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Charge exchange reactions to the A-resonance region reveal a system-
atic downward energy shift of the A peak position in nuclei as compared
to the proton target. Part of this shift is caused by a coherent medium
effect on the spin-longitudinal response function. The coherent effect is
produced by the attractive = exchange interaction between A-hole states
in the medium. This shift is consistent with pion total cross section data.
No shift is observed in the spin-transverse channel. In order to obtain
more evidence for the coherent mode, exclusive cross section data of the
13C(3He, tr+)12C(g.s.) reaction are analyzed. We observe a strong energy
shift in the coherent pion production cross section. The coherent pions
have a peak energy of E,= 250 MeV and a strongly forward peaked an-
gular distribution, i.e. most of the pions can be detected in the direction
of the momentum transfer ¢. In addition it is shown that the quasi-free
decay is suppressed in the energy domain where the decay nucleon has a
small energy. At SATURNE a nt — coincidence spectrum was isolated
where pions only inside a certain energy domain were taken into account.
The features mentioned above prove that this spectrum consists to a great
extent of coherent pions.
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1. Introduction

The (3He,t) reactions at Laboratoire National Saturne in Paris [1, 2]
have shown that there is a substantial downward shift in the excitation
energy of the A resonance in nuclei compared to the A excitation in the
proton target. This phenomenon is also found to persist, although to a
variable extent, at higher bombarding energies [3] and also prevails in the
(p,n) reaction at E=800 MeV [3] This shift of the A peak position has two
different reasons: The first originates from the Fermi motion (binding) of the
nucleons and of the A isobar in the nuclear mean field. This effect accounts
for ~ 40 MeV of the shift, leaving 30 MeV unexplained. This latter part of
the shift is thought to be due to a nuclear medium correlation effect on the
spin-longitudinal response function [4-7]. In particular, recent calculations
of Delorme and Guichon [6] and Udagawa et al. [7] performed for finite
nuclei consistently show that this second part of the shift is caused by the
energy (w)-dependent w-exchange interaction in the nuclear medium. The
w-exchange provides a strongly attractive interaction between A-particle
nucleon-hole (AN ~1) states in the spin-longitudinal (§-§ T) channel leading
to a lowering of the A mass in the nucleus. Other effects contributing to
the shift come from A conversion processes, such as A+ N — N + N {6, 7]
and from projectile excitation [8, 9].

The inclusive charge exchange cross sections contain information on
both the spin-transverse (TR) and the spin-longitudinal (LO) nuclear re-
sponse functions. Experimentally the two responses can be separated by
measuring photon-nucleus and pion-nucleus scattering. The photon is a
purely spin-transverse probe while the pion is a purely spin-longitudinal
probe. In Figs 1(a) and 1(b) total cross sections for #12C and v12C-
scattering [10, 11] in the A resonance region are shown [12]. The data are
compared to the free cross sections (4 X 6,n) and (A X Gx), respectively,
where A is the nuclear mass number and & = !/, (¢ + 05,). In case of pion
scattering a large energy shift is observed between the free A resonance and
the A in the nucleus, while such a shift does not occur for photon scatter-
ing. This is so since the w-exchange potential couples only weakly to the TR
channel. Since the (p,n) and (3He,t) reactions are mixed LO - TR probes,
the data of these reactions consist of two parts of opposite behaviour: the
LO cross section which is shifted in energy and the TR cross section which
is not shifted. In this paper we shall show that the coherent pion decay, as
measured in the 2C(3He, tx1)12C(g.s.) reaction, can be a very sensitive
probe on the LO response function. To demonstrate this we make use of
a microscopic model which we used previously [7] for the description of A
excitations in the (p,n) and (3He, t) inclusive reactions.
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Fig. 1. The photon- and pion-nucleus total cross sections for !2C. The data are
taken from A. S. Carroll et al. [10] and H. Rost [11]. The dash-dotted curve in
Fig.1(a) represents the incoherent sum of pion—nucleon total cross sections (4 x
Fxn), and the dash-dotted curve in Fig. 1(b) represents the incoherent sum of
photon—nucleon cross sections (A x &,n), respectively. The solid curves represent
microscopic calculations for the total cross sections [13].

2. The Model
2.1. Inclusive cross sections

Our approach is based on the isobar-hole model which has been success-
fully used in the description of pion-nucleus [14, 15] and photon-nucleus [16]
scattering. In the isobar-hole model the A is assumed to move in a complex
one-body potential. In addition, the A interacts with the residual nucleus
B via a two-body interaction Vnya,nva. The wave function | ) describing
the intermediate (B + A) system is then given by [7]

1
—Hp —Tao —Ua - VNna,Na

[4)=Glp)= 2y )

oI

where | p) is the doorway state excited initially by the reaction. This
doorway state is characteristic for each reaction and is different for pion-,
photon-, and charge exchange scattering. In Eq. (1) the Green’s function
G describes the propagation of the (B + A) system. I'p(w) is the energy
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dependent free decay width of the A, Hp is the Hamiltonian of nucleus B,
Ta and Up are the kinetic energy operator and the A-nucleus one-body
potential, respectively, and Vxa na is the residual interaction describing
the AN~ correlations.

From Eq. (1) the inclusive cross section for the charge exchange reaction
A+ a— (B+ A)+b can be calculated as [7)

d’o E,EyE Egia pp 1
- b~ (- : 2
d_Ebde (2xh2c2\/g2 Pa ™ ( (P | ¢>) ( )

where E; is the total energy of particle i (i = A, B + A, a,b), p, (ps) is the
momentum of particle a (b), and /s is the total energy of all particles in
the center of momentum system.

2.2. Ezclusive cross section for coherent pion decay
Using the wave function | ) of Eq. (1) we can also calculate the transi-

tion amplitude Ty; for the coherent pion decay process A+a — (B+A)+b —
A + « + b. This amplitude is given by

Tyi = \IEx 2By (e 8(5r) | T2 R F(R2)T, | ¥)VEEAZE,

It describes the de-excitation of the (B + A) system to the target ground
state | ¢ 4) by emission of a coherent pion of four-momentum (Ey, fx). In
Eq. (3) the # NA coupling is expressed in terms of the variables of the A
rest frame (involving the spin- (§) and isospin- (T') transition operators and
the relative pion-nucleon momentum &,); F(x2) is the tNA form factor.
Note that the pion wave function ¢(fx) in Eq. (3) is a plane wave. In spite
of this fact, the pion distortion in the final channel is taken into account via
the 7-exchange interaction in Vjya ,na which is included in Eq. (1). The
threefold differential cross section for the A(p, nw*)A(g.s.) reaction is then
given by

ddo _ 1
dEydQpdQ . (27)5164/ (s, M2, M? a)

PpPx
I (Eatw)+ ""’(Pb €05 0z — Pa €08 fax) |

x 28 M" SN (@)
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where M; stands for the mass of particle i (i = 4, B,a,b,7) and T denotes
the average over initial spin orientations and the sum over final spin orien-
tations of both the projectile and target. The full three body kinematics in
the final channel is included, i.e. (Eq,Po)+ (Ea,P4) = (Ep; Pp) +(Exy Prx) +
(Egt,Par). The prime on A indicates that the nucleus A recoils in the =
decay.

2.3. The tnN,Na transition operator

In case of the charge exchange reaction A(a,b)B the doorway state en-
tering Eq. (1) is explicitly given by

16) = O s | tvvova | X5 0apa) (5)
where xf{") and xg") are the projectile distorted wave functions in the
incident and exit channel, respectively, ¢, and ¢, are the intrinsic wave
functions of a and b, and ¢ 4 is the initial target wave function. The effective
NN — NA transition operator is denoted by txyn nva. The following
simple ansatz for tyn, na (in momentum representation) was made [7]

INN,NA =

2
A'?r — m2 - -, - R vy . N —.
27— t") [(31 -)(53- 4) + (31 x 4) - (8] x q)] 7T,
2 _

(6)

with Jxna = AnhicfrnNfrNa/m2 =~ 800 MeV fm?, tiya = 0.60, and Al
= 650 MeV. Despite of its simple structure, the ¢y, v operator of Eq. (6)
allows for an explanation of the p(f,7)A*+ data [17] and the p((f', 2p)A°
data [18]. This concerns not only the cross section {7, 19], but also the spin
observables [19-21].

thatrNa (

2.4. The A-nucleus interaction

The A is assumed to move in a complex one-body potential. This
potential is taken as a complex Woods-Saxon potential, Up = Va + iWa,
with radius parameter R = 1.141/3 fm and diffuseness a = 0.53 fm. The
depths for the real and imaginary potential are V5 = —35 MeV and Wa =
—40 MeV, respectively. Note that Va is assumed to be the sum of the A-
nucleus single particle potential (depth=-65 MeV) and of the real part of the
A-spreading potential (strength=+30 MeV). Wy represents the imaginary
part of the spreading potential [15]. The spreading potential accounts in a
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phenomenological way for the increase of the A width in nuclei due to decay
channels such as AN — NN.

The AN~ interaction, Vya,NA, is assumed to consist of the = and
p exchange potentials with an additional short range interaction. In the
momentum representation, Vya na may be given as a sum of LO and TR
components

Vna,na = [VEa na(S1-0)(5)-0)+ VA na(S1 x8)- (ST x T - T, (7)

where
_ f’(t) . ¢ 2 m} f3() &
VNANA rhela 2 gAA+t—m2+ie 3 f3(t) m% t —mZ +ie
T _ () 1m2 f2(8) ¢
VNA,NA = 47he== m” l:gAA + - 3 f,%(t) m% i m2 T e . (8)
In Eq. (8), the fi(t = w? — ¢’ ?) are the meson-baryon vertex form fac-
tors which we assume to be f,(t) = fina(4? — m?)/(A? - t) (i = =,

p), and m; and A; are the mass and cut-off mass of the meson i, respec-
tively. The various parameters are fixed as follows: f2,,, = 0.324, f? SNA =
16.63, my = 0.14 GeV, m, = 0.77 GeV, A, = 1.20 GeV, and A, = 2 GeV.
The Landau-Migdal parameter g/, o describes the short range correlations
for AN~1 — AN~ transitions. In the present calculations, we use the
minimal g o that cancels out the §-function like piece of the w-exchange
potential. Then the Landau-Migdal parameter g, , =~ 0.33 (in units of
Jrxaa = 4xhcfrna fxNa/m2 ~ 1600 MeV fm?). Note that this param-
eter depends on the choice of Up. Its accurate value is finally fixed from
the requirement to reproduce the peak position of the A resonance in the
medium.

3. Results and discussions
3.1. Inclusive (p,n) cross sections

In Fig. 2(a) we show the previously [7] calculated inclusive cross section
for the 0-degree spectrum of the !2C(p,n) reaction at 800 MeV incident
energy in comparison to the experimental data [6]. The theoretical cross
sections are calculated within the distorted wave impulse approximation
(DWIA) using Eq. (2). The calculation underestimates the data by a factor
of N = 1.2. This is due to the fact that the A-resonance is located on top
of a large continuum (background). The background is the result of various
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processes the importance of which varies with excitation energy: On the
high energy side of the resonance (wr > 350 MeV) the background is partly
produced by projectile excitation where the proton is excited to a At which
subsequently decays into a n 4+ xt. Other contributions come from the A
excitation in the nucleus which decays into a neutron and a pion where
the decay neutron is detected (instead of the ejectile of the charge exchange
reaction). These neutrons have a lower energy than the ejectile, because part
of the energy for this mechanism is needed to create the decay pion. The
neutrons should be smoothly distributed over a wide energy range. Both
features can be seen in the experimental data. The cross section on the low
energy side of the A resonance may be produced by nucleon-knockout, by
multi-step processes, and by projectile excitation [22].
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Fig. 2. Inclusive and exclusive }2C(p, n) cross sections. (a) Calculated zero degree
neutron spectra for the 12C(p, n) reaction at T, = 800 MeV in comparison with
the experimental data of D.A. Lind et al. [3]. The spin-longitudinal and spin-
transverse cross sections are shown separately. (b) Pion coincidence spectrum for
the 12C(p, n) reaction at T, = 822 MeV. The data are taken from J. Chiba et al.
[24]. The data are compared to the calculated zero degree coherent pion production
cross section (dotted curve) and to the #*n coincidence (dashed curve) cross section
[23]. The sum of both cross sections is represented by the full curve.

In Fig. 2(a) we also show the correlated LO and TR cross sections
separately. The peak position of the LO spectrum is lowered by ~ 60 MeV
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in energy in comparison with the TR spectrum. This is due to the attractive
w-exchange interaction in the LO channel [6-8], as has been explained in
detail in Ref. [7].

3.2. Coherent pion decay

In Fig. 2(b) we compare the 12C(p,nr*)12C(g.s.) coincidence cross
section (dotted curve) calculated [23] by means of Eq. (4) with the measured
data of Chiba et al. [24]. The theoretical coincidence cross section peaks
at an excitation energy of wr-=250 MeV. This is in line with the peak
position of the LO cross section in Fig. 2(a). The absolute magnitude of the
calculated cross section has not been readjusted, ¢.e. no normalization factor
N is included. Thus it is important that the coherent pion production cross
section describes the slope of the data on the low-energy side correctly. In
addition, the calculation shows that a large fraction of the experimentally
observed pions are coherent pions. The cross section which is not described
by the coherent pion production can arise from other processes, such as mn
events or xp events where the proton has not been measured due to the
acceptance of the detector (the detector FANCY at KEK accepts charged
particles in the angular range 12° < § < 141° [24]). Other pions can come
from projectile excitation events, i.e. where the projectile is excited to a A*
which decays into n + #*. In Fig. 2(b) we also show the theoretical cross
section contribution from target #*n events (dashed curve). This cross
section has its peak at much higher excitation energy (wy ~ 350 MeV) than
the coherent pion production cross section. This added contribution leads
to an improvement in the description of the data (full curve).

In Fig. 3 we compare the calculated angular distribution of the (3He,tx )
reaction with the experimental differential cross section of this reaction as a
function of the angle 6, between the pion momentum k, and the momentum
transfer of the charge exchange reaction § taken at LNS [25]. In these data
only events with triton angles between 2.5° and 3.5° and inside an energy
window of 50 MeV around the ground state were considered. Therefore,
these data can be only very carefully compared with our calculation. As
the experimental data are given in arbitrary units, we have normalized our
calculation so that the calculation agrees with the data in the forward direc-
tion, i.e. where the direction of the decay pion is parallel to the momentum
transfer §. We can see that these experimental data are in good agreement
with the calculation at forward angles up to 6, = 40°. It should be noted
that pions outside this energy window have a significantly different angular
distribution (i.e. a rather flat one) than the ones inside.

The angular distribution resulting from the TR excitation of the nucleus
has a characteristic shape with a minimum at 6, = 0° and a maximum at
6, =~ 30°. This is very similar to the shape of the angular distributions
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Fig. 3. Differential cross section of the 2C(3He,txt) reaction as function of the

cosine of 6(q, k:), which is the angle between the outgoing 7+ and the momentum
transfer . The data are taken from T. Hennino et al. [25]. The theoretical curves

are explained in the text.
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Fig. 4. Differential cross section for coherent #°-photoproduction on '?C at E, =
235 MeV and E, = 291 MeV. The data are taken from J. Arends et al. [26]. The
full curves show the theoretical results with inclusion of Vya, na, the dashed curves

without inclusion of Vya na, respectively.
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in coherent pion-photoproduction (Fig. 4). The reason for this is that the
spin structure of the excitation (ST x ¢') and de-excitation (§- k) operators
occurring in pion-photoproduction is exactly the same as that of the TR
excitation of the nucleus by (p,n) reactions. The product of excitation
and de-excitation operators is proportional to | {’ X Ex |= gkn sinf, which
vanishes for §,=0° and peaks for 6,=90°. However, an additional factor
comes from the target transition matrix element in Eq. (3). This matrix
element becomes the larger, the smaller the scattering angle 6,. This is due
to the dependence of the matrix element on the recoil momentum | §— px |
transferred to A’ in the coherent 7 decay process. This recoil momentum
is smallest for § parallel pr, making the matrix element largest for 6,=0°.
Thus the observed TR angular distribution with its peak at 8, = 30° is the
result of two competing effects, one coming from the spin structure of the
transition operators and the other coming from the target transition matrix
element.

The LO angular distribution in Fig. 3 is very strongly forward peaked,
t.e. most of the pions can be detected in the direction of the momentum
transfer ¢. This shows that there is an intimate relation between LO coher-
ent pion production on the one hand and elastic pion-nucleus scattering on
the other hand. In the former case an initially off-mass shell pion is con-
verted into an on-mass shell pion by the multiple scattering in the nucleus.
This conversion process is possible since the nucleus as a whole can pick
up the recoil momentum needed to lift the pion on its mass shell. In the
12C(p,nwt)12C(g.s.) reaction the recoil momentum amounts to Ag =~ 0.5
fm~! at wy, = 250 MeV corresponding to a recoil energy of Awy ~ 0.5 MeV
for the 2C nucleus.

In Fig. 4 we compare the calculated differential pion-photoproduction
cross section at two different incident photon momenta with the data [26].
The full and dashed curves represent calculations with and without inclusion
of the residual interaction Vxa ,na. One can recognize that both calcula-
tions describe the shape of the experimental angular distributions rather
well. The calculations with inclusion of Vna ,na, however, underestimate
the absolute magnitude of the cross sections by a factor of ~ 2. The reason
for this underestimate is twofold: on the one hand we have neglected various
background contributions to the excitation process in the calculations. On
the other hand the experimental data include besides the coherent pions
also pions from other reaction processes where the final nucleus is left in
an excited state. This is due to the experimental energy resolution which
amounts only to ~ 15 MeV [26].

In Fig. 5 we compare the calculated excitation energy spectra for the
12G(4,%%)12C(g.s.) reaction with the data [26]. One can notice that the
calculations with and without inclusion of Viya na differ in magnitude and
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Fig. 5. Total cross section for coherent x°-production on *2C from J. Arends et al.
[26] in comparison with the theoretical results. The calculations with and without
inclusion of Vva,nva are shown by the full and dashed curves, respectively.

shape. The reduction in the calculation including the residual interaction
(solid curve) relative to that without Viya ,na (dashed curve) is an effect of
the pion distortion which is automatically included in the complete AN ~1.
calculation. The peak position of the solid curve is shifted down in energy
relative to the dashed curve by ~ 80 MeV. This shift is an effect of the at-
tractive residual interaction in the spin-longitudinal channel. Although the
photon excites the nucleus spin-transversely, there is a mixing between the
spin-transverse and spin-longitudinal channel due to the finiteness of the nu-
cleus. The peak position of the coherent pion-photoproduction cross section
is lowered in comparison to that of the *2C(p, nn*)1?C(g.s.) reaction by
~ 30 MeV (see Fig. 2(b)). This is so because the pion-photoproduction
involves larger momentum transfers than the charge exchange reaction.
Therefore the nuclear form factor suppresses the cross section in the for-
mer case.

3.3. Coherent vs incoherent pion decay

The main difficulty in analyzing the pion coincidence cross section is
the distinction between coherent pions and pions originating from other
processes. One very important non-coherent contribution to the pion spec-
trum is the quasi-free decay of a A into a neutron and a pion. Therefore
this contribution has to be studied thoroughly.

The distortion of the decay protons and pions has been taken into
account in our calculation by optical potentials fixed by elastic scatter-
ing. In Fig. 6 we have plotted the plane and distorted wave cross sections
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Fig. 6. Differential cross for quasi-free decay in the '2C(p, nprt)-reaction. We
have plotted our calculation for (d%c)/(dw;dQ,d02,dE}) as function of the decay
proton energy E, for low E, (E, < 40 MeV). The dashed curve represents the
plane waves calculation, whereas the distorted waves calculation is shown by the
solid curve.

(d30)/(dwrdpndQy) for wy = 250 MeV and 6, = 8, = 0° as function of
the kinetic energy of the decay proton for small decay proton energies, i.e.
the region where pr events and coherent pion events cannot be disentangled
easily. It can be seen that the contribution for very small decay proton en-
ergies is very strongly affected by the distortion. In order to compare with
the coherent pion component we integrate this cross section over the decay
proton kinetic energy up to E, = 30 MeV.
We obtain the following result:

dio o
dopddi, (wr = 250MeV, 8, =0, =0°)pw = 0. 022M V 7 (9)
dic o
m((&L—250M&V 0 —-0-‘—0 )Dw<0001M Vsr 3 (10)

For this kinematic situation the corresponding cross section for the coherent
pion component is
d3o mb

———— = 250 MeV, 8, = 0, = 0°) = 0.0 11

dop d,di, ¥ eV, bn =0 =0°) = 00657 5. (11)
So the ratio of the coherent to the quasi-free component is at least equal to
60. As we use optical potentials from elastic scattering the actual distortion
may be weaker than it is assumed in these calculations. Therefore we chose
this rather high upper limit for the distorted waves calculation.
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The fact that the prt events where the decay proton energy is very
small are suppressed can be understood considering the different mean free
paths of protons and pions in nuclei. Protons have a very small mean free
path at low energies whereas the pion mean free path has a broad minimum
at high energies around 170 MeV which is about the energy of the decay
pions in this energy domain. These mean free paths I(F) can be calculated
with the help of the pp and 7*p total cross sections as

(B) = oty (12)

where p is the nuclear density and o(E) the total cross section as function of
the proton and pion energy E, respectively. Therefore we can conclude that
inside the energy window set by the SATURNE experiment quasi-free decay
is suppressed and does not make a significant contribution to the coincidence
spectrum. This confirms the analysis that this spectrum consists to a great
extent of coherent pions.

4. Conclusions

In summary, we have shown that the shift of the A-peak position ob-
served in the (p,n)- and (3He,t)-reactions at intermediate incident energies
is due to the strongly attractive correlations in the isovector LO channel.
The same shift is also observed in the pion-nucleus total cross section. The
attraction comes from the energy-dependent 7-exchange interaction in the
medium. No significant energy shift is found in the TR channel. This is in
agreement with what is observed in the electro-excitation of the A, e.g. in
the photon—nucleus total cross section, as discussed in this paper.

Furthermore, we have shown that for charge exchange reactions the
pion coincidence cross section is an excellent tool to study the LO response
function. In the 12C(3He,txt)32C(g.s.) reaction the peak position of the
coherent pion component is significantly shifted towards lower excitation
energies by the AN ~1 correlations. In addition, it is shown that the pions
are strongly forward (in the direction of §) peaked. Both effects, the en-
ergy shift and the forward peaking of coherent pions, prove that the recent
SATURNE experiment has indeed identified the coherent pion component
in the 12C(3He,t) experiment.

This work is supported in part by the Studienstiftung des deutschen
Volkes, by the Graduiertenkolleg “Die Erforschung subnuklearer Strukturen
der Materie” at the University of Bonn and by the U.S. Department of
Energy under Contract DE-FG05-84-ER40145.
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