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A formalism for the calculation of intermediate energy charge exchange reactions exciting the A
resonance region in nuclei is presented. The nuclear structure part of the formalism is based on the
isobar-hole model and the nuclear reaction part is treated within the distorted-wave impulse approx-
imation (DWIA). In the nuclear structure part, all important nuclear medium effects are included,
such as nucleon and isobar binding, two-body A isobar-nucleon hole correlations, and intermedi-
ate coupling to multiparticle-multihole channels. The latter coupling is treated phenomenologically
through a A spreading potential. Explicit account is also taken of the nucleon knockout mode and
the related nucleon particle-nucleon hole correlations. In order to perform the calculations, we first
set up coupled-channel equations for the excited nucleon and A, which are slightly, but impor-
tantly, transformed into equations for localized functions only. We solve these equations by using
the Lanczos method. The resultant formalism allows us to calculate cross sections for A excitation,
quasielastic scattering, and low-lying Gamow-Teller excitations on the same footing. In this way
a detailed study of the nuclear medium effects on the A isobar can be done. Particular attention
is paid to the A-hole correlations in the spin-longitudinal (S - q T) channel. It is shown that the
coherent pion production events in the exclusive '2C(p,nn)*2C(g.s.) and *C(®He,tn*)?C(g.s.)
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reactions provide a unique signature on the nuclear pionic mode.

PACS number(s): 14.20.Gk, 21.10.Re, 24.30.Cz

I. INTRODUCTION

The most important and widely publicized issue in the
study of intermediate energy charge exchange reactions
is the downward energy shift of the A resonance peak
position by ~ 70 MeV in nuclear targets as compared
to the proton target [1-7]. The physical significance of
this shift was first recognized by Contardo et al. [2] in
their studies of the (*He,t) reaction at the Laboratoire
National Saturne in Paris. The phenomenon, however, is
also found to persist in other charge exchange reactions,
such as the (p,n) reaction at E=800 MeV [4-7]. In Fig.
1 we show an experimental zero-degree spectrum for the
p(p,n)A** reaction [3] at E=800 MeV incident energy
in comparison with a corresponding one of the *2C(p, n)
reaction [5]. The spectra are plotted versus the excitation
energy wy, in the laboratory (L) system. A considerable
energy shift of ~ 70 MeV is observed between the ele-
mentary A excitation of the proton and the A excitation
in 12C. For the proton target the A resonance peak po-
sition appears at wy ~365 MeV while for the 12C target
the peak appears at wy ~ 295 MeV. The peak position
for the proton target can be explained by the sum of the
A resonance excitation energy wp=295 MeV and the re-
coil energy of ~95 MeV received by the A™" in the (p,n)
excitation process. The small energy difference of ~ —25
MeV between the sum of the two energies (390 MeV)
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and the observed energy (365 MeV) can be ascribed to
the momentum transfer dependence of the form factors
involved in the p + p — n + A*™ transition operator.
The shift of the A peak position, as observed in Fig. 1,
has various origins. The most important one is the Fermi
motion (binding) of the nucleons and of the A isobar in
the nuclear mean field [8,9]. Other, smaller effects come
from A conversion processes, such as A + N = N + N
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FIG. 1. Experimental zero-degree spectra of the '*C(p, n)
reaction [5] in comparison with the p(p,n)A** reaction [3] at
E =800 MeV.
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[10-12], and from projectile excitation [13,14]. These
effects together account 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 corre-
lation effect on the spin-longitudinal response function
[10,11,15-18]. In particular, recent calculations of De-
lorme and Guichon [10] and Udagawa et al. [11] per-
formed for finite nuclei consistently show that this sec-
ond part of the shift is caused by the energy (w) de-
pendent m-exchange interaction in the nuclear medium.
The 7 exchange provides a strongly attractive interac-
tion between A-particle nucleon-hole (AN 1) states in
the spin-longitudinal (S - q T) channel leading to a col-
lective pionic mode in the nucleus at lower excitation
energies of wy ~ 250 MeV.

The inclusive charge exchange cross sections contain
information on both the spin-transverse (TR) and the
spin-longitudinal (LO) nuclear response functions. The
two responses can be experimentally separated either by
performing complete spin-flip transfer experiments [19]
or by measuring the pion decay of the A resonance in
coincidence with the ejectile [20-26]. In this paper we
shall show that in particular, the coherent pion decay is
very sensitive to the LO response function. We remark
that the TR and LO spin responses can be experimentally
separated by using other probes, such as photon-nucleus
and pion-nucleus scattering. The photon is a purely spin-
transverse (S x q T) probe while the pion is a purely
spin-longitudinal probe. Indeed, a shift of the A peak
position has been observed in 7-nucleus total and elastic
scattering cross sections [27-29]. In contrast to this, in
the case of v absorption [29,30] and inelastic electron
scattering experiments [31-33] the A peak does not show
such a pronounced displacement.

The aim of this paper is twofold. First, we present a
detailed account of the formulation and methods of calcu-
lation used in the analysis of the data. This formulation
is given in Sec. II. Second, we present results of nu-
merical calculations in a more systematic manner than
we did before in our short Letters [11,23]. We shall also
discuss various new aspects of the nuclear medium effect,
the central issue of the present work.

In Sec. II we first summarize the basic model as-
sumptions made throughout the present paper and state
the model Hamiltonian. The nuclear structure part of
the model is based on the isobar model [27-29,34] and
the nuclear reaction part is treated within the distorted-
wave impulse approximation (DWIA) [35]. In the nu-
clear structure part, all important nuclear medium ef-
fects, such as the A mean field effects, the A spread-
ing potential, and the two-body A-hole correlations, are
taken into account. In addition, the nucleon knockout
effects are included explicitly, so that the resultant for-
malism allows us to calculate cross sections for A excita-
tions and quasielastic charge exchange scattering on the
same footing. For that purpose, we first set up a set of
coupled-channel equations for the excited nucleon and A,
respectively. This set is slightly, but importantly, trans-
formed into equations for localized functions. We then
apply the Lanczos method for solving the equations. We
split the calculated inclusive cross section into its vari-

ous partial cross sections, as there are the coherent pion
production cross section, the quasifree decay, the spread-
ing cross section, and the nucleon knockout and nucleon
knockout-fusion cross sections.

In Sec. III we first discuss the parameters used in the
present calculations. Then we present the results of our
cross section calculations and compare them to the ex-
perimental data. We also make various studies of the nu-
clear medium effect on the A with a special emphasis on
the A-hole correlations in the spin-longitudinal channel.
Finally, in Sec. IV we give a summary and conclusions.

II. THEORY

We are interested here in the calculation of the in-
clusive cross sections for intermediate energy charge ex-
change reactions, such as A(p,n), B(d,2p), or C(3He,t).
Since we shall deal with high incident projectile ener-
gies (Epro; > 650 MeV/nucleon), we assume that the
impulse approximation is valid and that the cross sec-
tion can be calculated within the DWIA [35]. We have
to keep in mind, however, that the scattering data which
we analyze in this paper involve large momentum trans-
fers (¢ ~ 2 fm™'). Therefore two-step processes can still
give a significant contribution to the cross section.

A. The distorted-wave impulse approximation

We start our formulation writing down the double dif-
ferential cross section for the inclusive charge exchange
process A+ a — B+ b, where A (B) and a (b) represent
the target (residual nucleus) and projectile (ejectile), re-
spectively (see Fig. 2). In the reaction a particle-hole
(ph) state is created in the residual nucleus B, where the
particle p can be either a A or a nucleon N. Using rela-
tivistic kinematics the cross section in the Breit frame of
the target system is given as
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FIG. 2. Graphical representation of reaction processes in-
cluded in the distorted-wave impulse approximation calcu-
lations. For the effective projectile-target nucleon interac-
tion the free tyn,nN matrix is used (a) and for the projec-
tile-isobar coupling the ¢ty n,Na interaction of Eq. (10) is used

(b).
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where E; = /M2 + p? is the total energy of particle
i (¢ = A, B,a,b), M; is its rest mass, and p; is its momen-
tum. (We use natural units throughout, i.e., Ai=c=1.)
An average over the initial spin orientations and a sum
over the final spin orientations of both the projectile and
the target spin states are taken.

In first order DWIA the transition amplitude Tz, cor-
responding to the graphs in Fig. 2 is given as

TRW — / dRx\" (ky, R) (@5 |

x Z tij | 24®a)x(" (ka, R), (2)
Zla

where the initial and final nuclear states of the projec-
tile and target are denoted by | ®,),] ®5) and | $4),
| ), respectively. The indices A, B, a, and b represent
all quantum numbers necessary for specifying the corre-
sponding state, including the spin and isospin quantum
numbers. For the intrinsic projectile (ejectile) wave func-
tion | ®,) (] ®»)) we use the simple product form, i.e.,
| q’a) :l ¢a> l ¢samauu>a where I ¢a> and I ¢samaua> are
the space part and the spin-isospin part of the wave func-
tion, respectively; v, denotes the isospin projection. As
usual, Xff) and Xf,') " are the optical model wave func-
tions of the projectile and ejectile in the initial and final
channels. They are functions of the relative coordinate
R between the center of mass of the projectile and the
target. Because of the high incident energies we neglect
the spin-orbit interaction in the distortion. The transi-
tion amplitude of Eq. (2) is evaluated in the Breit frame
of the target system. In this system the state of the nu-
cleus is well described by an ordinary nonrelativistic wave
function.

In Eq. (2), t;; is the effective interaction between the
projectile nucleon ¢ and the target nucleon j. The t;; is
represented by the free nucleon-nucleon ¢ty y nyny matrix
in the case of the nucleon excitation [Fig. 2(a)] while it
is approximated by the free nucleon-nucleon NN — NA
transition operator tyn na for the A excitation. We
shall discuss the specific form of the interaction later.
For the moment we just take advantage of the fact that
at high incident energies and large momentum transfers
both interactions turn out to be rather short ranged, i.e.,
very weakly dependent on the four-momentum transfer
(w,q) [= (Ea — Eb,Pa — Pb)]. Therefore they can be
well approximated by local operators in r space of es-
sentially §-function form. We shall show later the con-
sequences of the short rangeness of the interaction for
nucleon-induced reactions. In the case of nucleon-nucleus
scattering the effective interaction depends on the rela-
tive distance ro; = ro —r; between the projectile 0 and
the target nucleon j. Then we express tg;(w,ro —r;) in
terms of its Fourier components to;(w,q '),

toj (U.), Tgo — I']')

 arp [ 0" el ro (e

and use the fact that ¢o;(w,q’) is only weakly momen-

tum dependent in the four-momentum transfer region of
interest. Then we may approximate Eq. (3) by

toj(w,To — ;)= tOj(w,q)(z—:r)g /dq'exp[iq "+ (ro — ;)]
= loj (w,q )(53(1‘0 - rj)v (4)

where (w,q ) is the four-momentum transfer of the reac-
tion.

If the projectile is a composite particle, we have to
take into account the finite size effect of the projectile
by using the projectile transition density pp,. In a high
energy approximation for t;;, as in Eq. (4), this effect
can be included by means of the Fourier transform of pp,
written in a Lorentz invariant form as fye(+/—t). This
Fourier transform is most conveniently performed in the
Breit frame of the projectile since in this frame the wave
functions of the projectile and ejectile can be described
by nonrelativistic wave functions [36]. We may then write

(66 | tij | ba) = fra(V—1)ti;(w,q)8* (R —15). (5

Here fya(+/—t) is the projectile transition form factor in
momentum representation. It is a function of the square
of the four-momentum transfer t = w? — q 2. Note that
Eq. (5) is also valid for nucleon-nucleus scattering if one
puts fea(v/—t) =1, R = ro, and i = 0. Inserting Eq. (5)
into Eq. (2), we find for the transition amplitude

TSV = (@5 | 5| ®a), (6)

where p is the hadronic transition operator defined as

ﬁ: Z (¢sbmbw, I Z fba(\/:z)tij(qu)

j=1,A i=1l,a
XXDW(kaakbvrj) ' ¢samaua)a (7)
with
Xow (Ke, ke, 1) = x5 (ks 1)x (kayT).  (8)

It is clear that Xpw describes the projectile distortion
effects in the reaction. In the plane wave (PW) ap-
proximation, the distorted waves x.(l+) and x,(,_). are re-
placed by plane waves and Xpw is reduced to Xpw(r) =
exp (iq-r). Although unjustifiable quantitatively, the
PW approximation is often useful in the understanding
of the more complicated results from the distorted-wave

calculations.

B. The effective projectile — target-nucleon
interaction

For the evaluation of Eq. (7) we need the explicit rep-
resentation of ¢;;(w,q). For NN~ excitations the spin-
isospin-dependent part of ¢y y,nn in the NN c.m. frame
is given by [37,38]

tvnNN(s,t) = [a —iy{o; -1+ o; -0} + Bo; - fio; -
+60;-qo;-q+e€o;-po;-plTi-T;, (9)
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where the unit vectors [P, i, §] form a right-handed co-
ordinate system in the two-nucleon center-of-mass frame.
They are connected to the initial and final nucleon mo-
menta £ and ' by p = Kk + k', q = kK — K/, and
i = § X p. Three different types of spin excitations are
possible, namely, a longitudinal one with the spin trans-
fer along the momentum transfer direction § (term §),
and two transverse ones with the spin transfer occurring
either in the scattering plane (term €) or perpendicular
to the scattering plane (term (). The coefficients a, 7,
B, 6, and € are functions of the Mandelstam variables s
and t and are determined from NN scattering data.

For AN~! excitations the tn N,NA transition operator
consists in principle of 16 linearly independent terms [39].
In the present study, however, we assume the following
simple form,

, A/2 _ m2 2 t
tnnNa(st) = tvadeva |~ | [(6:-9)(S;-9)
+(o: x §) - (S} x @)]r: - T, (10)

where JonyaA = fquNf‘;rNA/m,zr = 800 MeV fm? ob-
tained with the widely accepted values of f2y v /47=0.08
and frya = 2fxnn. The strength parameter ty, and
the cutoff mass A’ in the vertex form factor [(A/2 —
m2)/(A!2 —t)]? are adjusted to experimental data as will
be discussed in Sec. IITA. The assumed operator is es-
sentially of §-function type; the only momentum depen-
dence comes from the vertex form factor.

Using the identity (o; X q) - (S} xq) =o; -ﬁS;’- -0+
o; f)S;' - P, we can rewrite Eq. (10) in the form

tnnNa(s,t) = [Bo;-aS! -+ 8048 q
+eéa;-pS!-plri - T!  (11)

with 8 = §' = ¢ = thyaJena[(A'2 —m2)/(A2 — )2
The interaction of Eq. (10) or (11) has a very simple
spin structure; the strength of the spin-LO term is equal
to that of the spin-TR terms. In spite of its simplicity,
the assumed ¢;; can reproduce not only the cross sections
but also the spin observables from the reactions with the
proton target. (See the discussion in Sec. IITA.)

C. Alternative form of the singles cross section

The operator g defined by Eq. (7) serves as an external
field acting on the target nucleus. It is often referred to
as the hadronic transition operator. The operator p de-
pends on the coordinates of the target nucleons only; the
projectile coordinates are all integrated over. Note that
in distinction from the usual calculation of the DWIA
transition amplitude, as in Eq. (2), we have interchanged
in Eq. (6) the order of the integrations over the projec-
tile coordinate R and the target-nucleon coordinate r;.
This has been done since we want to transform the cross
section formula into the nuclear response function form
by carrying out the sum over the final state | #g). This
sum can be performed by inserting Eq. (6) into Eq. (1)

and by using the relation

1

;ﬁT] - (12)

S 60— n) | #2)(a |= ~31m |
B

where H is the total Hamiltonian of the residual nuclear
system with H | #5) = eg | ®B). €p is the excitation
energy of nucleus B measured relative to the ground state
energy E 4 of the target, which we choose as E4 = 0. The
double differential cross section is then given as

d’s EAE,EgE,
dEydQy  2m2/X(s, M2, M3)
po Mo My 1
— S, 13
XEBEa EbZSa-i-lmZmb (13)
where S is the strength function defined by

S =Im[~(p| G| p)/], (14)
with

lp) = b 24) (15)
and

1
= . 16
¢ w— H + e (16)

| p) of Eq. (15) is the doorway state excited initially by
the external operator p; G propagates this state resulting
in the so called continuum wave function

|2) =G p). (17)

With the aid of | ¥) we can express S of Eq. (14) in an
alternative form as

S = [~ (p | ¥)/n]. (18)

Equation (13) together with (18) provides the final cross
section formula expressed in terms of | ¥) of Eq. (17).
Now it is our task to calculate | ¥).

D. The correlated source function method

The correlated source function method provides a very
efficient way of calculating | ¥). The method makes use
of the fact that the Hamiltonian H of the target system
is given by

H = Hy + Vph, (19)

where Hp is the single-particle Hamiltonian and Vyy, is
the residual ph interaction. In the following we assume
that the target is a double magic nucleus with spin par-
ity IT = 0%. Furthermore, we approximate the target
ground state wave function by a single Slater determi-
nant of the independent-particle model. This means that
we choose | ®4) to be an eigenfunction of Hy instead of
H,i.e.,
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Hy | ®4) =Es | ®a) (Ea =0). (20)
The above approximation neglects the effects of Vpy, on
the ground state wave function. The effects of V,}, are
included, however, in the wave function of the excited
states. This different treatment of V,p for the ground
state and the excited states is known as the Tamm-
Dancoff approximation. To proceed we split Hy into
Hy = Hc + Hp, where H¢ is the Hamiltonian of the
hole nucleus C and Hj, is the Hamiltonian of the excited
particle p. The spectrum of H¢ is defined by

Hc | 1) = Ep | @), (21)

where E}, is the hole energy. Finally, the Hamiltonian of
the excited particle p is given by

r
HP:T,,+U,,+1'—"% (p=Aor N), (22)

where T}, is the kinetic energy operator, U, = V, + iW,
is a complex one-body potential, and I'y;—A is the free
decay width of the A (I'y)=ny = 0, of course). Note that
C'a(sa) is a function of the intrinsic energy of the A, and
is related to the energy transfer w by sp = w— Hp — Ej,.
We follow Ref. [27] in dealing with the Ha dependence
of FA (SA).

Using the Hamiltonian of Eq. (19), we can derive the
following integral equation for the continuum wave func-
tion:

| ¥) = Go | p) + GoVpn | ¥), (23)
|

Z \/E(sbmbsa

Jjebemj, me, ms,

| A) =

— Ma | $sms,)(—1)
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where Gy is the unperturbed Green’s function defined by

1

Go=— ——— . 24
T w— Hy + e (24)
To solve Eq. (23) we first transform the integral equation

into an equivalent integral equation [40]
| A) =l p) + VenGo | A), (25)
so that
| ¥) = Go | A). (26)

Note that | A) thus defined plays in Eq. (26) a similar
role as | p) in Eq. (17). We call | A) the correlated source
function since it includes the correlations due to V.

Equation (25) is now solved by first integrating over
all coordinates, except the radial coordinate of particle
p. In this way the equation is reduced to a set of coupled-
channel (CC) equations for the radial wave functions of
particle p. In order to achieve this we expand both | A)
and | p) in terms of the channel wave functions

| [Yp®hlim) = Z (GpmpInmalim) | Yi,m, Pinmn)s

mpmp
(27)
where y; m, is the spin-angle wave function of p and

®;, m, is the hole-nucleus wave function of Eq. (21). The
channel expansion is then given by

Letmy,

ZNC Aph ()
X<jtmjzsf - My, | Zt - mlt) P}; I [yp(bh]jtmj,>7
ph

| p) =

]tltmj, My, Ms,

> V2(sympsa —ma | sem,, ) (1)

N
. T
xemsise —ma, |6 —mi) S P | ). (28)

where j;, £;, and s; are the total, orbital, and spin an-
gular momenta transferred in the reaction, respectively;
mj,, my,, and m,, are the corresponding angular mo-
mentum projections. The quantities Apn(r) and ppn(r)
are the correlated and uncorrelated radial source func-
tions, respectively. Note that both radial source func-
tions depend on the quantum numbers j;ym,,, though
these indices are not shown explicitly. The sum involved
in Eq. (28) is taken over all ph pairs. The total number
of ph pairs is denoted by N..

Inserting the expansions of Eq. (28) into Eq. (25), we
obtain a set of CC equations for Aph(r),

Apn(r) = pon(r) + 37 / dr'dr" VI ()
plhl

< gS (' T Apwe (7), (29)

ph
[

;vhere the ph matrix elements Vgﬁ,p' w(ry7') are defined
Yy

Vo o (1) = 17" ([yp ®ail; [Vonl[¥p®hls. ). (30)

Here the parentheses denote an integration over the chan-
nel variables. Introducing column vectors of dimension
1xN.

Aplhl
A =1 . . (31)

pPlhl
oy =1 - ] (32)
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we can write the CC equations in matrix form as

| Ay =| p) + VGo | A), (33)
where V is the interaction matrix
Menprnr (1) = VI pop (1) (34)

of dimension N, x N, and Gg is the diagonal Green’s
function matrix defined by

(Go)ph,prh = gs;)aph‘p’h" (35)

In the last equation gl(;}t)

is the radial optical model
Green’s function. Note that the operation of Gy (and
V) onto | A) in Eq. (33) involves a radial integration
besides the matrix multiplication.

Equation (33) is the final equation to be solved. The
source functions pph(r) can be calculated in a straight-

forward manner. The details of the calculation are
J

|v) =

Jebemj,my, my,

N,
X<jtmjtst — Mg, ' et - mlt) Z

It is easy to see that the column vector | 1) defined by
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presented in Appendix A, along with the results for
V2w (ry7"). The merit of solving | A) first instead of the
corresponding | ¥), defined below by Eq. (37), lies in the
fact that App(7) is a localized (bound) function. This is so
since ppn(r) is proportional to the radial hole wave func-
tion up(r). Similarly, the interaction terms ij;“p, ar(rsr’)
are also localized because they include ux(r), too [see
Eq. (A15)]. This fact makes it possible to expand | A)
in terms of a set of orthonormal basis functions. The
problem can then be reduced to solving a set of inhomo-
geneous linear equations for the expansion coefficients
(Lanczos method). These equations are derived by in-
serting the expansion into the original integral equation
(25). It turns out that this method enables us to solve
Eq. (33) in a very efficient way. The Lanczos method we
used in solving these equations is described in Appendix
B.

Once | ) is known, it is easy to calculate | ¥). In
partial wave expansion | ¥) is given by

Y VE(sumpsa — ma | sem, ) (< 1)

(36)

Uon) | )

ph

E. The residual ph interaction

The residual ph interaction Vpy, is treated within the

Yph (m + p + gp) model (see [7] and references therein).
[¥) = (37) In the p exchange we keep only the tensor interaction
and drop the central part assuming that the latter can
be effectively included in the short-range interaction.
. The matrix elements VY ,,, consist then of the four
can be given as . P
COupllIlgS VNN—I‘NN—I, NN-1,AN-1, VAN—I,NN—I, and
Van-1,an-1. We write Vp, in terms of spin-LO and spin-
| ¥) = Go | A). (38) TR components according to
J
LO TR
Von(@,q) = | Vi (@, 0)8, - a S} - a+ Vi (@,q)(S, x @) - (8] x q>]7;-7;,,, (39)
where
2 2
’ 2 Jy(w,q) q
V(LO) w, = J , f1erf1er / , q _ 4 Jdp\W
ph(@,9) w(w9) 2o Ipp' T w?—g2—m2 +ie 3Jr(w,q)w?—q%—m2+ie (40)
and
wNp' 1J,(w,q) q?
VR (4, ) = J faNpfrNp R/ ACH _
ph (w q) ”(w’q) f-,%NN gpp + 3J1r(w’q) wz_qZ —m§+16 (41)
[
In Eq. (39) S, is the spin (transition) operator with  and
Sp = o (8) for p = N (A). Similarly, 7, is the isospin ) 2
(transition) operator with 7, = 7 (T) for p = N (A). J _ JonnN A} —m] (43)
The force strength parameters J, and J, are defined by p(wrq) = m2 AZ -t ’

2 A2 —m2 2
Jn(w,q) — ferN ( ™ 1r)

m2 AZ —¢

(42)

respectively, where f2yy/47=4.86 and f,na = 2fonNN,
while the values of frnyn and frnya were already given
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in Sec. IIB.

The quantities in parentheses in Eqgs. (42) and (43)
are the form factors which describe the finite size of the
meson-nucleon vertices. Use is made of the cutoff masses
Ar = 1.2 GeV and A, = 2.0 GeV. The three Landau-
Migdal parameters gy, gya, and ghn are to be ad-
justed to reproduce the experimental data. The value
of gy (=0.6) has been determined from the excitation
energy of the giant Gamow-Teller resonance (see [7] and
references therein). The value of gjy 5 is less well known
and only has some constraints from Brueckner G-matrix
calculations (see [7] and references therein). Further, the
value of gy A is not known. In the present study, we treat
both gjy o and g/ o as free parameters which have to be
determined from the fit of the calculated spectra to the
experimental data.

F. The decomposition of the inclusive cross section
into components

The inclusive cross section of Eq. (13) can be decom-
posed into partial cross sections corresponding to differ-
ent physical processes. These processes are schemati-
cally represented by the graphs in Figs. 3(a)—(e). Only
the lowest-order diagrams are shown. We distinguish
between coherent pion production (a), quasifree decay
(b), nucleon knockout (c), A spreading (d), and nucleon
spreading (e). The incoherent sum of these various pro-
cesses gives the inclusive, single-step cross section.

The first step of the decomposition of the cross section
is to rewrite S in terms of | A). Inserting Eq. (25) into
Eq. (18) we obtain

S=1Im{(¥ |V, [ 9) (A Go|A)}.  (49)

Using now the identity

ImGo = —7Q)§(E — He — T,)Q0)1
+G$(WN + Wa —Ta/2)Go, (45)

(a) (b) (c)
Y

(d) (e)

FIG. 3. Schematic representation of the physical processes
included in the analysis of the data. For each process only
the lowest-order approximation is shown. The diagrams have
the following meaning: (a) coherent pion production, (b)
quasifree A decay, (c¢) nucleon knockout, (d) A spreading,
(e) nucleon spreading.

T. UDAGAWA, P. OLTMANNS, F. OSTERFELD, AND S. W. HONG 49

where Q(7) = 1 4 (U, + iT'a)Go is the Moeller wave
operator and Wy is the imaginary part of the optical
potential of the nucleon particle p = N, we obtain the
following decomposition of the strength function S of Eq.
(44):

S = Scpp + SqF + Ssp + Sko + SkF- (46)

Here the partial strength functions are defined by

Scee = —(¥ |V, | ©), (47)
Sqr = (¥ Ta/2| ¥), (48)
Ssp = ([ -Wa | ¥), (49)
Sko = Im(¥ | Q)§(E — He — T,)200T [ ), (50)
Sxe = - (U | -Wy | ©). (51)

The physical significance of the various components is as
follows. Scpp describes the strength function of the co-
herent pion production (CPP) process A+a — b+ A+,
where the residual nucleus is left in its ground state
[see Fig. 3(a)]. This strength function is proportional
to Ingh. Imthh comes from the pion pole in the =-
exchange interaction of Eq. (40). Sqp describes the
strength function of the quasifree (QF) decay process
where the A excitation in the nucleus is followed by the
decay A — w+N [see Fig. 3(b)]. Ssp denotes the spread-
ing (SP) strength function that results from A conversion
processes, such as A + N — N + N [Fig. 3(d)]. Sko is
the strength function for the nucleon knockout (KO) pro-
cess [Fig. 3(c)], and finally Sk is the strength function
for the nucleon knockout-fusion (KF) process where the
excited nucleon knocks out additional nucleons from the
target [Fig. 3(e)]. Among these five strength functions,
Sqr, Ssp, and Skr can be calculated in a straightforward
manner from Eqgs. (48), (49), and (51). This is not the
case, however, for Sko and Sccp. They are more easily
calculated from the alternative expressions

Sxo %{_m | Go | A)} — Skr — Ssp — Sqr,  (52)

Il

Scpp =S5 — %{"(A | Go | A)}. (53)

In terms of the partial strength functions S, (a=CPP,
QF, SP, KO, KF) the double differential, partial cross
sections are given by

dzga _ EAEQEBEb Pb Ma Mb Z Sa.

dEydly  20%\/A(s, M2, M2) Ep Ea By ‘.
(54)

G. Exclusive cross section for coherent pion
production

The most interesting component of the partial cross
sections of Eq. (54) derived in the previous section is that



49 A EXCITATIONS IN NUCLEI AND THEIR DECAY PROPERTIES 3169

of the coherent pion decay (a=CPP). In the CPP pro-
cess, the excited nucleus deexcites to the target ground
state | ® 4) by emission of a pion of energy E. = wy—ER,
where Epg is the recoil energy of the final nucleus A. The
cross section given by Eq. (54) with « = CPP, however,
involves an integral over the angle of the emitted pion.
In what follows, we derive the differential cross section
starting from Eq. (54) with Scpp given by Eq. (47).
For this purpose, we first notice that in the A resonance
region ImVJh comes exclusively from the m-exchange in-

teraction. Therefore ImVJh can be written as

1
~ImV}, = Vi, | 24)8(w — Tx)(@a | Vans

d3p,
= aﬁﬂvgm | ®49(Px))
X0(w — Ex)(®ad(Px) | VaANK, (55)

where T, is the kinetic energy operator of the pion; Van~
is the 7 NA interaction Hamiltonian
J

(®ad(Pr) | Vin, | 0) = Y

Jelemj, mye,

VaNs = Janagt, ko F(k2)T] (56)
mﬂ'

expressed in terms of the variables of the A rest frame

(involving the relative pion-nucleon momentum x,). In-

serting Eq. (55) into (47) and the result of that into (54),

we find that the CPP cross section can be expressed as

d%ocpp d*ocpp
= [ dq,-2oCPP_ 57
dEdQy _/ dEpdQydQ (57)
where
d*ocpp EL E.EBE, DPoPr Mg My

dEyd%dQ,  (2m)5+/A(s, M2, M3) Ep Ea By
x> | (@ad(pe) | Vin. [ ©)I* (58)

is the triple differential exclusive cross section.

In order to calculate the transition matrix elements in
Eq. (58), we use the partial wave expansion Eq. (36)
for | ) and also the partial wave expansion of | ¢(px))-
After some lengthy algebra we obtain

(s6MbSa — Ma | Stms,)

><(_1)l”nlt <jtmjt5t — Mg, I etml:)lgjelemt ’ (59)
t

where

Bistome, = F(£2)2VAm 3~ (=17 Y7 (k)

Leiemjiln
lhlajria
IR Ia 3 ja
xitatth=tr 5\ Gplnle (100150 | 1a0) (JO10 [ 1:0) | 1 L jp
l7r 1 jt
jelemy, .
y / drgit™ (1) i, (par)un(r) x ISO (60)

is the reduced transition amplitude. In the last equation ISO is the isospin factor which amounts to ISO= 1(1//3)
for the A*™* — p+nt (AT = n + nt) transition. Insertion of (59) into (58) results in the triple differential cross

section in the form

d3ocpp EJE,EgE,

DPoPr Ma Mb 1

dEydQdQ  (27)5\/A(s, M2, M2) Ep Ea Bs (250 +1)(21a +1)

X

jtl¢mjt mye,

where I, is the spin of the target ground state. From
this cross section formula we can calculate the angular
distributions for the coherent pion decay [23]. We re-
mark that similar exclusive cross section formulas can
also be derived for the other partial cross sections, such
as for a=QF, SP, etc. These cross section formulas will
be published elsewhere [41].

H. Spin observables

Another important source of information on the spin
structure of the tyn na transition amplitude as well

2

Z (=1)%™e (jymy, e — ma, | £ema,)Bitemy, | 5 (61)

as the 7 correlations in the nucleus is provided by the
measurement of the spin observables. In particular,
the projectile polarization-transfer observables are sen-
sitive to the spin-LO and spin-TR response functions.
The polarization-transfer observables can be expressed in
terms of the Cartesian polarization-transfer coefficients
[42,43]

Tr(p'ompom:)
Tr(pty),

m=uz,y,z; m' =z',y'2, (62)

Dmm’ (ki7 kf) =
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where the 0, (m = z,y,z) are the Pauli spin matri-
ces acting on the projectile system. We choose the z
axis (z' axis) along the beam direction k, (k) and the
y axis perpendicular to the scattering plane parallel to
n = (ko X ks)/ | kg X ky |. The z axis is then cho-
sen so as to obtain a right-handed coordinate frame, i.e.,
X =y xz (% =3 x%'). Note that the coordinate frames
in the incident and exit channels are related through a
rotation around the y axis by the scattering angle . The
primed index on D,,,, reminds us that the initial and fi-
nal states of the beam polarization do not need to be
referred to the same coordinate frame.

For the discussion of the spin observables it is useful to
define the spin-LO and spin-TR strength functions Sio
and Str. They are defined by

S; = Im[—(p;|G|pi) /7] (¢ = LO or TR), (63)

where
lpi) = 0i[®4), (64)

with
OLo =7 (S-q)T_, (65)

and
Orn = ——ei@™(S x §)T_. (66)

The factor 1/v/2 in Eq. (66) has been included for con-
venience because there are two transverse directions, f
and 1 X q, but only one longitudinal direction q. In the
present paper we shall restrict our analysis of the spin ob-
servables to forward scattering (6 = 0°) where the scat-
tering problem has a symmetry around the beam axis.
In this case there exist only two interesting polarization
transfer coefficients, namely the one with the spin trans-
fer along the beam direction (D, .) and the other with the
spin transfer perpendicular to the beam direction (D).
Assuming that the cross section in the A resonance re-
gion is dominated by spin-flip processes, D,, and D,
can be expressed as [43]

o —|Srol?
D,.(0°) = — 1ot 6
%) = 00 + 215mm]? (67)

_ |Suol® = 2|Str|?

D,,(0°) = ——
( ) |SL0|2+2|STRIZ

(68)

These equations show that the spin transfer coefficients
are sensitive to the 7 correlations through Sio.

III. RESULTS AND DISCUSSION
A. The tyn na transition operator

The two parameters ¢y, and A/ involved in the ef-
fective NN — NA transition operator defined in Eq.
(10) are adjusted to the experimental data. In Fig. 4(a)
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FIG. 4. Zero-degree spectra for charge exchange reactions
off the proton target. (a) The p(p,n)A™ ™ reaction at E=800
MeV. The data are taken from Ref. [3]. (b) The p(*He,t)A*™
reaction at E=2 GeV. The data are taken from Ref. [2].

we show the zero-degree spectrum of the basic reaction
p(p,n)A*t at E = 800 MeV incident energy obtained
with the interaction of Eq. (10) using ty, = 0.55 and
A’ = 650 MeV. Both the shape and the magnitude of
the experimental cross section [3] are reproduced very
well. From this comparison the parameters ty, and
Al are fixed. In Fig. 4(b) we show a similar analysis
of the p(3He,t)A™™" reaction at E=2 GeV and zero de-
grees. In this case the finite size of the projectile has to
be taken into account. Because of the D-state admix-
ture to the *He and triton (1s)*® wave functions the spin-
LO and spin-TR form factors Fro(t) and Frgr(t) have
a different momentum transfer (t) dependence. Faddeev
calculations show [44] that Fpo(t) falls off much more
slowly than Frgr(t) with t. Guided by these calculations
we parametrize the form factors as Fpo = e“Lo! and
Frr = e“T®' where apo = 0.4 fm? and argr = 0.56 fm?.
A plot of the form factors is shown in Fig. 5. With these
form factors and the tiy, and A! values fixed above we
can reproduce the p(3He,t) A" data rather well, as can
be seen from Fig. 4(b).

In order to check the spin structure of the transition
amplitude tynN Na, l.e., to find the ratio between the
LO and TR interaction components, we analyze the spin
observables of the p(p,n)A*™ spin-flip transfer reaction
at # = 0°. In case of a proton target the polarization
transfer coefficients of Eqs. (67) and (68) reduce to
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where (', €, and &' are the interaction components of
Eq. (11). In Fig. 6 we show the measured [45] spin
transfer coefficients D, and D,, for the p(p,n)A*™ re-
action at E=800 MeV. Note that the measured values of
D,, = D, = —1/3 can only be reproduced by the inter-
action of Eq. (11) if the force components are all equal,
i, |8 | =|pB"|=|¢€| This implies that the A exci-
tation process is dominantly spin transverse with a cross
section ratio of TR/LO= (| 8 |2 + | € |?)/ | &' |*=2/1.
We remark that this TR/LO ratio also explains the ob-
served tensor analyzing power data of the p(d,2p)A° re-
action [46]. In addition, the p(d, 2p)A° data require that
tNN,Na is nearly constant in the (w, q) range relevant to
the A resonance region [47]. Both conditions are satisfied
by tNN,NA of Eq. (10)

B. Analysis of *2C(p,n) and 2C(3He,t) reaction
spectra

1. Input parameters

With the formalism described in Sec. II we have calcu-
lated energy spectra at various scattering angles for the
12C(p, n) reaction at E=800 MeV and the 2C(*He,t) re-
action at E=2 GeV. The calculations were performed by
using the optical potential parameters of Table 1. For
the target ground state wave function a pure shell model
configuration was assumed. The single-particle wave
functions were generated from a Woods-Saxon poten-
tial with the geometrical parameters a9 = a5,=0.53 fm,
and 79 = 150 = 7¢=1.20 fm and the spin-orbit strength
Vio =5.53 MeV. The strength parameters for the pro-
ton and neutron potentials were fixed as V,=65.7 MeV
and V,=66.0 MeV, respectively. The A-nucleus opti-
cal potential, Un = VA + iWa, was taken as a (com-
plex) Woods-Saxon potential with the radius parameter
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0.40 T T T T T T
L,
NCAN (a)

E %7 1= 800 Mev I
£ 0:=0°
£ 0.00 + .
3
S
s
= -0.20- + L] + + .
£ bhate
&-0.40 _

-0.60 T ' — — r .

L]
p (3’.7” A (b)

B %27 1,2 800 Mev 1
5 0=0°
£ 0.00+ i
3
s
' -0.20] + 4 1 -
2
&
£ 4* T
%—0.40-1 } * l -

-0.60 T T T T T T

o 100 200 300 400 500 600 700
Energy Transfer ( MeV )

FIG. 6. Calculated spin transfer coefficients for the

p(p,n)A*™ reaction at E=800 MeV in comparison with the
experimental data [44].

R = l.lA% fm, diffuseness a=0.53 fm, and the depths
Va = —35 MeV and Wa = —40 MeV for the real
and imaginary potentials, respectively [34]. The real
part Vo was assumed to be the sum of the A-nucleus
single-particle potential (depth of —65 MeV) and the A
spreading potential (strength of +30 MeV); Wa was as-
sumed to be energy dependent with the parametrization
Wa(w) = —0.24w + 7.6 MeV for w < 200 MeV and
Wa(w) = —40 MeV for w > 200 MeV. The free decay
width T'a(sa) was parametrized in the usual form [9].
The two unknown Landau-Migdal parameters gj o and
g in Vpp, were fixed from an overall fit of the calculated
cross sections to experiment. The values thus determined
are gya = gap = 0.333. The experimental data thus
require the minimal value for gfy 5 and g/, o that cancels
out the 4-function piece from the m-exchange potential.

2. Inclusive spectra of the > C(p,n) reaction

In Fig. 7 we show the calculated inclusive cross sec-
tion for the 0° spectrum of the 2C(p, n) reaction in com-

TABLE 1. The optical potential parameters used in the
DWIA calculations.

14 r a w TI ar
P 4.70 0.900 0.530 -30.0 0.931 0.568
n -3.27 1.125 0.976 -25.0 1.125 0.592
3He 4.70 0.900 0.530 -77.0 0.931 0.568
t -3.27 1.125 0.976 -40.0 1.125 0.592
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FIG. 7. Zero degree neutron spectra for the reaction
12C(p,n) at E=800 MeV [5]. (a) The theoretical spectra are
calculated with (full curve) or without (long-dashed curve)
ph correlations. The longitudinal (LO) and transverse (TR)
cross sections are also shown separately for the case where
correlations are included.

parison with the experimental data. The solid and long-
dashed curves represent the cross sections calculated with
and without inclusion of Vi, respectively. We shall call
these curves the correlated (V,, # 0) and uncorrelated
(Von = 0) results. The theoretical cross sections under-
estimate the data by a factor of N=1.3. 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 processes, the significance of which varies with ex-
citation energy. On the high energy side of the resonance
(wz, > 350 MeV) the background is mainly produced by
projectile excitation where the proton is excited to a A™
which subsequently decays into a n+n*. At very high wy,
(> 500 MeV) a large fraction of the neutron cross section
can be ascribed to neutrons resulting from the quasifree
decay of the A in the target. The missing cross section
on the low energy side of the A resonance (wy < 200
MeV), i.e., in the so called “dip” region, may be due
to two-step processes, two-body exchange currents, and
projectile excitations [13].

The essential result in Fig. 7 is the strong energy
shift between the LO (short-dashed curve) and TR (dash-
dotted curve) cross sections. While the former cross sec-
tion has its peak at wy ~ 260 MeV, the latter has its
peak at wr ~ 325 MeV. The relative energy shift of ~ 65
MeV between the two peaks is an effect of the strongly
attractive m-exchange interaction in the LO channel. The
mechanism for this shift will be explained in detail in the
next section. Note that the TR cross section is roughly
twice as large as the LO cross section. This is an ef-
fect of tyn na which produces a cross section ratio of
TR/LO=2/1. As a result of this ratio, the large shift of
~ 65 MeV in the LO cross section leads only to a rel-
atively small energy shift of ~ 30 MeV in the inclusive
spectrum. This can be seen from a comparison of the
correlated and uncorrelated results in Fig. 7.

The theoretical description of the experimental spec-
tra at other scattering angles is also reasonably good.
This can be seen from Fig. 8, where we compare the the-
oretical *C(p,n) cross sections with data at scattering
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FIG. 8. Neutron spectra for the reaction '?C(p,n) at
E=800 MeV at scattering angles of § = 3° (a) and 8 = 9°
(b). The data are taken from Ref. [5].

angles of § = 3° and 9°. Both the shape and the magni-
tude of the data are reproduced well. The peak position
and magnitude of the experimental cross sections change
with angle. This behavior is reproduced very well by our
calculations.

3. Inclusive spectra of the 12 C(® He,t) reaction

The main features of the A excitations described above
for the '2C(p,n) reaction can also be found in the
12C(3He,t) reaction. Important differences between the
two reactions, however, arise from the finite size of the
projectile and the different projectile distortion. In the
12C(3He,t) reaction the projectile form factor (shown in
Fig. 5) causes a trivial shift of the A peak position to-
wards lower excitation energies. This is demonstrated in
Fig. 9 by a comparison of the full and the long-dashed
curves. The latter is calculated for a point projectile,
i.e., neglecting the projectile form factor. The inclusion
of the form factor cuts off the high energy part of the
spectrum. The relative energy shift of ~ 40 MeV be-
tween the A peak positions of the (p,n) and (*He,t) data
(compare Figs. 7 and 9) is a result of this effect.

The effect of the projectile distortion on the calculated
spectrum is also shown in Fig. 9. The full and short-
dashed curves represent DWIA and plane wave impulse
approximation (PWIA) calculations, respectively. The
two theoretical cross sections differ in magnitude, but
agree in shape. This means that the distortions at inter-
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FIG. 9. Zero-degree triton spectra for the reaction

12C(%He,t) at E= 2 GeV. The data are taken from Ref. [2].
The theoretical spectra are calculated with (full curve) or
without (long-dashed curve) ph correlations. The long-dashed
line is the cross section calculated with a point projectile. The
latter cross section was multiplied by 0.31.

mediate incident energies mainly lead to a pure absorp-
tion of flux, reducing the magnitude of the cross section
but leaving the shape of the cross section unchanged.
If there is at all an effect of distortions on the resonance
shape, then it is a small upward energy shift of the DWIA
cross section relative to the PWIA result.

In Fig. 10 we compare the theoretical cross sections for
the 12C(3He,t) reaction at § = 0° with the experimental
data. The solid curve represents the cross section with in-
clusion of Vj, finite size effects of the projectile, and the
distortion effects. We call this curve the correlated result.
The long-dashed curve represents the corresponding un-
correlated result. Also the LO and TR cross sections are
shown separately. In analogy to the 12C(p,n) reaction,
the LO cross section (short-dashed curve) peaks again
at wy ~ 240 MeV. The TR cross section (dash-dotted
curve), however, peaks now 40 MeV lower in energy than
in the (p, n) case, namely at wy, ~ 285 MeV. This is an ef-
fect of the *He-t form factor which reduces the magnitude
of the TR spectrum at high excitation energies because
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FIG. 10. Zero-degree triton spectra for the reaction

'2C(*He,t) at E=2 GeV. The data are taken from Ref. [2].
The full curve represents the final result. In addition, the lon-
gitudinal (LO) and transverse (TR) cross sections are shown
separately.

of its exponential falloff with v/—t. The shape of the LO
spectrum is also affected by this, but less strongly.

It is remarkable that the calculation including the cor-
relations reproduces the higher w part of the *2C(3He,t)
spectrum very well. This is due to the fact that, in con-
trast to the 2C(p, n) reaction, there is no background on
the high energy side of the resonance in the *2C(3He,t)
reaction. In the latter reaction there is little cross section
from projectile excitation, since the probability that the
excited projectile decays to the triton ground state plus
a pion is small. Similarly, only few tritons are expected
from the quasifree decay of the target.

We remark that our calculation for the 2C(®He,t) re-
action, as for the 2C(p,n) reaction, fails to describe the
cross section in the lower w region (in the dip region).
This underestimation may be ascribed to background
components resulting from other reaction mechanisms
than the one-step process. It is possible to extract some
qualitative information on this background from the ex-
perimental data. In Fig. 11 we compare the data [2] of
the 12C(3He,t) reaction at § = 0° for three different in-
cident energies of E=1.5, 2.0, and 2.3 GeV. As seen, the
cross section in the A resonance region increases rather
dramatically with E. In contrast, the cross section be-
low wy ~150 MeV remains essentially unchanged. The
calculated spectra describe the data in the A resonance
region very well, in particular the incident energy (E)
dependence.

The analysis of the data indicates that the excitation
mechanisms below and above wy ~ 150 MeV are dif-
ferent. In our view the reaction mechanisms involved
at w <150 MeV are due to two-step and multistep nu-
cleon knockout processes. This conjecture receives fur-
ther support by the fact that the cross section below
w <150 MeV is proportional to the mass number A, while
the cross section in the A resonance region is proportional
to (3Z+ N) [2] (where Z and N are the proton and neu-
tron number of the target). The 3Z + N dependence of
the cross section is a characteristic feature of the A exci-
tation coming from the fact that the cross section of the
p+p— n+ ATt process is three times larger than that
for the p+n — n+A™ process. Such a characteristic fea-
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FIG. 11. Zero-degree spectra for the '?C(®*He,t) reaction

at E= 1.5, 2.0, and 2.3 GeV. The data are taken from Ref.

[2]. The full curves represent the calculated cross sections

including ph correlations.
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ture is not seen in the cross sections below w ~150 MeV,
indicating that the (virtual) A excitations do not play a
significant role there.

In Fig. 12 we compare the theoretical cross section
for the 12C(3He,t) reaction with the experimental data
at other scattering angles. Although the magnitude of
the cross sections changes rather dramatically with an-
gle, this behavior is rather well reproduced by our calcu-
lations.

C. Explanation for the energy shift of the A
resonance peak position in nuclei

In order to explain the origin of the energy shift in the
spin-LO spectrum (see Figs. 7 and 9) we first perform
a multipole decomposition of the inclusive cross section.
In Figs. 13(a) and 13(b) we show the various partial
cross section contributions oy~ corresponding to unnat-
ural (a) and natural (b) parity states J", respectively.
One immediately recognizes that the cross section con-
tributions of the unnatural parity states are lowered in
excitation energy by ~ 60 MeV relative to those of the
natural parity ones. This is due to the fact that the
pion couples strongly to the unnatural parity (pionlike)
states, but not to the natural parity states. Among the
unnatural parity states the lower spin states undergo the
bigger energy shift. This observation can be brought to
a more quantitative level by explicitly calculating the en-
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FIG. 12. Triton spectra for the reaction **C(*He,t) at scat-
tering angles of § = 2° and of 6 = 4°. The data are taken
from Ref. [2]. The theoretical spectra are calculated with
(full curve) or without (dashed curve) ph correlations.
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ergy shift

AEgr = (e | Von | ) (71)

for each given state |1 =). Here |4 ;=) denotes the partial
wave component of the continuum wave function | ¥) of

Eq. (23) and is normalized according to (¢ = | ¥y=) = 1.
Note that AFE -~ defined above is complex; the real part
AEF, describes the energy shift, while the imaginary
part AEY, describes the width associated with the co-
herent pion production process, as discussed already in
Sec. IIF.

In Figs. 14(a) and 14(b) we show the real part AE%, of
the complex energy shift for natural and unnatural parity
states, respectively. While the energy shift of the natu-
ral parity states is slightly repulsive (about +5 MeV),
it is strongly attractive (about —50 MeV or so) for the
unnatural parity states. In addition, in the latter case
IAEﬂ is large for small J, and decreases rather rapidly
as J increases. Here the m-exchange interaction plays an
essential role. To explain this in more detail, we show in
Fig. 15(a) the momentum (q) dependence of the real part
of Vi in the LO channel (full curve) at w = 250 MeV.
In addition, we show the square of two typical transi-
tion densities with J™ = 17, L = 0 (dashed curve) and
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FIG. 13. Zero-degree neutron spectra for the reaction

2C(p,n) at E=800 MeV [5]. (a) The cross section contribu-
tions of different unnatural parity multipoles J™. The dashed
curve represents the sum of these multipoles. (b) The cross
section contributions of different natural parity multipoles J™.
The dashed curve represents the sum of these multipoles. The
cross sections of the natural parity states have been scaled by
a factor N=2.
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FIG. 14. The real part of the energy shift AE%. as function
of the multipole J™.

J™ = 5% L = 4 (dash-dotted curve), respectively. The
square of the transition density is defined by

Mio(q) = / da(Py | exp(—iq-r)ST-4TI__, | 0)

X(0| —Tu=118-q exp (iq-r) [9s) (72)
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FIG. 15. The AN ™! residual interactions at w = 250 MeV
as functions of momentum transfer q. (a) The full curves rep-
resent the real part of the interaction in the LO channel. The
dashed and dash-dotted curves show the longitudinal transi-
tion densities with quantum numbers J* = 17, = 0 and
J™ = 5% L = 4, respectively. (b) The full curve represents
the real part of the interaction in the TR channel. The transi-
tion density with quantum numbers J” = 17,L = 1 (dashed
curve) is also shown.

and enters into the calculation of the energy shift as

AEs== (Y= | Von | $s7)
= (—2—715 / dg P*[V5° Mio(q) + ViR Mrr(q) |-
(73)

Here we have split the energy shift into LO and TR
components. The expression for Mtgr(g) is obtained
from Mpio(g) by replacing (S - §) by (S x q). From
Fig. 15(a) one observes that Vpll‘lO has a singularity at
@pole = /w2 —m2 = 1.05 fm~!. VPI;IO is repulsive for
g < gpole, but attractive for ¢ > gpole- In the charge ex-
change reactions the A in the spin-LO channel is excited
by virtual 7 exchange. The three-momentum | q | carried
by the virtual = is always larger than gpole = /w? — m2.
Thus the transition density for the A creation has its
peak always at a momentum ¢ > gpole- The peak of
the transition density moves toward larger momentum
transfers with increasing spin J™. This can be seen by
a comparison of the J™ = 17 and J™ = 5% transition
densities in Fig. 15(a). From Fig. 15(a) it is then obvi-
ous that by folding Vle‘lo with ¢ MLo(q) a net attractive
energy shift is obtained. This happens for all multipoles
in the LO channel, leading to the downward energy shift
of the A peak position. The lower the multipolarity J™
of the state is, the larger the attraction is.

In Fig. 15(b) we show a similar study for the spin-
TR channel. VP’II;R is repulsive and has no singularity.
Therefore by folding VP'I};R with ¢2MTr(g) a moderate,
repulsive energy shift is obtained.

D. Partial cross sections

In Sec. IIF we discussed the decomposition of the
total strength function S into the five components Sko,
Skr, Sqr, Ssp, and Scpp. The corresponding partial
cross sections 0, (= d%0,/dEdQ) are given by Eq. (54).
Among these partial cross sections, oxo and okr are
rather small in the A resonance region. Therefore, in the
following discussion we shall ignore okxo and oxr and
concentrate on the other three partial cross sections osp,
OQF, and JOCPP-

In Fig. 16 we show the three partial cross sections as
well as the summed singles cross section for the *2C(p, n)
reaction. In Fig. 17 we show the corresponding results
for the 2C(3He,t) reaction. In both cases oqr gives the
largest contribution to the singles cross section, explain-
ing roughly 60% of it, while osp and ocpp contribute
30% and 10%, respectively. Note that osp and ocpp
are peaked at energies roughly 100 MeV lower than oqF.
The shift of ocpp is mainly produced by the pionic mode
in the LO channel [see also Fig. 18(c) below]. The large
shift of osp relative to oqr is somewhat surprising, but it
can be understood from the fact that the main contribu-
tion to ogp comes from the nuclear interior where W (r)
has an appreciable value. The calculations show that the
low spin states give a relatively large contribution to osp.
This is interesting since, as seen in Fig. 13, the peaks of
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FIG. 16. Decomposition of the zero-degree singles cross
section into partial cross sections for the *>C (p, n) reaction at
E=800 MeV. The different cross section contributions are due
to quasifree A decay (QF), A spreading (SP), and coherent
pion production (CPP).

the spectra of lower spin states are shifted down to lower
energies.

In order to further study the correlation effect on the
partial cross sections, we decompose them according to
LO and TR excitations, taking the 2C(p,n) reaction as
an example. In Figs. 18(a)—(c) we show the LO and TR
components of oqr, osp, and ocpp, respectively. The
TR part of oqr in Fig. 18(a) peaks at about the same
position as the uncorrelated spectrum in Fig. 7, indicat-
ing that no correlations are involved in this part of the
spectrum. However, the LO part of ogr peaks at a lower
wy, by about 30 MeV than the TR part, indicating that
even in the QF production events there are some corre-
lation effects through the correlated wave function | ).
Note that the TR/LO ratio of ogr is approximately 2, as
expected from the TR/LO ratio of the tyn nya operator
in Eq. (10).

The TR/LO ratio, however, strongly deviates from 2 in
osp, as seen in Fig. 18(b), and this is due to the correla-
tion effects in the LO channel. As already remarked, the
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FIG. 17. Decomposition of the zero-degree singles cross
section into partial cross sections for the '*C(*He,t) reaction
at E=2 GeV. The different cross section contributions are due
to quasifree A decay (QF), A spreading (SP), and coherent
pion production (CPP).

main contribution to osp comes from lower spin states,
in which more correlations are involved. Therefore, the
effects of the correlation appear in a more dramatic man-
ner in ogp than in oqF.

Figure 18(c) shows that the coherent pion production
cross section ocpp is dominated by the LO component.
The cross section peaks at an excitation energy of wy,
=250 MeV. This is in line with the peak position of the
LO cross section in Fig. 7. An interesting aspect here is
that the TR spectrum peaks at wy; =230 MeV, which is
even lower than the peak of the LO spectrum. This is
an effect of the nuclear form factor, as will be explained
in Sec. IIIE, where calculations of the triple differential
cross section for CPP are presented. The comparison of
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FIG. 18. Decomposition of the zero-degree singles cross
section into partial cross sections in case of the '*C(p, n) reac-
tion at E=800 MeV. (a) The QF cross section separated for
LO and TR excitation. (b) The SP cross section separated for
LO and TR excitation. (c) The CPP cross section separated
for LO and TR excitation.



49 A EXCITATIONS IN NUCLEI AND THEIR DECAY PROPERTIES

the calculated CPP cross section with experiment will
also be made there.

E. Exclusive differential cross sections for coherent
pion production

In order to obtain more concrete evidence for the
coherent mode, exclusive cross section data have been
taken for the 12C(p,nnt) [20] and 2C(3He,tr ") [21,22]
reactions. In Fig. 19 we compare the calculated
12C(p,nm)12C(g.s.) coincidence cross section (dotted
curve) with the measured data of Chiba et al. [20]. The
calculations were done by integrating the triple differ-
ential cross section of Eq. (61) over the pion angle in
the acceptance range of 12° < 6§ < 141° of the detector
[20]. The theoretical cross section somewhat underesti-
mates the data, and also the calculated peak position
of E,= 250 MeV is lower than the experimental one.
Note, however, that the experimental cross section in-
cludes not only contributions from real CPP events, but
also from false events, such as those of the 2C(p,nm*n)
and !'2C(p,nn*p) reactions where the neutron or pro-
ton escapes the experimental detection [20]. An addi-
tional contribution to the pion cross section may also
come from projectile excitation events, where the pro-
jectile is excited to a A* which decays into n + 7%, In
Fig. 19 we show among others the contribution from the
12C(p,nm*tn) reaction (dashed curve). The calculated
cross section of this reaction has its peak at much higher
excitation energy (wr ~ 350 MeV) than the cross sec-
tion of the CPP process. This additional contribution,
if added, leads to an improvement of the fit to the data
(full curve). Further improvements will be obtained if
one adds the contributions from the other processes (or
if one subtracts the false events from the data). An ex-
ample of this will be seen below in the analysis made for
the 2C(®*He,twT)12C(g.s.) reaction.

In Fig. 20 we compare the calculated
12C(®He,tn*)12C(g.s.) (pion angle integrated) coinci-
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FIG. 19. Pion coincidence spectrum for the '2C(p,n) re-
action at E=822 MeV. The data are taken from Ref. [20].
The data are compared to the calculated zero-degree coher-
ent pion production cross section (dotted curve) and to the
ntn coincidence (dashed curve) cross section. The sum of
both cross sections is represented by the full curve.
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FIG. 20. Pion coincidence spectrum for the >C(*He,t) re-
action at E=2 GeV in comparison with the data of Hennino
et al. [22].

dence cross section with the measured data of Hennino
et al. [22]. In this measurement [22] events with tritons
emitted into the angular range between 2.5° and 3.5°
and with an energy window of 50 MeV around the target
ground state were taken. Because of this choice of the
triton emission angle, the contribution of the false events
from the 2C(3He,tn*p) reaction is strongly suppressed.
Also, the contribution from the projectile excitation is
expected to be small for this reaction. The data are re-
markably well reproduced by the calculated coincidence
cross section. We note particularly that the calculation
reproduces fairly well the magnitude of the CPP cross
section in relation to that of the singles; in fact the ob-
served ratio of the peak cross section of CPP to singles
is 0.12 [22], while the calculated ratio is 0.11.

In Fig. 21 we compare the calculated pion angular
distribution obtained by integrating the triple differen-
tial cross section over the triton energy with the data
[22]. The contributions from the LO and TR channels
to the calculated cross section are also shown separately.
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FIG. 21. Count rate of the **C(*He,tw ") reaction as func-
tion of 6(q, px), which is the angle between the outgoing 7+
and the momentum transfer q. The data are taken from
Hennino et al. [22]. The theoretical angular distribution
is represented by the full curve. The angular distributions
for spin-LO (long-dashed curve) and spin-TR (short-dashed
curve) excitation are also shown separately.
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For the sake of comparison, we have normalized the final
theoretical cross section to the experimental count rates
at 6, = 0°. Note that the angle 6, is measured from the
direction of the momentum transfer q. The calculated
cross section fits to the experimental cross section very
well. The shape of the LO angular distribution is strongly
forward peaked, which means that most of the pions are
emitted into the direction of the momentum transfer q.
This forward peaked character is partially explained in
terms of the spin structure of the excitation (ST -q) and
deexcitation (S - k,) operators involved in the pion pro-
duction through the spin-LO channel. The product of
these two operators gives rise to a factor gk, cos 6, in the
resultant transition amplitude and thus a factor cos? 8, in
the cross section. This factor peaks at 6, = 0°. As seen,
however, both the calculated and the experimental angu-
lar distributions are much more strongly forward peaked
than the cos? 8, factor predicts. An important additional
angular-dependent factor comes, however, from the ra-
dial overlap integral in Eq. (60). This overlap integral
becomes larger as the scattering angle 0, gets smaller.
This is due to the dependence of the integral on the re-
coil momentum | q — p, | transferred to the target in
the coherent m decay process. This recoil momentum is
smallest for q parallel with p,, making the overlap inte-
gral largest for 6,=0°.

It is important to note that the angular distribution
of the LO component is very similar to that of the pion
elastic scattering. This suggests that there is a close rela-
tion between the LO coherent pion production on the one
hand and elastic pion-nucleus scattering on the other. In
fact, we may view the coherent pion production process
as a kind of elastic scattering process, in which an ini-
tially off-mass-shell pion with the momentum q is con-
verted into an on-mass-shell pion by the multiple scat-
tering in the nucleus. This conversion process is possible
since the target nucleus as a whole can provide the ex-
tra momentum needed to put the pion on its mass shell.
In the >C(3He,tr*)12C(g.s.) reaction the recoil momen-
tum amounts to Aq ~ 0.5 fm ™! at wy, = 250 MeV corre-
sponding to a recoil energy of Awy < 1 MeV for the 12C
nucleus.

In Fig. 21 we also show the TR angular distribution.
This angular distribution has again a characteristic shape
with a minimum at 6, = 0° and a maximum at 6, = 30°.
This shape is very similar to that of angular distributions
observed in pion photoproduction (v, ) reactions [48-50]
and pion electroproduction [51-53]. The spin structure of
the excitation (S x q) and deexcitation (St-k,) operators
involved in (v, 7) reactions is exactly the same as that of
the TR excitation of the nucleus by (p,n) reactions. The
product of both operators makes the angular distribution
proportional to | q x ky |2= (gksin6,)%. This product
vanishes for 0,=0° and peaks for 6,=90°. As discussed
above, there is, however, an additional effect coming from
the overlap integral, which makes the resultant angular
distribution more forward peaked. Note that the mag-
nitude of the TR cross section is small in comparison to
that of the LO cross section. This is again an effect of the
overlap integral which decreases rapidly with increasing
momentum transfer. This is also responsible for the fact
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that in Fig. 18(c) the peak of the TR energy spectrum
appears at a lower wy, than that of the LO spectrum.

F. Spin observables in the 2C(p, n) reaction

The calculated spin transfer coefficients for the 800
MeV 12C(p,n) reaction are shown in Fig. 22. Here the
observables D, and D, calculated with inclusion of ph
correlations (full curves) are compared with the uncorre-
lated results (dashed curves). A large effect due to the
correlations is seen in both quantities. It is thus highly
desirable to measure the coefficients D, and D,,.

We remark that at Saturne in Saclay an experiment
with similar motivation looking for the spin-LO corre-
lation effect in nuclei was performed [46]. In this ex-
periment the tensor analyzing power in the 2C(d,2p)
reaction at Ej,p,=2 GeV was measured [46]. We have an-
alyzed [47] these data, finding that the data at forward
angles were not reproduced very well by our calculations,
particularly not in the excitation energy region where the
pion correlations play an important role, i.e., at wy, ~ 250
MeV. We believe that this problem that we have in de-
scribing the data at forward angles and lower excitation
energies is due to cross section contributions from other
reaction mechanisms, e.g., multistep nucleon-knockout or
other reaction mechanisms which destroy the information
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FIG. 22. Calculated spin transfer coefficients for the

'2C(p,n) reaction at E=800 MeV and at zero degrees. (a)
D.. and (b) D.,. The theoretical results with and with-
out the AN~! correlations are shown by the full and dashed
curves, respectively.
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in the spin observables. Just as in the (d,2p) reaction,
contributions from different reaction mechanisms other
than one-step A excitation might also contribute to the
(p,n) reaction. This is particularly true for the lower w
energy region of the A resonance, as the observed (p,n)
spectra are not reproduced here by our calculations.

IV. SUMMARY AND CONCLUSIONS

We have presented an approach to calculate the spin-
isospin response function of nuclei in the A resonance
region. Our approach treats the distortion effects on
the incident projectile and outgoing ejectile properly and
includes the V,j correlations in the nucleus explicitly.
When the residual ph interaction is switched on, the
equations for the A wave functions become coupled equa-
tions. We have solved these equations by using the Lanc-
zos method.

Results of numerical analyses are presented for the
(p,n) and (3He,t) reactions at intermediate projectile
energies. The shift of the A peak position observed
in these reactions is shown to be due to the strongly
attractive correlations in the LO spin-isospin channel.
This attraction comes from the energy-dependent -
exchange interaction. To obtain sufficient attraction
we need a g/, parameter of about 1/3 (in units of
J-;rAA = f,,NAf,rNA/mf, ~ 1600 Merma). This value
corresponds to minimal short-range correlations. No sig-
nificant energy shift is found in the TR channel. This
is in agreement with what is observed in the electroex-
citation of the A, e.g., in the photon-nucleus total cross
section.

Furthermore, we have shown that for charge exchange
reactions the pion coincidence cross section is an excel-
lent tool for the study of the LO response function in

the A resonance region. The peak position of the coher-
J

ent pion component is significantly shifted toward lower
excitation energies by the A hole correlations. In addi-
tion, it is shown that the pions are strongly forward (in
the direction of §) peaked. Both effects, the energy shift
and the forward peaking of coherent pions, prove that
the recent SATURNE experiment has indeed identified
the nuclear pionic mode [22]. A more accurate interpre-
tation of the m* events requires a thorough investigation
of both the angular distribution of the pr* events and
of the mt events originating from projectile excitation.
Such investigations are in progress.

Finally, we have pointed out that the spin transfer co-
efficients are a good source of information on the pion
correlations in nuclei. Up to now only few data are avail-
able. We thus hope that more data, especially those with
better resolution, will be accumulated in the near future.
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APPENDIX A: EXPLICIT FORMULA FOR THE
SOURCE FUNCTION AND FOR THE MATRIX
ELEMENTS OF THE PARTICLE-HOLE
RESIDUAL INTERACTION

In this Appendix, we derive the formulas for the ra-
dial source function ppn(r) and for the ph matrix ele-

ments Vg{l,p, n(r',7). The radial source function is ob-
tained from Eq. (28) by inversion

1
pph(r) = T Z (_1)1/2+m° <sbmbsa — Mg [ Stmat)
Zmambm,tm‘,‘t
(A1)
x(—l)l-’-m‘! (jtmjtstmﬂt ’ ltmlt)r([ylmt@h]jtmj, I p)’
[
where Xem(kayko,T) = 0 | 1% [ XED). (A9)
| p) = Z (Popmsvs | Z Jar(V—t)tij(w,q) Now we write the effective interaction t;; in terms of cen-
i=1,4 i=l,a tral (C) and tensor (T') components,

XXDW(ka,kbvrj) | ¢3ama"a) I q>A)'

In the overlap matrix element of Eq. (A1) the parenthe-
sis denotes the integration over all channel coordinates
including those of the hole nucleus. To perform the in-
tegration we first make a multipole expansion of the dis-
tortion function,

(A2)

Xow (Ka,ks,T) = Xem(ka, ke, 7)i'Vem (),  (A3)
m

with

tii= Y. Vi(w,9)Ya(@) - [o: x S,1%, (A5)
k=0,2
where
Vi(w,q) = { V127Ve(w, q) ?fk:(), (A6)
~\/%VT(w,q) ifk=2.

Insertion of Eq. (A2) with (A3)—(A6) into Eq. (A1) leads
after some lengthy angular momentum algebra to
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pon(r) = V2fap(w, @) > kW (€6:11; kjy)
k£

X Vi(w, @)[XeYile,m,, 9. (PR)TuR(r),  (AT)

where the ph angular momentum matrix element is re-
duced in spin and isospin space and is given by

ge(ph) = 57 H(p || *[YeS); T- || ).

The evaluation of V]'h1 pahy (T1,T2) starts from its defi-

nition in Eq. (30). First we transform the ph interaction
into coordinate space,

(A8)

Von(x) = /dsq exp{ix - q}Von(q). (A9)

A multipole expansion with respect to the coordinates r;
and r; gives (z =|r; —r2 |)

__(T'Tf) Z Vg4, (T1572) [0 1Y11®Sl]

£1425m

x[iYy, ® 8275 (A10)
where
lezj(ﬁﬂ‘z) = —47”}212 (7"1,7‘2)511%
+ 4mV6(—1)7 £1£5(¢,0£,0 | 20)
xW(llllgl;jZ)vZez (r1,72). (A11)

Jt
VPl hi,p2h2 (Tl ’ 7‘2)
J2% 2

where g4;(ph) has been defined already in Eq. (AS8).

APPENDIX B: LANCZOS METHOD

We discuss here the Lanczos method used to solve Eq.
(33). In this method we expand |A) with a set of N+1

biorthogonal basic wave functions |D;) (z = 0,1,..., N),
which we generate iteratively as
Do) = 5-10) (B1)
0) — NO P
1 i
IDi+1) = 7 [VQOIDi> — > IDj)ays |, (B2)
* j=0
with
(D;VGolDi) ifj <i+1,
@5 = { if7 >4+ 1. (B3)

=Y Vtatae (11,72) Uk, (11)ger5, (Prha)rattny (r2) 9, (P2ho),

The central and tensor multipole coefficients are defined
by

’Uﬁ(?‘l,'f'z) = w?(rler)v

2043

T
%—Hﬁ”zwzq(ﬁﬂz)("f +73)

05(7‘1,7‘2) =
20 —1

T
m—lf'ﬂ'z’wzﬂ(?‘l, 7'2),

xw?(rl,rz) +

V7 o1 (r1,m2) = r3w] (r1,m2) — 2rirawf (r1,72)

+riwgy (r1,72), (A12)
viﬂu_l(rz,ﬁ) = 'Uf-1e+1(7"1’7'2)a
where
1
wf (i) = 5 [VePwdn,  (A13)
1 _
w{(rl,rz) = E/T ZVT(T),Pg(p,)dﬂ,, (A14)

and g = cos(ry, ry). Insertion of Eq. (A10) into Eq. (30)
results in

(A15)

I
N; in Eq. (B2) is the normalization constant determined
from the condition (D;|D;) = 1, |D;) being the conju-
gate state to |D;). The coefficients a;; given by (B3) are
determined from the Schmidt orthonormalization proce-
dure.

In terms of |D;), |A) is expanded as

N
= Zciw,-). (B4)

Inserting Eq. (B4) into (33) one can easily derive an in-
homogeneous linear equation for the expansion coefficient
C.i, i.e.,

D (8i5 — @i5)C5 = Nobo. (B5)
J

The values of C; are then determined by solving Eq.
(B5). Note that Eq. (B5) can be solved rather easily,
because aj; =0 for j >+ 1.
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