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The 4 excitations in nuclei induced by pion and photon scattering are analyzed within the
isobar-hole model. The results are compared to those of intermediate energy charge exchange
reactions. The similarities and differences between the various probes due to their kinematics and
spin-structure are discussed. It is shown that the experimental cross sections for pion and photon
induced reactions as well as for the inclusive charge exchange reactions can be consistently described
within the isobar-hole model. Of special interest is the coherent pion decay of the 4 resonance which
is studied by means of the exclusive reaction C( He, tm+) C (g.s.), by elastic pion scattering, and
by pion photoproduction. It turns out that the coherent pion decay of the C( He, tm+) C (g.s.)
reaction is intimately related to elastic pion scattering. Most interestingly, both the peak energy
and the magnitude of the coherent pion production cross section depend very sensitively on the
strength of the E-hole residual interaction. The observed energy shift is directly proportional to the
nuclear density p. This shows that the coherent pions propagate through the nuclear interior. The
coherent pion cross section can be used to determine the Landau-Migdal parameter g&&.

PACS number(s): 21.10.Re, 25.20-x, 25.55.Kr, 25.80.Dj

I. INTRODUCTION

Over the past decade, impressive development has
taken place in our knowledge of the b, (1232)-isobar exci-
tation and 6 propagation in nuclei. Much of the progress
has been made through both photon- and pion-induced
nuclear reactions in the b resonance energy region [1,2].
While the nuclear response to photons is found to be
practically universal in the b, region [3—7], i.e., indepen-
dent of the mass number A, the pion response does show
a strong A dependence [8,9]. In particular, the peak po-
sition of the pion-nucleus total cross section is systemat-
ically shifted downward in energy with mass number A
(6E = —15As MeV) relative to that of the free vrN sys-
tem [8,9,2]. The different energy dependence of the pho-
ton and pion total cross sections can be consistently ex-
plained within the isobar-hole model which describes the
data in terms of an interplay of the pion, nuclear, and 6
dynamics [1,2,10—12]. In the isobar-hole model one finds
that the coherent multiple scattering of the pion in the
nucleus leads to a strong energy shift and broadening in
the elastic pion-nucleus cross section. The coherent pion
propagation combined with the various damping effects
produces also a broadening of the 4 resonance in the re-
action channels. In photon-induced reactions, however,
such a shift is not observed since in this case the coher-
ent multiple scattering of the pion is strongly suppressed
[13,14]. Therefore the photon measures only the broad-
ening of the A resonance due to the Fermi motion and
the nuclear mean Geld effects. The different information
contained in the pion and photon reactions is a result of
the diferent spin structure of the vrNL and DNA cou-
plings. The mNL coupling is purely spin-longitudinal

and proportional to S q T, while the DNA coupling
is purely spin-transverse and proportional to S x q T
(where 8 and T are the spin and isospin transition oper-
ators, respectively, connecting spin-isospin 1/2 and 3/2
states; jis the pion or photon momentum, respectively).
Both couplings are orthogonal to each other so that in
photon-induced reactions the coherent ~ propagation is
greatly inhibited in q direction.

Recently, new information on the 4 propagation in
nuclei has been obtained from intermediate energy (p, n)
and (sHe, t) charge exchange reactions [15—17]. Similar to
the m-nucleus total cross section data, the inclusive cross
section data of the charge exchange reactions show also
a substantial downward energy shift of the 4 resonance
in nuclei compared to the 6 excitation in the proton tar-
get [18—21]. The energy shift amounts to 70 MeV for
nuclei with mass number A & 12 [18]. Part of this shift

( 40 MeV) is due to the Fermi motion of the nucleons
and the nuclear mean Geld, but 30 MeV of the shift can
only be explained by means of a coherent medium ef-
fect on the isovector spin-longitudinal response function
[22—26]. In contrast to pion and photon scattering, how-
ever, the charge exchange reactions provide a mixed spin-
longitudinal (LO)—spin-transverse (TR) probe. There-
fore the inclusive charge exchange cross sections consist
of two parts of opposite behavior: the LO, or "pionlike"
component, which is shifted in energy and the TR, or
"photonlike" component, which is not shifted. In Ref.
[22], it was shown that the spin-transverse and spin-
longitudinal components of the 4 excitation cross sec-
tion are nearly of the same magnitude. Therefore the
energy shift in charge exchange reactions amounts only
to 30 MeV instead of the 60 MeV observed in the pion
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scattering data.
The aim of the present paper is to show that the data

of the various reactions, i.e., the charge exchange reac-
tions and the pion- and photon-induced reactions, can
be consistently explained within the isobar-hole model.
The difference between the various probes is in their spin-
structure and their reaction kinematics. For charge ex-

change reactions the reaction kinematics is always such
that the energy transfer u is smaller than the three-
momentum transfer q (~ ( q) while for pion and pho-
ton absorption we have the energy-momentum relations
~ = gq2+ m2 and u = q, respectively. From the point
of view of the spin-structure, the pion and photon ab-
sorption cross sections contain similar information, as
the I 0 and TR components of the inclusive charge ex-
change cross section. This analogy can even be extended
to the exclusive reactions. For example, the coherent
pions from the ~2C(sHe, ter+) 2C(g.s.) reaction [27—33]
show similar features as elastically scattered real pions.
We shall show, however, that the coherent pion produc-
tion reaction is much more useful to display the collective
effects in the LO response function than elastic pion scat-
tering itself. Furthermore, although photons excite the
nucleus spin-transversely, there is a mixing between the
spin-transverse and spin-longitudinal channel due to the
finiteness of the nucleus. This mixing is examined by
the coherent ~2C(p, pro) ~2C(g.s.) reaction. Finally, the
spin-transverse response of the nucleus is studied by the
Compton scattering which involves a spin-transverse cou-

pling in both the initial and 6nal channels.
In Sec. II we brieHy describe the formalism used in

the analysis of the pion- and photon-induced reactions.
This section is intended as a supplement to the formal-
ism presented in a recent paper [33]. In Sec. III we

present the results of our cross section calculations and
compare them to the experimental data. We also make
various studies of the nuclear medium efFect on the b,
with special emphasis to the 4-hole interaction in the
spin-longitudinal channel. Finally, in Sec. IV we give a
summary and conclusions.

II. THEORY

In this section we describe the 4-hole model used in
the analysis of the experimental data. The formalism
and the methods of calculation were presented already
in a recent paper by Udagawa et aL [33]. In the present

paper we give only those formulas which are connected
with pion and photon scattering off nuclei and with pion
photoproduction. We refer the reader to Ref. [33] for
information on the charge exchange reactions.

A. Elastic pion scattering

We start our formulation by writing down the differ-
ential cross section for the elastic pion scattering off a
nucleus A. In the reaction a particle-hole (ph) state is
created in A. In the present work we restrict the particle

p to be a 4 and denote the hole nucleus by B. The dif-
ferential cross section in the pion-nucleus center-of-mass
system (c.m. ) is then given by

(do l
(dA),

A ]Zwi2

where
~

4~) denotes the target nucleus ground state,
E N&(q ) is the ash excitation operator, and G is he
Green's operator propagating the ph state inside the nu-

cleus. The explicit form of G will be discussed in Sec.
IIB. The 7rNA excitation operator has the form [34,35]

where S~ and T~ are the spin- and isospin-transition
operators, respectively. The vrNA coupling constant is
Axed &om pion-nucleon scattering data and has the value

f2N&/47r = 0.324. The index v = +1 distinguishes be-
tween sr+ scattering.

Using the optical theorem the total pion-nucleus cross
section can be given by

(4)

where q is the three-momentum of the pion in the c.m.
and T (q, q ) is the transition amplitude at zero degree
scattering angle.

where M~ is the mass of the target and ~s is the total
energy of the pion-nucleus system. (We use natural units
throughout, i.e., 5 = e = 1.) The transition amplitude
T for elastic pion-nucleus scattering is given as

& (q.' q=) = (@~ I +-Nr (q.') G+.'N~(q-) I
c'~) (2)

B. Propagation of the L inside the nucleus

The excitation operator J" N&(q ) of Eq. (3) initially excites the doorway state

I ~-) = +.'N~(q-) I
c'~) (5)

which is then propagated by the many-body Green's operator G, resulting in the wave function [33]

(6)
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The wave function IQ) describes the intermediate (B+
b, ) system. H~ is the Hamiltonian of nucleus B, I'~(&u) is
the energy dependent &ee decay width of the 4, T~, and
U~ are the kinetic energy operator and the A-nucleus
one-body potential, respectively, and V~~ ~N is the
AN residual interaction. For the target ground state
wave function a pure shell model condguration was as-
sumed. The single particle wave functions were generated
&om a Woods-Saxon potential with the geometrical pa-
rameters ao ——a, =0.53 fm, and ro ——r, = r~ ——1.20 fm
and the spin-orbit strength V, =5.53 MeV. The strength
parameters for the proton and neutron potentials were
6xed as Vz ——65.7 MeV and V =66.0 MeV, respectively.
The 6-nucleus potential is taken as a coxnplex Woods-
Saxon potential, U~ ——V~ +i S'~, with radius parameter
R = 1.1A / fm and diff'useness a = 0.53 fm. The depths
for the real and imaginary potential are V~ ———35 MeV
and Wa = —40 MeV, respectively [12]. Note that V~
is assumed to be the sum of the 4-nucleus single par-
ticle potential (depth= —65 MeV) and of the real part
of the 6 spreading potential (strength=+30 MeV). W~
represents the imaginary part of the spreading potential.
The spreading potential accounts in a phenomenological
way for the Pauli-blocking effects [1,2] and the increase
of the 6 width in nuclei due to decay channels such as
AN w NN.

The residual interaction, V~~ ~N, is treated within the
m + p+ g&& model (see [17] for all references). In the p
exchange we keep only the tensor interaction and drop
the central part, assuming that the latter can be eff'ec-

tively included in the short-range interaction [22,33]. In
the momentum representation, V~~ ~~ may be given as
a suxn of LO and TR components

V~~ ~N' = [Vz~ &m(S2 q)(S~ q)

+V~»N(S2 x q) (S~ x q)] (T2 T~), (7)

where

L f.'(t)V~~~~(ur, q) =™~2 g~~+m.' —q —m + XE'

2 m' f'(t) q'
3 f2(t) m2 ~2 q2 m2 + i&

out the b-function-like piece of the m-exchange potential.
Then the Landau-Migdal parameter g&& = 0.33 (in units
of J ~~ = hcf2~&/m = 1600 MeV fms). Note that
this paraxneter depends on the choice of U~. A discus-
sion of the interrelation between U~ and g&& is given in
Refs. [36,37] where the authors use a microscopic model
for the Pauli blocking and 4 spreading efFects. In our
approach we treat U~ and g&& on a phenomenological
level. These values are anally 6xed &om the requirement
to reproduce the peak position of the 4 resonance in the
various reactions. This will be shown in more detail in
Sec. III.

Inserting Eq. (5) in Eq. (2) one can rewrite the transi-
tion amplitude for elastic pion scattering in the following
way:

= (p'.
I

t-"
I p-)

where we have introduced the state (p'
I

which describes
the deexcitation process of the (B + 6) system into the
ground state of A and an outgoing pion with moxnentum
q'. The explicit formulas for the source function

I p ) and
the transition axnplitude T are derived in appendixes A
and B, respectively. For 0' scattering the ingoing and
outgoing pion momenta are identical. Therefore the total
pion-nucleus cross section can be written as

M~
(

C. Coherent pion photoproduction

In order to calculate the transition axnplitude for co-
herent pion photoproduction we only have to replace the
DNA excitation operator in (2) by the corresponding
pN6 excitation operator [38]; the transition amplitude
is then given by

T"= (@~ I I"-~a(q.') & I"'~a(e~)
I

C'~)

= (p'.
I

t-"
I p~)

where
I p ) is the doorway state excited by the incident

photon. The explicit forxnula for this doorway state is
given in Appendix A. The DNA excitation operator is
known to have the following form [34,35]:

1 m' fp(t) q'
3 f (t) m (u2 —q —m +is

In Eq. (8), the f;(t = u —q ) are the meson-baryon
vertex form factors which we assume to be f;(t)
f;~~ (A2 —m2)/(A2 —t) (i = vr, p), and m; and A;
are the mass and cutoff' mass of the meson i, respec-
tively. The various parameters are 6xed as follows:
f2~&/4m = 0.324, f ~z/4m = 16.63, m = 0.14 GeV,
m~ = 0.77 GeV, A = 1.20 GeV, and A~ = 2 GeV.
The Landau-Migdal parameter g~& describes the short-
range correlations for LN —+ LN transitions. In the
present calculations, we use the minimal g&& that cancels

~mr (%)
)

(12)

(13)

Here E~ and q~ (E' and q') are the ingoing photon (out-
going pion) energy and momentum in the c.m. system,
respectively.

where eq~ is the polarization vector of the photon with
momentum q~ and helicity A; the DNA coupling constant
is f~~~ = 1.03 [13]. The differential cross section for
coherent pion photoproduction in the c.m. system is then
given by
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D. Elastic Compton scattering

The transition amplitude for elastic Compton scatter-
ing exciting the A resonance can be obtained &om Eq.
(2) by replacing F ~n, through F~~~, resulting in

(~')&F' (~ ) Ic' )

(14)

From studies of the Compton scattering off the nucleon
it is known that the resonant process via an intermediate
4 alone is not sufBcient to reproduce the experimental
data [13].There is a nonresonant contribution to s-wave
charged pion photoproduction which we describe by us-

ing the Kroll-Ruderman (KR) ansatz [39,40]. This back-
ground process corresponds to the excitation of an inter-
mediate x-nucleon system with total angular momentum
J = 2. The T matrix for Compton scattering on C
via an intermediate x-nucleon system with J =

2 is then
given by

TKR ( o~
I FKR(I

' &')G«F«( I &) I
~'~) (15)

where

suits of real pion and photon scattering with those of the
charge exchange reactions.

A. Pion and photon total cross sections

In Figs. 1(a) and (b) we first analyze total cross section
data for pion- [8,9] and photon-scattering [6] off C in
the 4 resonance region. The dash-dot curves represent
the sum of the free pion-nucleon cross sections (A x o ~)
and free photon-nucleon cross sections (A x 0~~), respec-
tively, where A is the mass number and 0 = 1/2(0„+0„).
In case of pion scattering, a dramatic reduction and
broadening in the cross section is observed between the
free 6 resonance and the 6 in the nucleus. Such a broad-
ening and reduction does not occur for photon scattering.
The reason for this is well known [2,11] and is mainly
due to the multiple scattering of the pion in the nucleus.
The Va~a~ couples strongly to the pion (LO) chan-
nel, but only weakly to the photon (TR) channel. As
a consequence, the pion scattering takes place primarily
at the nuclear surface while the photon penetrates the
nuclear volume. The correctness of this picture can be
proven by a comparison of calculations with and with-
out inclusion of the residual interaction Va~ aN. The

2000

FKR(q, A) = v 2a(4vr) h(E)(ss~ o)e'~ " '(1.6)f NN
m7r

describes the 8-wave charged pion photoproduction op-
erator and h(E) introduces a phenomenological energy
dependence fixed in Compton scattering on the nucleon

[13]. The propagator GKn of the intermediate n-nucleus
system is approximated by a b function with a strength
factor calculated from the vr-nucleon system [13]

d k 1 m~ v(k)

X
1

(17)E —(tdg~ + sg~) + XE

Here E is the total energy of the 7t-nucleon system, k'

is its c.m. momentum, and v(k) = (1+ k /P2) is the
pion-nucleon form factor with P = 300 MeV/c [13].

The differential cross section for Compton scattering
is then given by the sum of resonance and background
terms as

(18)

1600-

1200-
E

800-

400-

E
4

2-

A o.(m N)

c)

The explicit formula for the transition amplitude is given
in Appendix C. Analogous to Eq. (10), the total photon-
nucleus cross section is given by the sum of resonant and
nonresonant contributions as

-~A ™[-(p. I
G

I p. ) —TKR] (»)
8

III. RESULTS AND DISCUSSION
In this section we present our results for pion and pho-

ton scattering off nuclei in the A resonance region. Spe-
cial emphasis is placed on the difference between the LO
and TR excitation and deexcitation of the nucleus and
the LO-TR (TR-LO) interference. We compare the re-

0
150 200 250

I

300

E, (MsV)
350 400 450

FIG. 1. The pion- and photon-nucleus total cross sections
for C. The photon data are taken from Ref. [6] and the
pion data are taken from Refs. [8] (squares) and [9] (cir-
cles). The dash-dot curve in (a) represents the incoherent
sum of pion-nucleon total cross sections (A x cr ~), and the
dash-dotted curve in (b) represents the incoherent sum of to-
tal photon-nucleon cross sections (A x o~~). The solid and
dashed curves represent calculations for the total cross sec-
tions with and without inclusion of the residual interaction,
respectively.
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results are shown in Fig. 1 by the solid (V~~ a~ P 0)
and dashed (Vr,~ a~ = 0) curves, respectively. Because
of V~~ ~~ ——0, the dashed curves contain only effects of
the nuclear mean field and the Fermi motion. By compar-
ing these curves to the free cross sections, one observes
that for both pion and photon scattering the calculated
nuclear cross sections are reduced by a factor of 1.4 and
broadened by the Fermi motion in a similar way. The in-
clusion of the residual interaction reduces the pion cross
section further, but leaves the photon cross section es-
sentially unchanged. In addition, the pion cross section
is shifted down in energy due to the attractiveness of the
pion-exchange interaction. The small effect of V~~~~
on the shape and magnitude of the total photon nucleus
cross section shows that this observable can be used to
determine the parameters of the 4 mean field. Therefore
the good description of the data by our calculations indi-
cates that we treat the 4 mean field correctly. Similarly,
the large effect of V~~ ~N on the pion cross section gives
constraints on the strength of the residual interaction in
the LO channel.

B. Elastic pion scattering

Because of the strong pion-nucleon interaction in the
resonance region, the mean &ee path of the pion in the
nuclear medium reduces to less than 1 fm. This has im-
mediate consequences for the differential cross sections
which look like diffraction &om a black disc. In Figs.
2 and 3 we show the differential cross sections for six
different incident pion energies covering the whole 4 res-
onance energy region. The solid and dashed curves are
calculated with and without inclusion of V~~ ~N. One
can recognize that the residual interaction is very impor-
tant to reproduce the experimental data. In particular,
it reduces the cross section at forward angles by a fac-
tor of 4 relative to the results with V~~ ~~ ——0 and
gives the right position of the minima and maxima of the
difFraction pattern.

In Fig. 4 we compare both the calculated integrated
elastic cross section and the calculated reaction cross sec-
tion (o„= oq q

—o',~) with data [9]. The cross sections
are plotted as function of the incident pion kinetic en-
ergy. One can see that both the elastic and the reaction
cross sections are described well by our calculations. The
broadening and shift of the elastic cross section towards
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FIG. 2. DifFerential cross sections for elastic m scattering
ofF C at incident pion kinetic energies of T = 120 MeV,
T = 150 MeV, and T„= 180 MeV [9]. The solid and
dashed curves show the results with and without inclusion
of the residual interaction, respectively.

FIG. 3. Same as in Fig. 2, but now for T = 200 MeV,
T = 230 MeV, and T = 280 MeV.
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FIG. 4. Integrated elastic and reaction cross sections for
pion scattering ofI' C. The curves represent 4-hole calcula-
tions. The data are taken from Ref. [9].
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lower pion kinetic energies is an effect of the attractive
pion-exchange interaction in the nucleus. This multiple
scattering process of the pion in the nucleus leads to the
strong coupling to the reactions channels and hence to
the large reaction cross section which is the dominant
part of the total cross section.
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C. Coherent pion photoproduction

The coherent pion photopro duction
C(p, xo)~ C(g.s.) measures the mixing between the

spin-transverse and spin-longitudinal channels. In an in-
6nite system, like nuclear matter, these channels are com-
pletely decoupled but in a finite nucleus they are coupled
due to the surface effects. The spin-structure of the ex-
citation (8 x q~) and deexcitation (S q') operators in
coherent pion photoproduction makes the angular distri-
butions proportional to

[ q~ x q' ~= q~q sin8 which
vanishes for 8 = 0' and peaks at 8 = 90 . How-
ever, an additional momentum transfer dependent fac-
tor comes from the overlap integral of Eq. (11) which
shifts the peak position of the angular distribution to
smaller angles. In Fig. 5 we compare the calculated dif-
ferential pion photoproduction cross section at two dif-
ferent incident photon momenta with the data. The solid
and dashed curves represent calculations with and with-
out inclusion of the residual interaction V~~ ~~. One
can recognize that the calculation at incident photon
momentum k+ = 235 MeV/c [Fig. 5(a)] describes the
experimental angular distributions rather well. In Fig.
5(b) (k = 291 MeV/c) the calculation with inclusion
of V~~ ~~, however, underestimates the absolute mag-
nitude of the cross section. The reason for this underesti-
mate is mainly the experimental energy resolution which
amounts only to 15 MeV. Therefore the experimen-
tal data include, in addition to the coherent pions, pions
Rom other reaction processes where the 6nal nucleus is
left in an excited state. The comparison of the dashed
and solid curves shows that there is an effect of the mul-

tiple pion scattering in the nucleus increasing with the
in-going photon momentum. This can be seen even more
clearly in Fig. 6, where we compare the calculated spec-
tra for the C(p, mo) C(g.s.) reaction with the data.
One can note that the calculations with and without in-

clusion of V~~ ~~ differ in magnitude and shape. The
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C (-y,~') C
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150 200
I
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I I I

300 350 400

k, ( lAeY/c )

I

450 500

FIG. 6. Integrated cross sections for coherent pion photo-
productiou on C. The data are taken from Arends et aL [5].
The solid and dashed curves represent cross section calcula-
tions with and without inclusion of V~&,~&, respectively.

FIG. 5. Differential cross sections for coherent pion pho-
toproduction at incident photon momenta of (a) k = 235
MeV/c and (b) k~ = 291 MeV/c in comparison with the data
[5]. The solid and dashed curves show cross sections with and
without inclusion of the residual interaction, respectively.
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reduction in the calculation, including the residual in-
teraction (solid curve) relative to that without V~~ ~~
(dashed curve) and the shift of the peak position of the
solid curve by 80 MeV relative to the dashed curve,
is an effect of the attractive residual interaction in the
spin-longitudinal channel.

New data for coherent pion photoproduction at outgo-
ing pion angle 0 = 60 have been taken at MAMI B in
Mainz. These preliminary data [41] seem to indicate that
the data in Fig. 6 [5] are dominated by inelastic pions
for photon momenta above k~ = 250 MeV/c. The new
experiment done with the spectrometer CATS allows one
to distinguish between coherent and inelastic pions due
to the very good energy resolution of the CATS detector.

D. Real versus "virtual" pion scattering

In the charge exchange reactions the target is exposed
to the virtual pion- and p-meson fields produced by the
projectile-ejectile system. The pionlike interaction ex-
cites the LO response function of the target while the p-
meson-like interaction excites the TR response function.
Due to the kinematics the virtual meson Belds obey the
energy-momentum relation ur ( q and thus explore the
LO and TR response functions in an (u, q) region which
is inaccessible to real pion and photon scattering. From
the analysis of the ~2C( He, t) reaction at E = 2 GeV we

know [22] that the LO and TR response functions are ex-
cited with roughly equal strength. The two responses can
be experimentally separated by measuring the exclusive
~2C(sHe, ter+)~2C(g. s.) reaction. This reaction triggers
selectively on the LO channel. In Fig. 7(a) we show the
measured data of Hennino et aL [28] and compare them
to previously [33] calculated angular distributions. The
dashed curve is the result &om both LO and TR excita-
tion while the solid curve is the result of LO excitation
alone. The small difference between both curves shows
the dominance of the LO over the TR excitation in this
reaction. The TR excitation is suppressed because of the
unfavorable TR-LO channel mixing. The shape of the
angular distribution is strongly forward peaked. This is
an effect of the spin-structure of the excitation (St q)
and deexcitation (S q') operators involved in the LO
channel. The product of both operators is proportional
to qq' cos8 and peaks at 8 = O'. In Fig. 7(b) we
show the corresponding elastic pion cross section at an
appropriately chosen incident energy. One observes the
direct proportionality between the coherent pion produc-
tion cross section of Fig. 7(a) and the elastic pion cross
section of Fig. 7(b). We remark that the coherent pion
production process in the C( He, tv+) C(g.s.) reac-
tion can be viewed as "virtual" pion scattering ofF C,
where the initially ofF-mass shell pion is converted into
an on-mass shell pion when the pion is emitted &om the
nucleus. The momentum needed to lift the pion on its
mass shell is provided by the recoil nucleus.

In Fig. 8 we show angular distributions for the spin-
transversely excited coherent pion production in charge
exchange reactions [Fig. 8(a)] and for the pion photopro-
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FIG. 7. Angular distributions of coherent pious for (a) the
C( He, ts+) C(g.s.) reaction at TH, = 2 GeV and for (b)

the elastic pion scattering oK C at T = 120 MeV. (a) The
dashed curve represents the result of the complete calculation.
The solid curve shoms the contribution to the pion production
cross section resulting &om the LO excitation of the nucleus.
The data are taken from Ref. [28]. (b) The solid curve repre-
sents the calculated elastic pion cross section. The data are
taken &om Ref. [9].

duction [Fig. 8(b)]. Because of the (St x q ) structure of
the excitation operators, the calculated angular distribu-
tions (solid curves) are now proportional to (qq' )

2 sin 8
and vanish at 0 = O'. This property is directly con-
firmed by the pion photoproduction data [5]. It can be
noted that the calculated TR angular distribution in Fig.
8(a) peaks at a slightly smaller angle than the angular
distribution of the pion photoproduction in Fig. 8(b).
The reason for this is twofold: on. the one hand the charge
exchange reaction involves a larger momentum transfer
than the pion photoproduction. Therefore the nuclear
form factor suppresses the cross section at higher pion
angles in the charge exchange reaction. On the other
hand the (sHe, t) form factor also cuts off the cross section
at high momentum transfers, whereas the DNA coupling
for real photon scattering has no such form factor.

In Fig. 9 we compare the calculated ~2C(sHe, tn+)'
C(g.s.) coincidence cross section with the measured

data of Hennino et aL [28]. The solid and the dashed
curve represent calculations with Landau-Migdal param-
eters of g&& ——0.33 and g&&

——0.4, respectively. We find
that both the magnitude and the peak position of the cal-
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FIG. 8. Angular distributions of coherent pions for (a) the
C( He, ts'+) C(g.s.) at TH, = 2 GeV and for (b) the co-

herent pion photoproduction on C. (a) The dashed curve
represents the result of the complete calculation. The solid
curve represents the contribution to the pion production cross
section resulting from the TR excitation of the nucleus. (b)
The data for coherent pion photoproduction are taken from
Ref. [5]. The solid curve represents the result of our calcula-
tion.

culated cross section are very sensitive to the choice of
the g&& parameter. While the solid curve reproduces
the magnitude of the measured coherent pion production
cross section very well [33] the dashed curve was multi-
plied by a factor of 1.5 to match the data. The energy
shift AE between both curves is directly proportional to
the change in g&z, namely AE = b gz &(hcf N&/m )pp

with po ——0.17 fm being the central nuclear density.
The proportionality of AE to po is due to the fact that
the coherent pions come kom the nuclear interior. The
(sHe, t) kinematics force the pions to travel into the di-
rection of the momentum transfer q. Therefore most of
the coherent pions are detected in this direction. By
changing the triton emission angle and the triton energy
loss one can vary q and w and can map out the energy
and momentum dependence of the AN residual inter-
action.

Although elastic pion scattering is sensitive to the
residual interaction, we do not find such a linear depen-
dence of the energy shift on V~~ ~~, as we find in case of
the ~2C(sHe, t7r+) 2C(g.s.) reaction. The reason for this
is that the pion elastic scattering and the (sHe, t) reaction
probe the LO nuclear reponse function in different kine-
matic regions. The pion explores the response along the
kinematic line tu = gq2 + m2 while the (sHe, t) reaction
explores the region. u ( q. Prom theoretical studies of the
LO response function in the b, resonance region [16,24]
we know that due to the attractive pion exchange inter-
action the LO response receives its maximum strength
(peak position) near ur = 210 MeV and q = 230 MeV/c
[16,24]. This kinematic region is inaccessible to pions,
but is accessible to the ( He, t) reaction. Therefore the
coherent pion spectrum of the C( He, t7r+)~2C(g. s.) re-
action provides an (u, q) cut through the peak of the LO
response function. The shape of the coherent pion pro-
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FIG. 9. Pion coincidence spectrum for the C( He, t) re-
action at TH ——2 GeV and triton scattering angle 8~ & 2'.
The data are taken from [28]. The solid and dashed curves
represent cross section calculations with Landau-Migdal pa-
rameters of g&&

——0.33 and g&& ——0.4, respectively. The
dashed curve has been multiplied with a factor of 1.5 in order
to compare the peak positions.
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FIG. 10. DiRerential cross sections for elastic Compton
scattering ofF C as function of the incoming photon mo-

mentum at a fixed photon angle of 8~ = 40 . The long

dashed curve shows the result with intermediate 4 excitation
alone. The solid and short-dashed curves represent the results
with and without inclusion of the residual interaction, respec-

tively. The latter calculations include the Kroll-Ruderman

background contribution, as described in the text. The data
are taken from Wissmann [42].
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duction spectrum in Fig. 9 directly re8ects the shape of
the LO strength function along the kinematic cut deter-
mined by the ( He, t) reaction.

E. Elastic Compton scattering

Compton scattering corresponds to TR excitation and
deexcitation of the nucleus and shows in how far efFects
of the pion are still visible in the TR-TR channel. In
Fig. 10 we show the differential cross section for elastic
Compton scattering ofF ~2C at an outgoing photon angle
of 8~ = 40' [42]. The long-dashed curve shows the result
of our calculation with an intermediate b, alone (14). In
the calculation of the short-dashed and solid curve we in-
cluded beside the 6 a background contribution (15). The
solid and short-dashed curves represent our results with
and without inclusion of the residual interaction, respec-
tively. Even in Compton scattering, i.e., spin-transverse
excitation and spin-transverse deexcitation, there is an
effect of the multiple scattering in the medium. Includ-
ing the residual interaction, we get a good description
of the data at photon energies higher than 250 MeV. At
lower energies where the background becomes more im-
portant there is a discrepancy between the data and our
calculation.

IV. SUMMARY AND CONCLUSIONS

hole residual interaction. The observed energy shift is di-
rectly proportional to the nuclear density p. This shows
that the coherent pions experience xnultiple scattering
and propagate through the nuclear interior. The energy
shift observed in the ~2C(sHe, to+) ~2C(g.s.) reaction can
be used to determine the Landau-Migdal parameter g&&.
We 6nd a value of g&& 0.333 in units of 1600 MeV fxn .
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APPENDIX A: EXPLICIT FORMULAS FOR THE
PION- AND PHOTON-SOURCE FUNCTIONS

In this appendix, we derive the formulas of the radial
source functions for pion and photon scattering. In order
to achieve this we expand the corresponding source func-
tions of Eqs. (5) and (ll) in terms of the channel wave
functions

We have studied the spin-isospin response of nuclei in
the 6 resonance region by means of real pion and photon
scattering and by means of intermediate energy charge
exchange reactions. We have shown that the inclusive
and exclusive data of the various reactions can be con-
sistently explained within the isobar-hole model. The
difFerence between the various probes is in their spin-
structure and their reaction kinexnatics. We 6nd that
the TR response is xnainly sensitive to the parameters
of the 6 xnean 6eld while the LO response is very sen-
sitive to the 6-hole residual interaction. Our choice of
the 4-hole residual interaction can consistently describe
data of pion and photon scattering, pion photoproduc-
tion, and coherent pion production in. exclusive charge
exchange reactions. We have shown that the coherent
pion production reaction, i.e. , the ~2C(sHe, tv+) ~2C(g.s.)
reaction, is very useful to display the collective efFects in
the LO response function. Most interestingly, both the
peak energy and the magnitude of the coherent pion cross
section depend very sensitively on the strength of the 4-

I

I [Ys@'~]~,~, ) = ) (j~mr j&mh, ]j~m~)
fop T7LQ

x]Y, 4,„„), (A1)

where Y~, , is the spin-angle wave function of particle p,
and @~„„is the hole wave function of nucleus B The.
source function can be expanded in the following way:

jtmt ph

(A2)

S„" '(r) = r([Y@].-, l~) ~ (A3)

After some lengthy angular momentum algebra we obtain
the following result for photon scattering, Eq. (11):

In (A2) N, denotes the total number of allowed particle-
hole states. The radial source function is then given by
inversion of Eq. (A2)

~,"~ '(~) = ~ ([Y ~~l', -, l~~)

= ( —4~) &'" "j~j~j&II (j~ m~ j~m~ I
00) —(Iq~l~) 4, ~i, -', ~&, (&) &q~(~ —,)

x ) &' j/, ([q~]r) lg (l/, 0 i/0 ] l„o) l' (i/0 10
]
l'0) W(lg1jg 1, /'1) (l'0 1 mg ] jg —mg)—

lt, 1'

'lp 2 jp'

X & la 2 ja

1 jp,

(A4)
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For pion scattering, Eq. (5), we obtain

'(r) = r (P'~c'~]i, -, l~-)

= (
—2) i''" '«~«, «h. lh (j~ ~~ j~~~ I

oo) (Iq lr) 4.„(&„,),„(&) ~-„o
~ L„-,' jp

x(1~ —» I

—«) ) i" j&, (lq lr) lt. (4010
I j~0) (&& 04 0I &„0) & th -' j& (A5)

, lt 1 jt,

In Eqs. (A4) and (A5), P„„l&„( l „(r) denotes

the radial hole wave function with quantum numbers

(nh, tz jz); j&(x) is the spherical Bessel function of the
first kind and i = /2z + 1. The Clebsch-Gordan coeK-
cient (1 v 2» I 2» + v) describes the isospin coupling
coefacient of the pion scattering process. The isospin
projections v = —1,0, +1 correspond to vr, ~, sr+ scat-
tering, respectively; 7h k2 is the projection of the
proton and neutron hole state, respectively.

APPENDIX B:EXPLICIT FORMULAS FOR
COHERENT PION PRODUCTION

Here we derive the formulas for the coherent pion pro-
duction, i.e., the emission of a pion with the residual
nucleus in its ground state. The transition amplitude

I

is obtained by acting with the vrNA-deexcitation opera-
tor F Nr, (q') onto the wave function

I Q) of the (B+6)
system Fi.rst, we expand the wave function I@) into mul-

tipoles

where

jtmt ph

(B1)

(B2)

Here the wave function
I g) is calculated starting from

Eq. (A4) for coherent pion photoproduction and start-
ing from Eq. (A5) for elastic pion scattering. With the

help of the radial wave function glz 'l(r) we can rewrite
the transition amplitudes for elastic pion scattering and
coherent pion photoproduction as

'lp 2 jp'

x) (—i)' t (t 010 Ijq0) (l), 0t 0
I l&0) & lg

" (» l ~~
l

-; ») f« ~ ii (lcl") @'a .'(") & ~ (i. ';)(.(") (B3)

APPENDIX C: EXPLICIT FORMULA FOR ELASTIC COMPTON SCATTERING

In this appendix we show the explicit formula for the elastic Compton scattering, i.e. , the residual nucleus is in

its ground state. Using the same expansion as in Appendix B for the radial wave function g~z ' (r) we obtain the

following for the resonant transition amplitude:

N

(~'~l+~~~(~,')I&) = ).):(4i) M
i'" "«,«» lq,'I "&,( ')q

j,m, ph

x ) (—i) ' l, /' W(l~ 1 jg 1, /' 1) (l~ 0 1 0
I

l' 0) (l' 0 1 —«('
I j( —A')

/p2 jp

X((ho 4O 1(po) f d""3~(i@i )@'4 '(") ((.. ("E. —,),.(")'( (~ 2 &~

Lt 1

(C1)
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