - n u c l e a r s y s t e m a r e u s e d to i n f e r n o w
n u c l e a r — s t r u c t u r e i n f o r m a t i o n for b o t h d i s c r e t e s t a t e s a n d g i a n t
r e s o n a n c e s .

1 . I n t r o d u c t i o n

In r e c e n t y e a r s c o n s i d e r a b l e d a t a r e s u l t i n g f r o m s t u d i e s of t h e
i n t e i a < - i i o n c of p i o u s w i t h n u c l e i h a v e b e e n g e n e r a t e d at LAMI'F, S I N ,
a n d T R 1 U M F . W h i l e m u c h of t h i s i n f o r m a t i o n i n v o l v e s t h e p r o p a g a t i o n
of p i o n s t h r o u g h t h e n u c l e a r m e d i u m a n d t h e s t u d y of r e a c t i o n
m e c h a n i s m s , a s u b s t a n t i a l f r a c t i o n o f t h e e f f o r t is r e l a t e d to
i n v e s t i g a t i o n of n u c l e a r s t r u c t u r e . C o m p r e h e n r . i v e • re v i e w s ' ̂  o f
r e s u l t s f r o m p i o n s c a t t e r i n g a n d c h a r g e e x c h a n g e h a v e b e e n p r e s e n t e d
ac v a r i o u s c o n f e r e n c e s . R a t h e r t h a n b e i n g a c o m p r e h e n s i v e r e v i e w o r
a s u m m a r y of r e c e n t r e s u l t s , t h e p r e s e n t c o n t r i b u t i o n f o c u s s e s u p o n
s e v e r a l n e w s t u d i e s e x h i b i t i n g p a r t i c u l a r a s p e c t s o f n u c l e a r

w _ . „ s t r u c t u r e t h a t a r c w e l l s u i t e d to i n v e s t i g a t i o n by p i o n s . - a t r e r i n p
- E t ' l ^ s f i ! a n d c h a r g e e x c h a n g e r e a c t i o n s .
5 ™ >, m*'? tf § •"• ~ A t i n c i d e n t e n e r g i e s of a p p r o x i m a t e l y 1 8 0 M e V , pi or e d u c e d
" N l ' S a ^ f u r e a c t i o n s a r e d o m i n a t e d by t h e T •= 3 / 2 , J = 3/2 r e s o n a n c e in t h e .
— <—"•§ £ j= c •§ £ iS i - n u c l e o n s y s t e m . T h e n - N a m p l i t u d e t h e n c a n b e w r i t t e n in t h e f c ; c

* -
f ( k , k ' ) = o ( k ) [ " ~ 3 ' '- ] [ 2 c o s O + i o « n s i n O ] (1)

» S ™ I "••§ I ° " - w h e r e a ( V ) c o n t a i n s t h e e n e r g y d e p e n d e n c e o f t h e i n t e r a c t i o n , f a n d *
> , ° | 5 S s g k 5 ( a r e t h e i s o s p i n s o f t h e p i o n a n d n u c l e o n , r e s p e c t i v e l y , 6 i s t h e
B « » ' " | 1 I S « ! s c a t t e r i n g a n g l e , a n d n i s n o r m a l t o t h e s c a t t e r i n g p l a n e . I t h a s
8 o 8 e".S - 2 S o b e e n s h o w n t h a t t h e n - n u c l c u s i n t e r a c t i o n h a s a s i m i l a r f o r m ' e x c c - ; i C
c — o > g o § g = n t h a t a ( k ) e x h i b i t s a w e a k e r e n e r g y d e p e n d e n c e a n d T r e f e r s t o t h e
" i ? " ' 8 ! ^ ! ' n u c l e a r s t a t e . W e s e e t h a t ir. o s c a l a r a m p l i t u d e s a r c - f a v o r e d o v e r
* E ' S l l « ̂  ̂  o "1 i s o v e c t o r a m p l i t u d e s b e c a u s e o f t b e ' i s o s p i n t e r m a n d t h a t n a t u r a l
§ | - - < § ? J | . 8 ' O « > p a r i t y t r a n s i t i o n s a r e f a v o r e d o v e r s p i n - d e p e n d e n t t r a n s i t i o n s a t
o O o 3 § 2 j j « | ^ s m a l l s c a t t e r i n g a n g l e s .
c 3 i § o . 2 — e - j j j e 5". i n c o t h e i n t e r a c t i o n n e a r r e s o n a n c e i s q u i t e s t r o n g , t h e -
g | | S j g | s . « n u c l e u s I s h i g h l y a b s o r p t i v e a n d o n l y t h e s u r f a c e r e c i o n i s

3 | j p a r t i c u l a r l y a m e n a b l e t o s t u d y b y p i o n s c a t t e r i n g a n d c h a r g e
e x c h a n g e . A s i s g e n e r a l l y f o u n d i n s t r o n g a b s o r p t i o n r e p i n e s , t h i s

— — « 8 >. " — l e a d s t o s i m p l i f i c a t i o n s i n t h e t i e a t m e n t o f r e a c t i o n n c c h a n ! S B S iitri
! S s " o . H s ' 5 " ° s 5 r e d u c e r ; t h e d e p e n d e n c e u p o r t h e d e t a i l s o f p i o n I n t e r a c t i o n s I n t h e
i u f o | | H i . S i c n u c l e a r m e d i u m . I n t h i s c o n t r i b u t i o n w e c o n s i d e r p i o n F l a t t e r i n g . m d
^'5 a ° ° *• ° ̂  " ̂  c h a r g e e x c h a n g e o n l y i n t h e r e s o n a n c e r e g i o n s o t h a t n u c l e a r
|Z j <j Tj " ° •— "S & structure dependent features may be emphasized.

a s S k < 2 g ^ < 2 « i " g 2. Theoretical Considerations

H O u '£ a. o E E B D The extraction of nuclear structure information fron pion
scattering and charge exchange requires a theoretical ftancwork for
analysis of the data. A particularly useful approach is that
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,3)OF TEXT developed by Lee and Kurtthv.rt«(treat pion;inelastic scattering at
energies near Che (3,3) resonance, They Incorporate shell-model
vavefunctions Into a framework of a first-order distorted-wave
llnpulse approximation (DWIA) formulated in momentum space. The
(particle-hole excitations involved in inelastic scattering are
'described in the LS representation where the p-h orbital angular
noaenta are coupled to L, the spins to S, and total angular momentum
J. They obtain transition amplitudes of the form

lfl twN(k',k8J,L,S,u>)Ff£| (2)

In this factorized form, t N Is the pion-nucleon collision matrix and
FJJ is the nucleon transition density for inelastic excitation from
state, i to final state f. The collision matrix contains all of the
dynamics of the pion-nucleus Interaction including the dependence
upon angular momentum coupling, energy dependence of the n-nucleon
Interaction, and angular dependence. The transition density
describes the specifically nuclear properties of the transition,
Independent of probe.

In principle, many terms contribute to the sum in eq. (2), but
calculations have shown that, for strong transitions, only one term
usually dominates for a given J. In addition, near resonance, except
for the isospin dependence of the interaction, the single particle-
hole cross sections for TT+ and TT~ scattering on light nuclei are
nearly equal. It is therefore valid to approximate the differential
cross sections for inelastic scattering by

21* + 1

and
+ 1

CJLS ( 6 )

. 1 I ,

' • A t •!

where CJLS(8) IS the intrinsic "single particle" differential cross
section, If(j) are the final (initial) nuclear spins and Pfj a r e

the proton (neutron) transition densities. Contributions from
different values of J are summed incoherently. The explicit isospin
dependence of the (3,3) resonance appears as the factors of 3 in eqs.
(3) and (4). The complete DWIA calculations take absorption,
distortion, spin and isospin dependence into account. The partial
wave amplitudes for these calculations are obtained from analysis of
pion elastic scattering.

As a consequence of the strong absorption, each CjIS(8) has a
distinctive angular distribution that is typical of diffraction. In
fig. 1 the most important angular distributions are shown. Indeed,
many of the qualitative features seen in fig. 1 are similar to those
of angular distributions obtained in alpha particle scattering and in
heavy-ion reactions. With increasing multipolarity, the maxima of
the angular distributions appear at larger scattering angles
corresponding to larger momentum transfer, q. The exception is the
1(1,1) transition, spin-flip electric dlpole, which, in contrast to
all other spin-flip transitions, exhibits a peak at zero degrees.
This phenomenon has recently been shown to be a theoretical
consequence of strong absorption ' and, as seen in fig. 2, has also
been observed experimentally. '

The relative importance of spin-flip amplitudes is also observed
In fig. 1 where it is seen that the magnitudes of the magnetic
nultlpoles not only are comparable to the natural parity, i.e.
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Fig. 1. Theoretical angular distributions, Cj ̂  s^®^
values of J, L and S. The strong transitions are shown. On the left
side, the angular distributions correspond to the electric transi-
tions, El, E2, E3 and El with spin-flip, while- or. the right side the
magnetic transitions, Ml, M2, M3 and M4 are s\mwn. The calculations

are appropriate for pion scattering by **B at T = 162 MeV.

electric, multipoles but that the
intrinsic cross sections do not
decrease rapidly with increasing
multipolarity. An explanation of
this effect in terms of the q-
dependence of the w-nucleon
interaction near resonance has
been provided bv Petrovich and
Love.6)

Implicit in the DWTA
formalism is a method for
distinguishing spin-flip from
non-spin-f1ip transitions.
Sicilian© and Walker2' have
expressed the DWIA cross section
In a form similar to eq . (1), in
which these two amplitudes are
explicitly separated. For fixed
momentum transfer, qo, near the
primary maximum of the angular
distribution their expression is

A - 2 2
4M (q )cos 6

Î 10
c?

40 60 80

0CM(deg)

+ S2(qo)sin2l (5) Fig. 2. Angular distributions for
»+ and it" scattering to the 4.45-MeV

1~ state In '**0.
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where T(E) is an energy-dependenf factor that"Is roughly constant In
the vicinity of the resonance and 6 Is the scattering angle at energy
E» M and S are spin-independent and spin-dependent form factors,
respectively, that vary slowly with energy for momentum transfers
near qo. For fixed qo, the energy dependence of the cross section
will be governed by the dominance of either Vr or S^ thereby leading
to a cos^e dependence for non-spin-flip transitions or a sin^e
dependence for spin-flip transitions. Examples of the energy
dependence of both types of transitions are shown in fig. 3 together
with results of a DWIA calculation. The excitation functions are
seen to verify the qualitative energy dependences predicted.

We therefore see that at
pion kinetic energies near the
(3,3) resonance the DWIA
framework provides several tools
for the extraction of nuclear
structure information from pion
scattering and charge exchange:

1. The isospin dependence of the
pion-nucleon interaction is
reflected in the plon-nucleus
interaction to provide
enhanced sensitivity for
proton (neutron) transition
densities in n+(ir~)
scattering. In addition, the
isospin dependence of the
pion-nucleus interaction
results in a factor of 2
enhancement of isoscalar
transition amplitudes
relative to isovector
transition amplitudes.

Angular distributions of
scattered pions have
distinctive shapes that are
determined by total angular
momentum J, orbital angular
momentum L, and spin
dependence S.

1

0.0!
too 200 300

Fig. 3. Excitation function at
constant q for the 3/2~ (solid
points) and 9/2~ (open points)
states in ^ C . The data''
obtained at LAMPF with the use

of the EPICS system.

3. Excitation functions taken at fixed momentum transfers
corresponding to the maxima of angular distributions vary as
cos^9 for natural-parity transitions and as sin^G for sf.in-fllp
transitions, in analogy to the Rosenbluth formulae used in
analysis of electron scattering.

In the following sections, these tools will be utilized in the
analysis of several recent studies of pion scattering and charge
exchange in which new nuclear structure information is obtained.

3. Inelastic Scattering by 1 JB

An example is the analysis of the Inelastic scattering of 162-
HeV pions by B which has been studied at EPICS by a collaboration
from several, institutions. ' Spectra for it and TT~ scattering at 70'
are shown in fig. 4. As is expected for a T = 1/2 nucleus, cross
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sections for Inelastic pion i ' ;
scattering are different for w • •.'•
and *~, reflecting the variations
in proton and neutron
[contributions to the transition
densities. In contrast, the
icross sections for elastic
scattering of IT and IF", shown in
|fig. 5, are equal and in .
'reasonable agreement with
momentum space optical model
calculations.

The data for the inelastic
scattering are analyzed using the
approach of Lee and Kurath 3^.
For the low-lying negative parity
states in B, the Cohen-Kurath
wavefunctions ' are used to
calculate transition densities.
Angular distributions for several
low-lying transitons are shown in
fig. 6 together with the results
of DWIA calculations for 2(2,0),
i.e. E2 , transitions. It Is seen
that the calculated shapes of the
angular distributions are in good
agreement with the data. The
absolute magnitudes of the
calculations, however, have to be
increased to fit the data, i.e.
the data indicate that the
transitions are enhanced relative
to calculations performed with a
lp-shell basis. This need for
enhancement has long been known
to exist in calculations of
electromagnetic transition rates,
and the enhancement factors
required here are similar.
Although the electromagnetic
transitions are known to involve
predominantly Ml amplitudes, the
DWIA calculations indicate that
even with no E2 enhancement the
Ml terms contribute less than 10%
of the cross section at the
peak. This illustrates the effect

50Q

400-

300-

200

100-

400

300-

200-

100-

Biir.v') at 70

TT1

cvi
in

EXCITATION

Fig. 4.
scattering

Spectra for IT"1" and i\
for

10 20
ENERGY (MeV)

162 MeV. Only
levels discussed"in the text are
indicated. The yields indicate
relative cross sections with the
same normalization in both parts

of the figure.

T =
IT

of the n-nucleon interaction which
favors natural parity transitions at relatively small scattering
angles.

Quite prominent in the spectra shown In fig. 4 are a series of
positive-parity states whose spins are indicated. Angular
distributions for these states are displayed in fig. 7 together with
excitation functions at two fixed momentum transfers. It is quite
apparent from the data that the cross section for n~ scattering is
larger than the u cross section for each state and that the TT~ to u
cross section ratio increases with increasing spin. Indeed, there is
no evidence for the 11/2 state in n scattering. From the isospin
dependence of rr-nucleus interaction, the larger n~ cross sections are
clear evidence that the transitions to these states involve mainly
neutron excitations.
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cm.

Fig. 5. Elastic scattering of pions at T^ = 162 MeV. The curves are
the results of optical-model calculations using the code PIPIT. •*
Quadrupole contributions, not included iii the calculations, are

responsible for filling in the minima in the data.

The transition to the ll/2+ state at 14.04-MeV excitation must
involve purely neutron excitation in order to conserve angular
momentum i.e., a d^^ neutron coupled to the 3 + ground state
of 1 0B. The particle-hole coupling therefore must be 4(31), in the
notation of Section 2, and be the (IP3/9 > ^ 5 / 2 '4~ stretched
configuration with multipolarity M4. Although the ll/2+ state is not
seen in the ir+ scattering, the background is sufficient to permit a
9:1, ti~/ir+ ratio, consistent with a pure neutron excitation.

The positive parity states in **B result primarily from
excitations of lp-shell particles into the Id2s shell. Modified
Millener-Kurath wavefunctions'*' wtre used in the DWIA calculations
shown in fig. 7 as solid lines. The dotted lines shown for the 9.2-
MeV doublet are the calculated cross sections for the 5/2+ state at
9.27-MeV excitation while the light dashed lines are those for the
7/2+ state at 9.19-MeV excitation. With the exception of the curve
for the ll/2+ state, the magnitudes of the calculated angular
distributions have not been adjusted to fit the data; also shown is
a 30% reduction in the calculation for ir~ scattering to the 11.29-HeV
state. In contrast to the agreement in magnitude found for the lower
spin states, a normalization of 0.2 is required for the M4
calculation for the ll/2+ state. The transitions to the other
positive parity states shown in fig. 7 are dominated by 3(30), E3,
amplitudes.

Excitation functions were obtained at two fixed momentum
transfers, q = 1.1 fm , the maximum of the E3 transition and q = 1.5
fm~*, the maximum of the M4 transition. For ir~, the Qualitative
behaviors shown in fig. 7 are consistent with the S1TI*6(E3} and
cos 6(M4) energy dependences for non-spin-flip and spin-flip
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oriixrtransitions, respectively.. -For - ; ;r
jr+ at q - 1.5 fin"1, however ,• this, i
1.6 not the case and the excita-
tion functions are similar to
those observed in the minima of
natural parity transitions. From
these excitation function data at
q = 1.5 fm~ , values may be
obtained for the MA contributions
to v~ scattering to the 5/2 , ~
7 / 2 + and 9/2 + states. These have
been added to the predicted
angular distributions with the
results being displayed as the
heavy dashed lines in fig. 7.
Substantially improved agreement
with the data is observed. The
M4 cross sections for the 5/2,
7/2 and 9/2 states are
approximately equal, with each
being nearly equal to the cross
section for the M4 transition to
the l l / 2 + state.

The extraction of M4
contributions to predominantly E3
transitions observed in u~
scattering together with the
absence of such contributions in
it+ scattering indicates that
neutrons are primarily
involved. This result
illustrates the utilization of
the spin and isospin structure of
the pion-nucleas interaction to
infer different multipole
admixtures in proton and neutron
transition densities.

In view of the good
agreement between the data and
the theoretical predictions for
the E3 transitions, the weakness
of the M4 transition to the
14.04-MeV state is puzzling.

SPAflfiCi WITHIN.

7T
ANL-P-16,705

cm.
Fig. 6. Angular distributions
for inelastic pion scattering to
negative parity states in ^ B .
The spins are indicated in the
left panel while the excitation
energies, in MeV, are indicated
on the right. The curves are

discussed in the text.

While fragmentation of the *
strength into other l l / 2 + states
is possible through residual interactions, no other 11/2 states have
as yet been identified. Moreover, the presence of substantial M4
strength to the lower spin states is not easily understood.

In a recent publication 1 2', the 5/2 , 7 / 2 + , 9/2 +, l l / 2 + sequence
is considered as a rotational band and found to behave rather
peculiarly. One description, contrary to the present data, involves
3 particle-3 hole excitations. An alternative description using one
particle-hole excitations requires large oblate or triaxial
deformations. In this latter picture, the band terminates at l l / 2 +

and the one particle in the 2sld shell must be a neutron. The larger
cross sections for it" scattering to the band suggest further
theoretical and experimental study.
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14.04 MeV
(11/2*)- 15

10-
8

6

4
3

I •

40" 80° 120° 120 240
INCIDENT PION
ENERGY (MeV}

80"
'cm.

120 120 240
INCIDENT PION
ENER6Y (MeV)

Fig. 7. Angular distributions for elastic pion scattering to
positive-parity states in * *B and excitation functions at constant
momentum transfer, q. The excitation energies of the states are
shown in the left-hand panel with corresponding spins toward the
right. The curves are discussed in the text. The excitation
functions shown correspond to q = 1.1 fm~* (solid points) and q = 1.5
fn-1 (open points). For TT~, the open points are plotted at 5x their
true value, except for the ll/2+. For

plotted at 2x the correct value.
the open points are

It. 8" States in 54Fe

In the previous section, an anomalously low cross section for an
M4 , stretched transition was discussed. This is an example of an
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01 TiXTjiwportant problem involving excitation of the spin degrees of freedom
in nuclei. There is no*- considerable evidence from (e,e')» (p.P1)
and (p,n) reactions J»'^ indicating isovector spin excitations of
nuclei are quenched, i.e. weaker than predicted. Several explana-
tions, including the possible importance of A-hole states in spin-
flip reactions, have been proposed' •* »* -*. Significant tests of these
mechanisms involve both the angular momentum dependence and the q
dependence of the quenching. Stretched transitions consist of ltfu
particle-hole excitations where both the particle and hole have
j = 4+1/2 coupled to the -maximum angular momentum. Such states have
been seen near closed shells where the degrees of freedom are limited
and the level density for high spin states with unnatural parity is
low. The particular interest in stretched states arises from their
high spin, simple nuclear structure, and low probability for excita-
tion through multi-step processes. Despite this apparent simplicity,
in studies utilizing various
probes, electrons and hadrons ,
only about 50% of the one
particle-one hole strength is

54.
ANL-P-16,725

observed in isovector stretched
30Q

FetTT.TT') at 80 T̂ .= l62MeV

transit ions .
In contrast to electrons,

which excite isoveccor transi-
tions, and protons, for which
isovector and isoscalar
transition strengths are about
equal, piohs preferentially
excite isoscalar transitions.
There is, however, no systematic
structure information concerning
isoscalar spin-flip excita-
tions. In the few cases studied,
namely 6~ states observed in
proton scattering ' by Mf and
28Si and pion scattering1"' by
2 8Si, the isoscalar strength is
quenched even more than the iso-
vector strength, being reduced by
an additional factor of approxi-
mately two. Ouenching mechanisms
such as A-hole states are
predicted to be weak for high-
spin states and cannot cause
isoscalar quenching.

It is more difficult to
study isoscalar amplitudes in
heavier nuclei since the neutron
excess generally permits more
than one isospin amplitude to
contribute to inelastic
scattering. Both isoscalar and
isovector amplitudes contribute
to the excitation of the 8~,
stretched states in "Fe that
result from (g9/2»^7/2"

9/27/2 8
particle-hole excitations,
states have been studied1''
scattering 162-MeV pions at
and spectra for both TT+ and
scattering are shown in fig

These
by
EPICS
IT

. 8.

0 4 8 12 16
EXCITATION ENERGY (MeV)

Fig. 8. Spectra for pipn in-
elastic scattering by 5 Fe. The
solid lines indicate M8 transi-
tions observed in electron
scatterings The vertical scales
are normalized to the relative

cross sections.
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OFTt-xrjIn both spectra .there are a

number of states that project ••
'above background at excitation
'energies greater than 8 MeV. M8
transitions have been observed
.in -*4Fe in electron scattering
at the excitation energies indi-
cated in the figure. Additional
8~ states are setn at the loca-
tions of the dashed lines.
Because of the high background
and limited counting statistics,
weak peaks could not be identi-
fied as 8~ states; the background
causes a minimum error of 2 yb/sr
for n+ and 3 pb/sr for TT~. Angu-
lar distributions for several 8~
states are shown in fig. 9 to-
gether with DWIA calculations for
8~ states. The wavefunctions
used are obtained from shell-
model calculations LJ constructed
in the model space (£7/2
The magnitudes of the cross
sections are adjusted to fit the
data .

The residual interactions
cause fragmentation of the
strength among the various 8~
states that can be constructed
from configurations of the form
(fy/2 89/2)' Shell-model calcu-
lations using this form have been
reported2"' and applied to
electron scattering data. For
electrons, only the isovector
amplitude is important, while
both isoscalar and isovector
amplitudes are significant in
pion scattering. In transitions
to T = 2 states only the iso-

:• Lir-F SPACING wi ;HKJ.

1 0 -

10

AHL-P-16,727
I ' I ' T

. 1 . 1 I . I . 1
60" 70° 100°80° 90°

cm.
Angular distributions forFig. 9.

8 states from pion inelastic scat-
vector amplitude contributes, so tering by 54pe- ^he open points
that TT+ and IT" cross sections indicate TT~ data while the solid
should be equal except for minor paints signify TT+ data. The curves
Coulomb corrections. In fig. 9, are DWIA calculations discussed in
it is seen that the IT and IT" the text,
cross sections for the 13.26-MeV
state are equal, thereby confirming a T = 2 assignment for this
state. For T = 1 states, however, the presence of both isoscalar and
isovector amplitudes together with the 'tsospin structure of the pion-
nucleus interaction results in different ir+ and IT" cross
Indeed, in fig. 8 no trace of the 8.33-MeV state is seen
tering while the peak is prominent in TJ~ scattering. On
grounds, a primarily neutron particle-hole excitation is expected
since a neutron hole in -*̂ Fe forms a T = 1/2 state in the (^7/2""^
configuration while a proton hole makes only T = 3/2 states. In
addition to the states previously observed, 8" transitions are seen
at excitation energies of 9.7 MeV and 11.7 MeV in IT" scattering and

sections .
in 7i+ scat-
energet ic

possibly at 11.7 MeV in TT+ scattering.
excitation energy of 8.95 MeV where an

No peak is seen at an
8" state is reported in
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or ii xi electron scattering. •'. «.\'5,w.i r 11
i The theoretical predictions
•for relative cross sections are
^compared to the data in fig. 10,
together with electron scattering
results. In fig. 10 the
theoretical M8 strengths are
plotted at the calculated
excitation energies. The „
theoretical M8 electron
transition strengths presented
here21' differ from those
reported previously ' as a
result of an adjustment to the
strength of the isospin splitting
designed to place the T = 2 state
at the correct excitation
energy. This adjustment results
in improved agreement with the
data for transition strengths,
but causes shifts in the
calculated excitation energies
that make the establishment of
correspondence to the data less
direct.

The comparison of the model
with the pion data shown in fig.
10 exhibits a consistent trend -
all cross sections to the T = 1
states are overpredicted . It has
already been noted, however, that
isoscalar transitions in lighter,
T = 0 nuclei are quenched
relative to isovector
transitions. Accordingly, the
isoscalar amplitudes in the
theoretical calculation for the
8~ transitions were reduced by a
factor of .1//2 relative to the
isovector amplitudes. The
results of the calculation are
shown as the heavy bars in fig.
10. It is seen that
substantially better agreement
with the experimental cross
sections is obtained. Ouite
significantly, the s.tates
predicted to be quite strong at
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Fig. 10. Peak cross sections for
8~ states in TT+ and ir~ scattering.
Also shown are data from electron
scattering. The theoretical values

excitation energies between 11.5 discussed in the text are normalized
to the data for the T = 2 state at

13.26 MeV excitation.
and 12.0 MeV are reduced more
than the other states in accord
with the observed spectra.

It therefore seems probable, albeit indirectly, that the
isoscalar transition amplitude is quenched relative to the isovector
amplitude in Fe. Whether this is generally true for heavier nuclei
is an important issue, worthy of additional study both theoretically
and experimentally. As the various questions concerning Isovector
excitation of spin degrees of freedom are clarified, the subject of
quenching in isoscalar amplitudes will continue to be an area
eminently suited to study by pion scattering.
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In the previous sections, nuclear excitations leading to
discrete final states were described in terms of single nucleon
particle-hole configurations. Most of the nuclear response, however,
is governed by collective excitations that involve many nucleons.
These giant resonances are the normal modes of the nuclear medium and
have been studied extensively; a session of this conference is
devoted to this subject. Despite., the more complicated radial
dependences, the features of the pion-nucleon interaction still
provide a selective means for the study of giant resonance phenomena
and elucidation of nuclear structure information. Because of the
multiparticle aspects, excitation of giant resonances in pion
reactions may not be localized in the nuclear surface and medium
corrections"' to the n-nucleon interaction may be important. These
questions may be resolved in studies of the E3 and E2 resonances.
The present discussion, however, will concentrate upon degrees of
freedom whose identification results from the selectivity of pion
interactions with nuclei. Inasmuch as pion charge exchange
results' are being presented at this conference, the discussion of
this subject is somewhat abbreviated.

5.1 SPIN-FLIP EXCITATIONS IN 12C

In a recent study of forward angle pion inelastic scattering '
by C, prominent peaks were observed at excitation energies of 20-28
MeV. This structure is seen in the spectra of Fig. 11 together with
a decomposition into several peaks. Angular distributions for the
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12,Fig. 11. Spectra for inelastic pion scattering by C. Evidence for
isospin mixing "between the 2~ states near I9-MeV is seen in the lower

part of the figure.
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Fig. 12.. Averaged T\ and ir angular
distributions for the gross struc-
ture peaks at the indicated excita-
tion energy. The curves are the
results of DWIA calculation discus-

sed in the text. 0 10 20 30
EXCITATION ENERGY (MeV)

Fig. 13. Spectra for 7r
scattering at far forward
angles. The vertical axes
have beer, normalized to cor-
respond to the relative
yields. The arrow indicates
the location of a 1-excitation

discussed in the text.

components of the decomposition
are shown in Fig. 12 together
with the results of DWIA calcu-
lations. For the 22.1-MeV peak,
EWIA calculations with a 1(10),
i.e. El, shape are consistent
with the data. Indeed, the
isovector giant dipole resonance
is known to peak at this energy.
More interesting, however, are
the shapes of the angular distributions for the other two peaks. In
order to achieve agreement with the data, contributions with 2(1,1),
i.e. M2 , shapes have to be added to the El shape. While some F.2
strength has been observed in this excitation energy region, the
authors claim this is insufficient to provide much of the strength
required. In addition, excitation functions rise too slowly with
energy when compared to the rapid increase expected for natural
parity excitations. This supports the suggestion that 2~ excitations
provide the additional strength. From the DWIA analysis, it appears
that a major fraction of the El strength is observed, but only a
fraction of the total spin-flip 2~ strength is seen.

Quite recently, scattering of plons by 12C has been studied at
far forward angles -''. Preliminary results are the spectra shown in
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OFUXlFig. 13. Since the scales are normalized, the heights of the peaks

indicate relative cross section. . ,The arrow indicates the location,
approximately 19.6 MeV excitation, of a peak that is quite strong at
J9C and decreases in intensity until it disappears into the background
at 20° where the spectrum is quite similar to those in Fig. 11. This
forward peaking behavior is characteristic of the 1(11), i.e. spin-
flip El, excitation mentioned in section 2. No other transition can
exhibit such an angular distribution in inelastic pion scattering.

It therefore appears that the theoretically predicted spin-flip
El and M2 transitions are-located in the vicinity of the giant dipole
resonance.

5.2 PION SCATTERING AND CHARGE EXCHANGE ON **uCa

The nucleus °Ca is another nucleus which has long been a
subject of investigation with various probes. The giant dipole

T i 1 1 r
ExC°K)40 20 0 6.9*

1—•—i—•—I

r
120 140 160 80 120

7r° KINETIC ENERGY (MeV)

°̂Fig. 14. TT° 'spectra from "uCa( TI ,TT°) reactions' studied at T^ = 164
MeV. The arrows mark the position of the analog of the GDR In

Ca. The solid line is a smoothed 4.5° spectrum drawn to facilitate
observation of the GDR peak.
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observed at excitation energies of approximately 20 MeV in *°Ca. In
charge exchange reactions, the analogs of the isovector GDR are
excited strongly and Isoscalar transitions, of course, are forbiddei,
BO that the GDR is not obscured. Moreover, in (p,n) reactions at 0°
epin-flip transitions dominate non-spin-flip transitions, but the
pion-nucleon Interaction 6trongly favors AS = 0 transitions at
forward angles. . m

Spectra from uCa(ir'ir°) reactions26' obtained with the n°-
Spectrometer at LAMPF are shown In Fig. 14. The El transitions are
clearly seen above the background continuum. The shift in
outgoing n° energy between TI+ and n~ reactions results from the
Coulomb displacement energy. The angular distributions for the peaks
are well fitted by PWIA calculations for 1(10), i.e., El, AS = 0,
transitions. A variety of forms were used for the transition density
in order to estimate the collectivity of the transition. A value of
approximately 2 "single particle units" was obtained. A secondary
feature observable in Fig. 14 is possible broadening of the peak at
28.5°. This is intepreted as tentative evidence for the presence of
spin-flip transitions, I.e., 2~ excitations.

Inelastic pion seatterIng by
^ C a has recently been studied
at extreme forward angles. In
the spectra shown in Fig. 15, the
prominent peaks in the lower
panels are the GDR and the GOR,
both natural parity
transitions. The arrow in the
top section indicates a peak that
appears only at forward angles at
the lower energy. This behavior
is suggestive of a tentative
identification as 1~, AS = 1,
i.e. the 1(1,1) transition
previously discussed for C.
Slr.ee a spin-flip is involved,
the cross section would be larger
at the lower energy. If the
background is due to excitation
of natural parity, AS = 0 states
whose cross section increase
rapidly with energy, a 1~ spin-
flip excitation may be easily
obscured at the higher energy.

These results for pion
induced reactions illustrate the
versatility of pion scattering
and charge exchange reactions in
the investigation of even such
well studied nuclei as *£C and
^Ca-. The underlying features of
the pion-nucleon interaction
provides selectivity for the
identification of El, spin-flip
El , and M2 resonances even for
cases where discrete states are
not observed.
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Fig. 15. Spectra from inelastic
pion scattering on *"ca. The arrow
indicates a peak discussed in the

text.
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| It would be Impossible to summarize all of the recent results in
pi on scattering and charge exchange. In this section several
particularly interesting results are presented with a tninimun of
discussion.

In the scattering of 125-MeV TT by °*Y a peak is o b s e r v e d " ' at
forward angles at an excitation energy of approximately 8 MeV. From
the angular dependence and theoretical predictions, the peak is
tentatively identified as being a*n M l , 1 ( 0 , 1 ) , transition
corresponding to the (Sj/2» #9/2^ particle-hole configuration. Since
such an excitation Involves primarily neutrons, further study with v~
Is planned.

The n°-spectrotneter2 ' at LAMPF has recently become a prolific
source of data. Since the spectrometer can study (TI,IIO) reactions at
0 ° , it is uniquely capable of investigating isovector monopole
transitions. Indeed, isovector monopole transitions ' have been
observed in (TI~,TT°) reactions on targets of " Z r and Sn and in
the * 2"Sn( TT+ ,TT°) reaction. Angular distributions have been measured
and are found to be consistent with predicted shapes and magnitudes.
In addition, these investigations have observed the giant dipole
transitions. At extreme forward angles, the isobaric analog state

(IAS) Is prominent in the 120Sn(ir" ) spectrum.
These data are combined to produro the level diagram shown in

Fig. 16. Since charge exchange may be studied wi.rh both 71 and ir~,
the isospin splitting of giant resonance structure can be inferred
for excitations two units of isospin above the ground state.

120Sn
MONOPOLE + DIPOLE + IAS

rSO

MeV

-40

-30

-20

10

41.1

120
Sb

T - l l

T - l l

T«IO

T-9

T«IO

Level diagram showing the measured isovector resonance
he Sn ground state. The energies of the T = II mononple

and dipole states measured for 120In are projected to '2"sn and 12"rib

Fig. 16.
built on the ground

easure
using Coulomb displacement energies.
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From the examples presented here, It Is clear that plon
scattering and charge exchange are powerful tools for Investigations
of nuclear structure. The properties of tl-e n-nucleon interaction
transformed into the iT-nuclear system allow selective enhancement of
particular aspects of nuclear structure. In the resonance region,
the strong absorption simplifies the treatment of reaction mechanisms
so that nuclear structure information may be emphasized. It is also
clear, however, that pion induced reactions are not, in themselves,
able to provide all of the nuclear structure information that Is
required. Data obtained in other ways or with other probes provides
both complementary information and the redundant information
necessary to establish the validity of results.

The approach adopted in this paper has been to utilize basic
features of the i-nucleon interaction to deduce nuclear structure
information. It is important to remember, however, that the
approximations used are not valid at other energies or, in some
cases, even on resonance. The pi-nucleon interaction in nuclear
matter may not be the same as on free nucleons. In other words,
features of the reaction mechanism that have been neglected, may be
important under some conditions. It is precisely this richness in
the interaction that may in time lead to significant new discoveries
concerning the structure of nuclei.
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