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A method to describe the observables in the nucleon charge-
exchange reactions on nuclei at intermediate energies with the
explicit inclusion of the pion and rho-meson exchange and an
excitation of the intermediate A (1232) isobar is proposed. The
A(p,n)B reaction may be imagined as A(p,n)A-+m reaction with
the pion four-momentum equal to (mg,0). This allows one to
use the findings of the pion production/absorption theory in a
combination with a standard distorted wave formalism for the
description of the reaction observables. The corrections on the
nuclear medium and short-range correlations are included. The
calculations are compared with the experimental cross section of
the "Li(p, n)"Be reaction at T, = 200 MeV and a satisfactory
agreement is obtained.

Introduction

In the meson picture, it is well established by now
that the long- and intermediate-range nucleon-nucleon
(NN) forces are dominated by one-pion exchange.
In addition to the one-pion exchange, there is a
nearly model-independent understanding of the force
as due to 27 exchange with A excitation down to a
distance of about 1 fm [1]. However, the calculations
of cross sections and other observables for nucleon
charge-exchange reactions on nuclei at intermediate
energies which explicitly use non-nucleon degrees of
freedom, are very limited. One of such works is due
to Krewald et al. [2]. In this comprehensive work, the
authors use the Julich—Stony—Brook interaction for the
calculation of magnetic excitations in various nuclei, the
Gamow—Teller strength in charge-exchange reactions,
medium effects on the bare two-nucleon potential, etc.
The experimental NN scattering phase shifts and the
deuteron properties are described reasonably well within
a nonrelativistic model of NN interaction below the pion
production threshold with virtual A isobars taken into
account explicitly in the coupled channel formalism in
[3]. The (n, p) reaction is used to study the possibility
of formation of deeply bound pionic atom states in
208Ph in the energy range of 400—1000 MeV [4]. These
authors treat the n—p transition to be caused by the
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one-pion plus one-rho meson exchange and the p-wave
part of interaction is dominated by the A-pole term.
Jain and Santra [5] and Jain [6] study the spin-isospin
responses in nuclei and the formation of A isobar in the
(3He,t) reaction at the 3He energy of 2 GeV and higher.
For this purpose, they treat the elementary process
pp—n ATT in the framework of a one-boson exchange
model. The triton spectra calculated in this approach
including the direct and exchange diagrams agree well
with experiment. In order to eliminate the seeming
contradiction between a small value of the Landau—
Migdal parameter for the delta-nucleon coupling, gl,
following from the recent (p, n) spin experiments and
a large value of g\ required by the missing pion
condensation and its precritical phenomenon, Toki and
Tanihata [7] insist on the relativistic description of
nuclei and reactions. Moreover, the relativistic approach
gives the ratio of the spin longitudinal to transverse
response functions less than 1, as required by the (p,
n) experiments.

However, more numerous are the calculations of
the cross sections and polarization observables for
the nucleon charge-exchange reactions at intermediate
energies, which use a certain type of the effective
interactions as a transition potential. The most popular
are the t-matrix [8] and various kinds of G-matrix (Paris,
Bonn, M3Y, etc.) interactions. The status of the problem
as of 1987 is described in [9]. The things have not
changed much since that time.

There is another class of calculations [10—13].
These all in one way or another use a relativistic
approach both to the continuum wave functions and
the transition operator. The authors of works [10—
12] start from the NN Lorentz invariant amplitude
developed in [14] to obtain the macroscopic potentials
for distorted wave functions in the relativistic impulse
approximation (RIA) [10, 12] or relativistic distorted-
wave Born approximation (RDWBA) [11]. In [11, 12],
the continuum wave functions are obtained from the
Dirac equation, and Clark et al. [10] used the coupled
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Fig. 1. Schematic representation of the contributions to the
A(p,n)B reaction amplitude. Broken and wavy lines denote the
meson propagation, shaded rectangles are the A (1232) isobars,
and ovals denote the bound system

Lane—Dirac equations. Anderson et al. [13] used a
phenomenological optical model potential for distorted
waves within the distorted-wave impulse approximation
(DWTA) and took the energy and density dependent G-
matrix interaction of Nakayama and Love (see [9]) for
the effective interaction. Coefficients of the sum in the
on-shell NN ¢-matrix [14] are functions of energy and
momentum transfer. In terms of the meson exchange
model of NN interaction, the different coefficients
can be identified as those corresponding to scalar,
vector, tensor, pseudo-scalar, and axial-vector “meson”
exchanges. The authors of work [11] generalize the scalar
and vector amplitudes to include isospin.

Among a variety of works devoted to multi-step
direct reactions, we note the recent work [15] analyzing
the two-step process in the (p, p) and (p, n) reactions at
intermediate energies.

In the present work, our goal is to study the
possibility of the description of the (p, n) reaction
observables at intermediate energies with explicit
inclusion of the meson and A degrees of freedom.

1. Philosophy and Ingredients of the Approach

The nucleon charge exchange reaction A(p, n)B can
be imagined as a reaction A(p, n)(7®A) with pion
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four-momentum K, = (mx,0). Then, for a description
of the (p, n) reaction observables, one may use the
findings of the pion production / absorption theory in a
combination with the a well-known RDWBA formalism.
In such an approach, the charge exchange process is
viewed as follows. An incident proton interacting with an
active target nucleon emits (absorbs) the off-shell meson
which rescatters then on the target ( incident) nucleon
and is absorbed by another target nucleon. Here, it is
assumed that the probability for a rescattered pion to
land on the same nucleon is small [1].

With these assumptions, the reaction amplitude can
be exhibited to the first order as a sum of diagrams
depicted in Fig. 1. Here, diagrams (a)-(d) correspond
to the s-wave rescattering and (e)-(h) are related to
the p-wave rescattering. It is assumed that, at energies
lower than 1 GeV, the p-wave interaction is dominated
by the A(1232) isobar excitation and the other nucleon
resonances do not contribute. The intermediate meson
can be emitted from the projectile [diagrams (a), (f) and
(h)] and from a target nucleon [diagrams (b), (e) and
(¢9)]. Diagram (c) describes the process when one of the
target nucleons having emitted a pion converts into the
ejectile and the incident nucleon becomes bound in the
residual nucleus. Diagrams (d), (g) and (h) account for
the possibility when an active target nucleon is a proton.
Lastly, in the p-wave amplitudes, we do not consider
the so-called “pre-emission” diagrams ( when the second
pion is emitted at the first isobar vertex). It has been
found in reactions of the pion production (p, p'w) [16]
and (p, m) [17] that such diagrams only contribute a
few percents relatively to the contribution of the “post-
emission” process at incident energies of about 200 MeV.

Thus, for the evaluation of amplitudes, we need the
propagators for intermediate pions, rho-mesons and A-
isobars, coupling constants at the 7NN, pNN, 7NA, and
pNA vertices, wave functions of incident and outgoing
nucleons, wave functions of nucleons bound in the target
and residual nucleus, and the wave function of a pion
captured in one of the nucleon states of the residual
nucleus. Now let us concentrate on these elements of
the amplitude.

The full meson propagator is known to have the form

1—D(q° q)T1°(¢%, q)’
where the free propagator, D°, is given by
D¢, q) = (¢” — ¢* —m® +ie)”" (2)

with (¢°, q) the meson four-momentum (in our case, it is
the momentum transfer) and its mass, m. Hereafter, we

D(¢°,q) =
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use the relativistic conventions adopted by Bjorken and
Drell [18]. In Eq. (1), II° is the self-energy of a pion. For
a real pion, II° is related to the optical potential through
I1° =2wV,pt. The virtual pion propagating through the
nuclear medium produces the particle-hole and A-hole
excitations and these modifications are accounted for by
including the self-energy in the pion propagator. In the
calculation of the pion self-energy, we use expressions
given in [16], where the nuclear density distribution is
approximated by a Fermi gas. In addition we account for
the 50% relativistic reduction in the Lindhard function
for the pion self-energy as suggested in [7]. For the p-
meson propagator, we employ (2). The A propagator is
commonly given by

Da(wa,qa) =
[wa —Ta — Ma — Va(wa,qa) +iCa(s')/2] (3)

where VA (wa, ga) represents the nuclear potential for A
with energy wa and momentum ga, Ta and Ma are the
kinetic energy and mass of the isobar. The isobar width
depends on energy and is given by

21, 2Ma Ky
 34r WNA\/§+MAm727’

where /s is the c. m. energy of the 7N system and ky
is the c. m. momentum.

Similarly to the pion propagator modifications due
to the nuclear medium, changes in the A isobar width
are also expected. These may arise from two competing
mechanisms. First, the Pauli effects in intermediate
transitions inhibit the process A — «N as some of the
nucleon states can be occupied. Such effects tend to
decrease the isobar width in the medium relative to the
free width I'y = 116 MeV. The other contribution to the
width arises from nuclear interactions which are called
“spreading” transitions in terms of the A-hole model.
The imaginary part of the “spreading potential” tends
to increase the isobar width. So, there must be a large
cancellation between the two effects. Furthermore, it is
worth to note that, at the proton energies of about 200
MeV, the cross section of the (p, 7) reaction is rather
insensitive to the choice of T'a(s') (see e.g., [17]). For
the coupling constants, we use the commonly adopted
values [1]

F2an /AT = 0.08,

and  f,na/fonn = fana/fann = /72/25.

Since the exchanged mesons in rescattering amplitudes
are far off-shell, the off-shell continuation of the vertex

La(s’) (4)

2na/dm =037, fogy/4m = 4.86,
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functions must be taken into account. It is done by
means of monopole form factors [1]

A2 —m?
PAR
fl(Q)_flAg_lqoz_:_q27

(5)

where i denotes the intermediate meson (7 or p) and
fi are the correspondent on-shell values of coupling
constants. The cut-off parameters are taken to be A,
= 1200 MeV and A, = 1500 MeV.

To obtain the relativistic distorted wave functions for
incident and outgoing nucleons, we follow the method
of [19]. These authors obtained a Schrédinger-type
equation by eliminating the small component of the
Dirac spinor and a proper transformation. The large
component of a nucleon wave function with the incident
energy T'= E — M then obeys the equation

[p2 J2E + Ust(r) + Vo (r) + Us oG L| U (r) =

= (B* = M?*)/2E%(r), (6)

where the Schrédinger equivalent potentials Ueg and
Us.o are the central and spin-orbit ones, respectively:

Ueff(T‘) =Uy + [Us(2M + Us) — (UV + Vc)z]/QE,

. 1 dD(r)
Veol) = 3500y dr
D(r) =M+ Us(r) + E — Uy(r) — Ve (r). (7)

Here, Us, U,, and V¢ are the scalar, vector, and Coulomb
potentials, respectively, and M is the nucleon mass. A
small Darwin term is neglected. The bound-state wave
functions (BSWF) of nucleons in the target and residual
nucleus, needed for the calculation of the transition
density, are obtained with the Woods—Saxon potential
with a known binding energy. In order to obtain the
BSWF for a trapped pion, we solve the Klein—Gordon
equation numerically in the r-space with the pion-
nucleus optical potential of the Ericson—Ericson type
[1]. The optical potential parameters also are taken from
[1].

We have two more ingredients for the evaluation
of the 7N T-matrix, namely, the s-wave and p-wave
parts of the m-nucleon interaction. The popular choice
of the s-wave part of interaction is a phenomenological
Lagrangian [20]

, Al - Ay -
SH) = 47| “L 300w + m—22\Il7'(‘I> x 0,®)¥ |, (8)

mx T
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where ¥, ® are the nucleon and pion fields, respectively,
7 is the Pauli isospin matrix, and A1, A; are related to the
isoscalar and isovector scattering lengths, respectively.
The pion off-shellness is taken into account in [21] and
the coupling strengths are

2

1 my

Ai(q) = —imﬂ Qsr + Gy

)

2 3,02 _ 2 _ 42
mg + 14 mr—4q

m2

A2 (q) =X £ > (9)

2 4 3,02 _ 02 _ 42
mp+4q mi —(q

with a, = 0,22m_1, m, = 4,2m, and as, = —0,23m,*
to include short-range correlation effects, m, = 5, 5m.,
and Ay = 0,046.

The p-wave interaction comes from the w-and p-
meson exchanges with intermediate A -isobar formation
and is to be treated carefully. In the non-relativistic
limit, the transition potential, V},, corresponding to these
exchanges is taken as

VP (qoy q) =
= [Va(@®, 0)STq0q + V,(¢°, ) (ST x q)(0 x ¢)]T*7,(10)
or, in alternative form, as

Vo(d®,q) = [Ve(@®,@)St o + Vae(q®, @) S12(q) ] TH 7, (11)

where V, and V. correspond to the central and non-
central parts of the interaction, Si2(q) = 3STqoq —
S*to is the tensor operator, S and 7T are the
transition spin and isospin operators, connecting spin-
isospin 3/2- and 1/2-states and defined by means of
(3/22a]SETP|1/2200) = (3/20al1A1/20x). IF one
treats the short-range part of the interaction too naively,
the attractive parts of the one-pion exchange potential
turn out to be so strong that a phase transition (pion
condensate) can result, at least in the nuclear matter at
a sufficiently high density [1]. Since this phase transition
has not been observed, it is necessary to include
the strong short-range repulsion which arises from
the exchange of heavier mesons and other many-body
effects. The major effect of short-range correlations is to
suppress the relative wave function of two interacting
nucleons at small distances r = |r; — r3|. This can
be made in different ways. The one is to use the
parametrization of the correlation function (see, e.g.,
[2]) Q(r) = 1 — jo(mer), where jo(2) is the spherical
Bessel function and m, is the mass w-meson which is
mainly responsible for the short-range repulsion. Then
the meson exchange part of the effective interaction
(Va(¢°,9) +V,(¢°, q)) is replaced by

Ve(d®,9) +V,(¢" q) = [Vi(d®,9) + V(4" 9)], (12)
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2m dk
c 0 — _ — 0
Vﬂ'7p(q 7q) - m% / (27{')36(|q k| mC)Vﬂ'7P(q 7q)

Another way [1, 4, 7] to handle the short-
range correlations is to introduce the Landau—Migdal
parameter, ¢'. Separating the interaction into spin-
longitudinal, V/'(¢), and spin-transverse, V//(q), parts, we
have

Vi'(@)aia; + Vi (9) (035 — 4i4;5)» (13)
with

o ¢ 2 ’
Vi= 55— ——=F:(+4d,

2 2 2T
q°% —q®> —m2
2

q 2 !
VVe=— " F C
t qoz_qz_m% p(q) P+ga

where F, F, are the pion and p-meson form factors
[see eq. (5)] and C, is the ratio of the 7 and p coupling
constants squared.

Finally, the differential cross section of the (p,n)
reaction may be expessed as [18]

dU Dn 2
_:_§ Ty
dw  pps ITril

where p,(pp) is the momentum of the neutron (proton),
s is the invariant energy squared in the incident channel,
and the transition amplitude in the DWBA is given by

Ty = (x(), <<PA+7T: Pn
PA, @P>)X§;+)> )

where V(1) is the s-wave (p-wave) part of the effective
interaction, ; are the spin-isospin functions of the
correspondent particles, and x(t) (x(7)) is the distorted
wave function in the incident (outgoing) channel. The
sum in V; + V, runs over the nucleons in the target
nucleus.

(14)

> (Vali)+

i

+V, (%) (15)

2. Application to the "Li(p,n)"Be Reaction at
Tp=200 MeV and Discussion

The approach outlined above is applied to the (p,n)

reaction on “Li at 200 MeV. This choice is motivated
by the simplicity of the shell-model structure of the
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Fig. 2. Differential cross section for the 7Li(p,n)”Be(g.s.+0.43
MeV) reaction at 200 MeV. Solid points are experimental data
from [22, 23]; a — solid curve and triangles denote the results
of calculations with set 7 and set 1 of the OM parameters,
respectively, taken from [24]. Dashed and dotted curves correspond
to the contribution of either - or p-meson exchange; b — solid
curves are the results of calculations for proton energies indicated.
Dashed and dotted curves correspond to the contribution of the

central (¥=0) or tensor (¥v=2) part of the effective interaction

target and residual nuclei, which allows us to eliminate,
to some extent, the nuclear structure effects and to
concentrate on the reaction mechanism.

The present calculations are shown in Figs. 2,3 (solid
curves) in comparison to the experimental data (solid
dots). The experimental data are taken from [22] (E, =
60 + 200 MeV) and [23] (E, = 200 = 400 MeV). The
optical model (OM) parameters are due to [24], where
they are obtained from the fit to the elastic scattering of
protons by *He and '60 nuclei at 200 MeV. In Fig. 2,q,
we show the results of calculations with two sets of OM
parameters from [24], namely, set 7 (“deep” potential,
solid curve) and set I (“shallow” potential, triangles). It
can be seen that these two curves begin to differ at angles
of about 40°. Because of the small reaction ()-value, we
used the same OM potential for both the incoming and
outgoing channels.

The striking constancy of the angular distribution
of this reaction as a function of incident energy was
the subject of discussion in [22, 23]. Indeed, the cross
sections of this reaction measured in the energy region
of 60—400 MeV almost exactly lie on a common curve.
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Fig. 3. Same as in Fig. 2, but: ¢ — dotted and dashed curves
correspond to the excitation of the ground state and first excited
state (0.43 MeV) of "Be, respectively. Solid curve is their sum; b
— decomposition of the calculated cross section (solid curve) into
components corresponding to different sets of the relative total
angular momenta Jg, Jr, Jp: 011 (dotted), 211 (dashed), and
221 (dot-dashed)

The authors of [22, 23] suggest that this reaction
has a steadily decreasing contribution from the V,
isospin part of interaction in this energy region which
combines with the increasing V,, contribution to make
the "Li(p,n)"Be(g.s.4+0.43 MeV) cross section constant.
But it is not the case for energies below 150 MeV.
In the meson exchange treatment, this cross section
constancy finds a natural explanation, namely, the
approximate constancy of the pion energy transfer,
the driving term in the meson propagators. For the
bombarding proton kinetic energies of 100—300 MeV,
this value is about 120 MeV for the projectile-emission
diagrams (the difference between the c.m. energies of
incident and outgoing nucleons) and a few MeV for
the target-emission diagrams (the difference between
binding energies of the particle-hole pair at the NN
vertex). For the rescattered pion, the energy transfer
varies from about 30 MeV to m,/2 depending on
the diagram. Our calculations for the three energies
are shown in Fig. 2,b (solid lines). A slight difference
between them is assumed to come from an energy
dependence of the distorted wave functions. In Fig.2,a,
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we show the separate contribution of the pion exchange
(dashed curve) and the rho exchange (dotted curve)
to the reaction cross section. The dominance of the
7w -exchange is similar to that in the pion production
reactions. The relative strength of the tensor part, v
=2, (dotted curve) of the interaction with respect to
the central part, v =0, (dashed curve) at the energy
considered is seen in Fig.2,b. Again, the situation is the
same as for for (p,n) reaction. It should be noted that,
in our calculations, we used separately both methods to
include the short-range repulsion, Eq.(12) with m. = 782
MeV and Eq.(13) with ¢’ = 0.6, and obtained practically
the same result for the cross section in both cases.

Some of the nuclear structure effects on the
cross section are depicted in Fig.3. In Fig.3,a
we show a theoretical decomposition of the cross
section for unresolved two states of “Be (the
ground and 0.43-MeV first excited states) into
separate contributions with equal weights. The
result is consistent with the DWIA calculations
[22] with the effective interaction as parametrized
in [8].

In terms of the total angular momentum transferred
to the projectile, target, and relative motion, Jp, Jr, and
Jr, the cross section can be expressed as an incoherent
sum of contributions corresponding to the possible sets
of these quantum numbers. The momenta are defined
as: [Jo — | < Jp < Ju+Jy 5 |Ja — ] < Jr <
Ja+ JB ; |Jp — JT| < Jr < Jp + Jp, where Ja(Jb)
and J4(Jp) are the spins of the projectile (ejectile)
and the target (residual nucleus), respectively. In our
case, they take the values Jp = 0,1; Jr = 0,1,2,3;
Jr = 0,1,2,3.4 for the ground state of "Be and Jp = 0,1;
Jr = 0,1,2; Jg = 0,1,2,3 for the 0.43-MeV state.
Selection rules allow for the following sets of Jg, Jr,
Jp: 000, 011, 211, 221, 231, and 431. It is seen from
Fig.3,b that the most significant is the contribution
with JrJrJp = 011. The contribution with 000 is
equal to zero identically and the contributions with
231 and 431 are negligibly small. It is worth to note
that the cross section calculated with the harmonic
oscillator wave functions for the BSWF in the transition
matrix does not differ from that with the Woods—Saxon
BSWEF.

In conclusion, the approach proposed here allows
one to describe satisfactorily the (p,n) cross sections
at intermediate energies and does not depend on
the particular choice of target nucleus or interaction.
The dependence of the continuum wave functions on
the OM parameters remains. We believe that this
approach can be used to describe the cross sections
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and spin observables of the nucleon elastic and inelastic
reactions.
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PEAKIIII 3APA/IOBOTO OBMIHY
HYKJIOHIB ITPU ITPOMI2KHUX EHEPTTAX
Y 30BPAKEHHI OJTHOME30OHHOI'O OEMIHY

K.II. Yemumenxos, 1.7]. @Pedopeyw, I.I. 3arroboscvrui,
H.C. JIyuyat

Peswowme

3amnpornoHOBAHO METOJ OMWCAHHSI CIOCTEPEKYBAHUX BEJIMYUH Y
peakIisfix 3apsJI0BOro OOMIHY HYKJIOHIB Ha SApaxX HpPH MIPOMiXK-

ISSN 0508-1265. Ukr. J. Phys. 2004. V. 49, N 9

HHUX €Heprigx, SKUil B SBHOMY BHUIVISAI MICTUTHL OOMIH HiOHOM
i p-me30HOM, a Takoxk 30ymxkeHHs mpomixuOl A(1232)-i306apn.
Peakmito A(p,n)B Moxkna yaButm sk peaxmito A(p,n)A+7m 3
qoTupu-iMmysnbcoM, skmil mopiBEOE (Mr,0). Ile mo3Bosse Bu-
KODHUCTaTH PO3POOKH TeOpil HAPOKEHH:/IOIJIMHAHHS IIOHIB y
KoMbOiHamil 31 crapgapTHUM dopMaTi3MOM 30YpEeHUX XBHUJIb IS
OMHUCY CIIOCTEPEXKYBAHUX BEJIMYUH peakijii. BkiodeHO mnompas-
KU Ha sSJepHe CepemoBHUINe i KOpOTKOmiiHI Kopendmii. O6uucaen-
HeI IOPIBHSIHO 3 €KCIIEPUMEHTAJIbHAM 3HAMEHHSIM Iepepisy peaxmil
"Li(p,n)”Be mpu Tp = 200 MeB, 10cATHYTO 3a0BITbHE Y3rOAKEH-
HdA.
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