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D„1232…-nucleon interaction in the 2H„p,n… charge-exchange reaction

C. A. Mosbacher and F. Osterfeld
Institut für Kernphysik, Forschungszentrum Ju¨lich GmbH, D-52425 Ju¨lich, Germany

~Received 11 April 1997!

The 2H(p,n) charge exchange reaction atTp5790 MeV is used to study theD~1232!-nucleon (DN) inter-
action in theD resonance excitation energy region. For theDN potential, a meson exchange model is adopted
wherep, r, v, ands meson exchanges are taken into account. The deuteron disintegration below and above
pion threshold is calculated using a coupled-channel approach. Various observables, such as the inclusive cross
section, the quasifreeD decay, the coherent pion production, and the two-nucleon breakup, are considered. It
is shown that these observables are influenced by the dynamical treatment of theD degrees of freedom. Of
special interest is the coherent pion decay of theD resonance, which is studied by means of the exclusive
reaction2H(p,np1)2H. Both the peak energy and the magnitude of the coherent pion production cross section
depend very sensitively on the strength of theDN potential. The coherent pions have a peak energy ofv
5300 MeV and a strongly forward peaked angular distribution.@S0556-2813~97!00610-9#

PACS number~s!: 25.40.Kv, 25.10.1s, 14.20.Gk, 24.10.Eq
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I. INTRODUCTION

In recent years, inclusive and exclusive (p,n) and (3He,t)
charge-exchange reactions at intermediate energies
been proven to be excellent probes for investigating theD
dynamics in nuclei. The most important observation of
inclusive charge exchange reactions is the downward en
shift of the D resonance peak position by'70 MeV in
nuclear targets~with mass numberA>10! as compared to
the proton target@1–5#. MicroscopicD-hole model calcula-
tions show that a large part of this shift is caused by
attractive D-nucleon (DN) interaction in the spin-
longitudinal ~LO! channel@6–10#. A direct signature of this
interaction is provided by the measurement of the cohe
pion decay spectrum where the pion of theD resonance de
cay is measured in coincidence with the ejectile while
target nucleus is left in its ground state@11–16#. These co-
herent pions couple strongly to the LO channel. Due to
attractiveDN potential in this channel, their energy spectru
is substantially shifted downward relative to theD resonance
peak position of the inclusive reaction.

In this paper we study theD excitation in the deuteron
target using the2H(p,n) charge-exchange reaction atTp
5790 MeV. The deuteron has the advantage that its w
function is well known and that the Fermi motion of theDN
system can be treated properly. Therefore, the effects of
DN interaction can be studied in a more direct way than
heavier nuclei. In the past most of the studies on the deute
have been carried out with electromagnetic and hadro
probes, such as in photon-deuteron (gd) and pion-deuteron
(pd) scattering, leading toNN, pd, andpNN final reaction
channels. In these reactions the intermediateDN interaction
plays an important role@17–23#. The photon excites theD
dominantly with spin-transverse~TR! coupling, i.e., by the

transition operatorSW 3qW TW ~SW andTW are the spin and isospi
transition operators, respectively!, while the pion excites it

with spin-longitudinal (SW •qW TW ) coupling. Both couplings are
orthogonal to each other and therefore give different inf
mation on theDN interaction. In the charge-exchange rea
560556-2813/97/56~4!/2014~15!/$10.00
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tions the target is exposed to the virtualp andr meson fields
produced by the (p,n) projectile-ejectile system. The pi

onlike interaction excites the LO response function~SW •qW TW

coupling! of the target while ther-meson-like interaction

excites the TR response function~SW 3qW TW coupling!. Due to
the kinematics, the virtual meson fields obey the ener
momentum relationv,q and thus explore the LO and TR
response functions in an (v,qW ) region that is inaccessible t
real pion and real photon scattering.

In the interpretation of the (gd) and (pd) scattering re-
actions, various theoretical models have been applied to t
the DN dynamics. Among these models are the coupl
channel approach@24–29# and the three-body Faddeev trea
ment of thepNN system@30,31#. In the present paper we
make use of a coupled-channel approach to describe theDN
system in a nonrelativistic framework. We set up a system
coupled equations for theDN wave function in configuration
space. We then apply the Lanczos method for solving
equations. TheDN potential is constructed within a meson
exchange model. The exchanged mesons taken into acc
are the pion~p!, the rho~r!, the omega~v!, and the sigma
~s!.

The aim of the present paper is to show that the (p,n)
reaction at forward-scattering angles is an interesting too
study theDN interaction in the deuteron. The advantage
the (p,n) reaction over other probes is twofold. First,
forward-scattering angles the quasielastic peak cross se
and theD resonance peak cross section are energetically
separated. TheD resonance cross section is very large co
pared to the quasielastic cross section providing a w
definedD resonance peak in the spectrum. Second, thD
resonance cross section involves both a LO and a TR c
ponent~with a ratio of LO/TR51/2! and thus allows one to
examine the complete spin structure of theDN interaction.
The LO excitation is of special interest for the coherent p
decay of theDN system. Due to the LO spin structure
both the excitation and deexcitation process, the cross
tion for coherent pion production becomes relative large. B
cause theDN interaction is most attractive in the LO chan
2014 © 1997 The American Physical Society
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56 2015D~1232!-NUCLEON INTERACTION IN THE 2H(p,n) . . .
nel, the coherent pion spectrum is expected to exhibit cle
the effects of theDN potential. It turns out, indeed, that bot
the peak energy and the magnitude of the coherent pion
duction cross section depend quite sensitively on the stre
of this potential. Other observables, such as the inclus
cross section, the quasifreeD decay cross section, and th
two-nucleon breakup, are also shown to be influenced by
dynamical treatment of theD degrees of freedom.

The organization of the present paper is at follows. In S
II we give a detailed account of the formulation and metho
of calculation used in the analysis of the data. First
present the coupled-channel approach and show how to
culate the correlatedDN wave function in a very efficien
way with the Lanczos method. Then we split the inclus
cross section into its various partial cross sections, as t
are the contributions of coherent pion production, quasif
D decay, and two-nucleon breakup. In Sec. III we discuss
parameters used in our model. We present the results o
cross section calculations and compare them to experime
data @32,33#. Finally, in Sec. IV we give a summary an
conclusions.

II. THEORY

We are interested here in the calculation of the inclus
and exclusive cross sections for the2H(p,n) charge-
exchange reaction in theD resonance energy region. We co
sider only forward-scattering angles (un<15°). Since we
shall deal with high projectile energies (Tp5790 MeV), we
assume that the cross sections can be calculated within
distorted-wave impulse approximation~DWIA !. Because of
the transparency of the deuteron target it is sufficient to
culate the distortion effects within the eikonal approxim
tion.

A. Inclusive cross section

We start our formulation by writing down the formula fo
the inclusive2H(p,n) cross section. Using relativistic kine
matics, this cross section is given as

ds5
2EpEd

Al~s,M p
2 ,Md

2!

M p

Ep

Mn

En

d3pn

~2p!32En

3(
¯

~2p!d~Ep1Ed2En2Ef !uTf i u2. ~1!

Here the function l is defined to be l(s,M p
2 ,Md

2)
5@s2(M p1Md)2#@s2(M p2Md)2# and the indicesp(n)
andd refer to the proton projectile~neutron ejectile! and the
deuteron target, respectively.Ef is the total energy of the
final state on the target side, i.e., of all outgoing partic
except the neutron ejectile. The c.m. momentum of the fi
state is fixed by momentum and energy conservation w
an integration over the relative momenta has to be p
formed. In addition, an average over the initial spin orien
tions and a sum over the final spin orientations of both
projectile and the target spin states are taken. The trans
amplitudeTf i will be evaluated in the Breit frame~BF! of the
target system, where the deuteron state is well describe
the usual nonrelativistic wave function.
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Since we want to compare our results with experimen
data where the energy and the scattering angle of the ou
ing neutron have been measured, we have to calculate
double differential cross sectiond2s/dEndVn in the labora-
tory frame. From Eq.~1! we obtain

S d2s

dEndVn
D lab

5
pn

lab

pn
S d2s

dEndVn
D BF

5
M pMn

~2p!2

pn
lab

pp
lab

Ed

Md

3(
¯

d~Ep2En1Ed2Ef !uTf i u2. ~2!

In the following, cross-section results will always be given
the laboratory system, while every other unlabeled quan
refers to the Breit frame.

B. The uncorrelated source function

In this section we discuss the excitation processes wh
contribute to 2H(p,n) in impulse approximation. In our
model, there are two relevant Feynman diagrams for
case, which are shown in Fig. 1. They represent the nucl
excitation @Fig. 1~a!# and theD excitation @Fig. 1~b!# from
the deuteron target. The excitation is due to the virtual me
fields produced by the (p,n) projectile-ejectile system
which is regarded as an external probe. In the first-or
DWIA the transition amplitudeM f i corresponding to the
graphs in Fig. 1 is given as

M f i5 (
j 51,2

E d3r 0fn
~2 !* ~pW n ,rW0!^xnu^cabu

3t0 j~v,rW02rW j !ucd&uxp&fp
~1 !~pW p ,rW0!. ~3!

Here rW j denotes the coordinates of the projectile (j 50) and
the target nucleons (j 51,2), respectively, which are mea
sured relative to the center of mass of the target.fp

(1) and
fn

(2)* are the distorted-wave functions of projectile a
ejectile in the initial and final channels. The spin-isospin p
of the projectile~ejectile! wave function is denoted asuxp &
(^xnu). The initial and final states of the target areucd& and
^cabu, whereab refers to either theNN or theDN system.
Note thatM f i describes only the excitation process, but n
the deexcitation, e.g., the free decay of theD. Therefore,M f i
has to be distinguished from the transition amplitudeTf i for
the complete reaction.

The t0 j in Eq. ~3! is the effective interaction between th
projectile nucleon 0 and the target nucleonj . A sum over the

FIG. 1. Impulse approximation diagrams for the2H(p,n) reac-
tion. Here~a! shows the nucleon excitation and~b! theD excitation.
(v,qW ) is the four-momentum transfer to the target. Not shown
exchange diagrams; see the text for details.
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2016 56C. A. MOSBACHER AND F. OSTERFELD
two target nucleons has to be performed. Thet0 j is repre-
sented by the free nucleon-nucleontNN,NN matrix in the case
of the nucleon excitation@Fig. 1~a!#, while it is approximated
by the freeNN→ND transition operatortNN,ND for the D
excitation@Fig. 1~b!#. The specific form of these interaction
is given in Appendix A. They provide a spin-longitudin
~pionlike! and a spin-transverse~r-meson-like! excitation
component. The excitation strength parameters are fitte
reproduce the experimental cross section and the spin
servables for (p,n) reactions on a nucleon target.

Since the effectivet0 j is adjusted to experiment, we im
plicitly account for knockout exchange effects between
projectile and the target nucleons. Note, however, that
neglect the projectileD excitation process where the detect
neutron comes from the decay of theD. For forward neutron
angles, the cross section contribution of projectile excitat
gives only a small correction to the dominant target exc
tion process. In Refs.@34,35#, the projectile excitation is
found to be suppressed by a factor of'10 in theD energy
region.

We now take advantage of the fact that at high incid
energies and large momentum transfers both interactiont0 j
turn out to be rather short ranged, i.e., very weakly dep
dent on the four-momentum transfer (v,qW )[(Ep2En ,pW p
2pW n). Therefore, they can be well approximated by loc
operators inr space of essentiallyd-function form, that is,

t0 j~v,rW02rW j !5
1

~2p!3 E d3q8exp@ iqW 8•~rW02rW j !#t0 j~v,qW 8!

't0 j~v,qW !d3~rW02rW j !. ~4!

By inserting Eq.~4! into Eq. ~3! we find for the transition
amplitude

M f i5^cabur̂ucd&, ~5!

where the hadronic transition operatorr̂ is defined as

r̂5 (
j 51,2

^xnut0 j~v,qW !XDW~pW p ,pW n ,rW j !uxp&, ~6!

with

XDW~pW p ,pW n ,rW j !5fn* ~pW n ,rW j !fp~pW p ,rW j !. ~7!

The product wave functionXDW includes the projectile
and ejectile distortion effects in the reaction. In the eiko
approximation, Eq. ~7! is reduced to XDW(qW ,rW j )
5NDW(qW )exp(iqW•rWj), whereNDW(qW ) can be calculated from
the distorting potential. Thus we get from Eq.~6!

r̂5NDW~qW !^xnut01~v,qW !exp~ iqW •rW/2!

1t02~v,qW !exp~2 iqW •rW/2!uxp&, ~8!

whererW5rW12rW2 is the relative coordinate between the tw
target nucleons.

Following Ref. @10#, we can now introduce source func
tions for the excitation of either aNN or a DN system,
respectively, by defining
to
b-

e
e

n
-

t

-

l

l

urN~rW !&5NDW~qW !^xnut01
NN,NN~v,qW !exp~ iqW •rW/2!uxp&ucd~rW !&

1~1↔2!, ~9a!

urD~rW !&5NDW~qW !^xnut01
NN,ND~v,qW !exp~ iqW •rW/2!uxp&ucd~rW !&

1~1↔2!. ~9b!

The source functions represent the doorway states exc
initially by the external (p,n) charge-exchange field. We ca
them uncorrelated since they do not include the ‘‘final-stat
interactions within the excitedNN or DN system. If the
final-state interactions are neglected, the second ta
nucleon is just a spectator that does not take part in
interaction with the projectile~‘‘spectator approximation’’!.
The full dynamical treatment of theNN and DN systems
requires the calculation of correlated continuum wave fu
tions, which we discuss in the next subsection.

C. Inclusion of the DN interaction and calculation
of the correlated wave function

The inclusion of final state interactions in the descripti
of the 2H(p,n) reaction leads to a coupled-channel proble
In the energy regime considered here, up to four partic
appear in the final state because of the pion product
Therefore, the full coupled-channel problem is complica
and can only be solved approximately. In our model we w
treat theD as a quasiparticle with a given intrinsic deca
width and mass. The configuration spaceH is build up from
NN, DN, and pNN sectors,H5HNN%HDN%HpNN . The
corresponding projection operators are denoted asPN , PD ,
andPQ , respectively, and we will use for any operatorV the
obvious notationVDN5PDVPN , VQD5PQVPD , etc.

In this formulation the source functions of Eqs.~9a! and
~9b! appear to be projections of a unique source functionur&,
i.e.,

PNur&5urN&, PDur&5urD&. ~10!

Since we restrict ourselves to the DWIA there is no sou
function for thepNN sector, i.e.,PQur&50. We now define
the correlated continuum wave functionuc& as

uc&5
1

E2H1 i e
ur&5Gur&. ~11!

The HamiltonianH5H01V contains the free energyH0 of
the system as well as the interaction V. The full propaga
G is connected to the unperturbed GreensfunctionG05(E
2H0)21 by the equation

G5G01G0VG. ~12!

The interactionV introduces the correlation effects into th
wave functionuc&. We will demonstrate next how to solv
Eq. ~11! in a very efficient way by using a few simplifying
but physically reasonable approximations.

First we make use of the fact that pion production
intermediate-energy charge-exchange reactions is domin
by the D resonance excitation. We assume thatVNQ5VQN
50, i.e., there is no direct coupling between theNN and the
pNN sector. This means that in our model pion producti
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56 2017D~1232!-NUCLEON INTERACTION IN THE 2H(p,n) . . .
proceeds exclusively via an intermediateDN system, while
the nucleon pole terms are neglected. In theD excitation
energy regime this approximation should be very good.

The correlatedDN wave functionucD& follows from Eq.
~11! by projecting on theDN channel, i.e.,ucD&5PDuc&. In
the D energy region,ucD& can be well approximated by

ucD&'GDDurD&. ~13!

Here we neglected the contributionGDNurN& from the NN
source function, which is substantially suppressed in thD
energy region. The propagatorGDD of the DN system is
determined from Eq.~12!, which yields

GDD5GDD
0 1GDD

0 VDDGDD1GDD
0 VDQGQD1GDD

0 VDNGND .
~14!

In this equation, the first and second terms on the right-h
side ~rhs! represent the free propagator and the interac
term in the DN channel, respectively. The third term
GDD

0 VDQGQD reflects the emission and reabsorption of pio
(D→pN→D), which leads to the energy-dependent dec
width GD(sD). However, since we treat theD as a quasipar-
ticle with an intrinsic width and the physical massMD

51232 MeV, this ‘‘self-dressing’’ process is already effe
tively included in the free propagatorGDD

0 . Therefore, the
third term of Eq.~14! has to be dropped. In addition, we als
drop the fourth termGDD

0 VDNGND , which generatesNN box
contributions to theDN potential. We do not expect thos
contributions to influence theDN interaction significantly
since it seems to be much more likely that theD is produced
directly in the interaction with the projectile than later on
the final-state interaction of two outgoing nucleons. Hen
we are left with

GDD'GDD
0 1GDD

0 VDDGDD ~15!

for the DN propagator. This approximation has the ma
advantage that theDN channel effectively decouples from
the NN channel and therefore can be solved separately.

If we project now Eq.~11! to the possible final channel
NN or pNN and make use of Eq.~15!, we find

PNuc&5GNNurN&1GNNVNDGDDurD&, ~16a!

PQuc&5GQQVQDGDDurD&, ~16b!

with

GNN5GNN
0 1GNN

0 VNNGNN , ~17a!

GQQ5Gp
0

^ GNN . ~17b!

Transitions from theDN to the NN or pNN channel are
accounted for by the corresponding transition potentialsVND

and VQD in Eq. ~16!. They appear only in first order. Th
potentialVNN in Eq. ~17a! describes theNN final-state inter-
action that includes alsoDN box contributions. We adopt th
Paris potential@36,37# for VNN . All effects of theNN poten-
tial can be included in theNN wave function^cNNu for the
outgoing nucleons. Furthermore, we assume in Eq.~17b! that
the outgoing pion is not distorted from the remainingNN
system so that it can be described by a plane wave.
d
n

s
y

e

r

In the remainder of this section, we focus on theDN
subsystem and the method for solvingucD&5GDDurD&. Af-
ter having separated the c.m. motion, the full propagator
the relativeDN wave function is given by

GDD5
1

eD1
i

2
GD~sD!2T̂D2VDD

, ~18!

with the excitation energy

eD5v1M2MD2
~PW cm!2

2~M1MD!
~19!

and the relative kinetic energy

T̂D5
M1MD

2MMD
pW 2. ~20!

In the spirit of the model, the propagator contains the ener
dependent widthGD(sD) of the D resonance. The invarian
masssD is fixed by conservation of four-momentum at th
production vertex. For given projectile kinematics we obta

sD5~M1v lab!
22qW lab

2 . ~21!

Herev is the energy transfer andqW the momentum transfe
to the deuteron target. Note that the invariantD mass is cal-
culated by assuming the target nucleon to be at rest in
laboratory frame~frozen approximation!.

In order to solveucD&5GDDurD&, we transform this equa
tion into an equivalent integral equation@10#

uLD&5urD&1VDDGDD
0 uLD&, ~22!

so that

ucD&5GDD
0 uLD&. ~23!

Equation~22! is now reduced to a set of coupled-chann
equations for radial wave functions in the following wa
First we expandurD& anduLD& in terms of partial waves, i.e.

urD&5 (
S,L,J,MJ

1

r
rSLJMJ

~r !u~SL!JMJ&u11&, ~24!

uLD&5 (
S,L,J,MJ

1

r
lSLJMJ

~r !u~SL!JMJ&u11&, ~25!

whereS,L,J,MJ denote the spin, orbital, and total angul
momentum quantum numbers of theDN system. Due to the
special isospin structure of the excitation process, the iso
channel is alwaysuTMT&5u11&. After insertion of Eqs.~24!
and ~25! into Eq. ~22! and projection on̂ (S8L8)J8MJ8u we
obtain
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2018 56C. A. MOSBACHER AND F. OSTERFELD
1

r
ln~r !5

1

r
rn~r !

1(
n8

E dr8r 82Vnn8~r !GDD
0 ~r ,r 8!

1

r 8
ln8~r 8!,

~26!

where we used the indexn as a shorthand notation fo
$SLJMJ%. Equation~26! may easily be written as a matri
equation. The radial source functionsrn(r ) can be calculated
in a straightforward manner and are given in Appendix B
The matrix elementsVnn8(r ) of the DN potential, which is
discussed in Sec. III, are given explicitly in Appendix B
Note that the operation ofGDD

0 onto ln8(r 8) involves a ra-
dial integration besides the matrix multiplication.

The merit of solving foruLD& first lies in the fact that the
corresponding radial functionsln(r ) are localized. This fact
makes it possible to apply the Lanczos method, which
described in Ref.@10#. It turns out that the Lanczos metho
allows us to solve Eq.~26! in a very efficient way. Once
uLD& is known, it is easy to calculateucD& from Eq. ~23! as
well.

III. THE MESON-EXCHANGE MODEL
FOR THE DN INTERACTION

Similar to theNN interaction, theDN interaction can be
constructed within a meson-exchange model. In the pre
work we usep, r, v, ands exchange. While thev and s
mesons contribute only to the direct term shown in Fig. 2~a!,
thep andr mesons may also induce spin-isospin-flip tran
tions, which lead to the exchange term of Fig. 2~b!. We will
discuss the latter term first and start from the interact
LagrangiansLpND andLrND given in Ref.@38#. In the non-
relativistic reduction we obtain

Vex
p ~k!5

f pND
2

mp
2

T1
W

•T2
W †

~S1
W

• k̂!~S2
W †

• k̂!

k0
22kW22mp

2 1 i e
1~1↔2!,

~27!

Vex
r ~k!5

f rND
2

mr
2

T1
W

•T2
W †

~S1
W3 k̂!•~S2

W †3 k̂!

k0
22kW22mr

21 i e
1~1↔2!.

~28!

The corresponding direct interaction terms follow from the

potentials by replacing the transition matricesSW ,SW † (TW ,TW †)

FIG. 2. ~a! Direct term and~b! exchange term of theDN poten-
tial VDD . The mesons taken into account are the pion~p!, the rho
~r!, the omega~v!, and the sigma~s!.
.

is

nt

-

n

e

with the spin~isospin! 3/2 matrixSW (QW ) and the spin~isos-
pin! 1/2 matrixsW (tW ), respectively. This yields

Vdir
p ~k!5

f pDD f pNN

mp
2

Q1
W

•t2W
~S1
W

• k̂!~s2W • k̂!

k0
22kW22mp

2 1 i e
1~1↔2!,

~29!

Vdir
r ~k!5

f rDD f rNN

mr
2

Q1
W

•t2W
~S1
W3 k̂!•~s2W3 k̂!

k0
22kW22mr

21 i e
1~1↔2!.

~30!

For explicit calculation of these potentials we need
know the appropriate coupling constants. ThepNN and
rNN couplings are well known experimentally from a
analysis ofNN scattering data@38#. They may be related to
the other couplings by

f p/rND52 f p/rNN , ~31a!

f p/rDD5
1

5
f p/rNN . ~31b!

Equation~31b! follows from the static quark model@39#. For
Eq. ~31a! we decided to use the widely accepted Chew-L
relation @40# instead because the quark model prediction
f pND is too small as compared to the experimental va
from theD decay.

Additional contributions to the direct part of theDN in-
teraction emerge from thev ands exchange. We assume th
couplingsvDD and sDD to be the same as forvNN and
sNN, respectively. As before, we choose the nonrelativis
limit of the interaction that follows fromLvNN and LsNN
@38#. The resulting potential is

Vdir
s1v~k!51gvDDgvNN

1

k0
22kW22mv

2 1 i e

2gsDDgsNN

1

k0
22kW22ms

21 i e
. ~32!

The full potential for theDN interaction is the sum of the
different contributions from Eqs.~27!–~30! and ~32!; hence

VDD~k!5Vex
p1r~k!1Vdir

p1r~k!1Vdir
v1s~k!. ~33!

Note that thep~r! contribution covers the LO~TR! spin-
isospin part of the potential, while thev1s contribution is
spin-isospin independent. Furthermore, we point out that
use monopole form factors of the type

F~k2!5S L22m2

L22k0
21kW2D ~34!

at all vertices. In the formulas given here, the form facto
are always suppressed in order to simplify the notation.

Since theDN potential is required inr space, a Fourier
transformation ofVDD(k) has to be performed. This involve
an integration over all possible three momentum transferkW .
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TABLE I. Parameters used in the meson exchange model for theDN interaction.

Meson f aNN
2 /4p f aND

2 /4p f aDD
2 /4p La ~GeV! ma ~MeV!

p 0.08 0.32 0.0032 1.1 138
r 5.4 21.6 0.216 1.4 770
v 8.1a 8.1a 1.7 783
s 5.7a 5.7a 1.4 570

agaNN
2 /4p andgaDD

2 /4p are given, respectively.
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On the other hand, the energy transferk0 is a free paramete
that has to be fixed within the kinematic allowed regio
Because theD resonance is assumed to keep its invari
mass during the propagation, we choosek050 in the direct
interaction terms andk05v in the exchange terms. Thi
choice makes the potential energy dependent, as it shoul

The DN→NN transition potentialVND is constructed in
complete analogy from Eqs.~27! and ~28! by replacing
SW †(TW †) with sW (tW ). Of course, only thep and ther meson
contribute toVND . For the energy transfer in this case, w
adopt the choicek05v/2 of Ref. @17#. As far as the spin-
longitudinal part ofVND is concerned, we use an addition
zero-range interaction

VND
d ~k!5gND

f pND f pNN

mp
2 T1

W
•t2W ~S1

W
• k̂!~s2W

†
• k̂!, ~35!

with the Landau-Migdal parametergND51/3 @10#. This ad-
ditional contribution cancels the nonphysical zero-range p
of the p-exchange potential. In principle, one should intr
duce a corresponding Landau-Migdal term forVDD with a
strength parametergDD as well. However, due to the pres
ence of not only exchange but also direct contributions to
potential, the zero-range parts cancel anyway andgDD turns
out to have no influence on the results. Therefore, we
cided to do without and chosegDD50.

In Table I an overview of all the meson parameters u
for theDN potentials is given. We made sure that with the
parameters, our model consistently reproduces experime
results for pion absorption on the deuteron,p11d→2p
@41#.

IV. DECOMPOSITION OF THE INCLUSIVE
CROSS SECTION

We will now decompose the inclusive2H(p,n) cross sec-
tion into partial cross sections corresponding to differ
physical processes. These processes are schematically r
sented by the diagrams of Figs. 3~a!–3~d!. We distinguish
between quasielastic scattering@Fig. 3~a!#, p-wave rescatter-
ing @Fig. 3~b!#, coherent pion production@Fig. 3~c!#, and qua-
sifreeD decay@Fig. 3~d!#. For each process, only the lowes
order diagram is shown, but not the higher-order diagra
which are nevertheless accounted for in the calculation. A
not shown are the exchange diagrams discussed in Sec.

Quasielastic scattering andp-wave rescattering both re
sult in a two-proton (2p) final state on the target side. The
transition amplitudes interfere coherently with each oth
While the quasielastic scattering directly leads to the 2p sys-
tem, thep-wave rescattering contribution involves an inte
mediateDN state and arises due to theDN→NN transition
.
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potentialVND ; see Figs. 3~a! and 3~b!. Since in both cases
the deuteron is simply broken up into two protons, we w
refer to this reaction channel as to the breakup channel~BU!.

At higher energy transfers, thepNN final channel is the
most important one. We remind the reader that we assu
the pion production to proceed always throughD resonance
excitation. If the two nucleons in the final state form a bou
deuteron state, we speak of coherent pion production~CP!;
see Fig. 3~c!. In this case, the outgoing pion is naturally
p1. On the other hand, if the two outgoing nucleons a
unbound, we speak of quasifreeD decay or quasifree pion
production~QF!; see Fig. 3~d!. There are two possible fina
isospin configurations for this process, namely,p1np and
p0pp. We remark that the expressions ‘‘quasifree’’ an
‘‘coherent’’ used here for the different pion productio
modes are chosen in conformity with Ref.@10#. They just
shall distinguish between the twopNN final channels by
indicating whether the deuteron is broken up~quasifree! or
not ~coherent!.

According to these different reaction mechanisms, the
clusive cross section of Eq.~2! may now be split into its
various components. We express the squared transition
trix as the sum,

(
¯

d~v1Ed2Ef !uTf i u25
1

6
~SBU1SCP1SQF!.

~36!

FIG. 3. Reaction mechanisms of the different contributions
the inclusive cross section in our analysis. Only the lowest-or
diagrams are shown. They represent~a! quasielastic scattering,~b!
p-wave rescattering,~c! coherent pion production, and~d! quasifree
D decay.
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Here the strength functionsS implicitly include the integra-
tion over free relative momenta as well as the summa
over all spin configurations and the factor1

6 arises from the
average over the initial spin configurations.

Using Eq. ~16a!, the strength function for the deutero
breakup channel BU is found to be

SBU5 (
Si ,Sf

E d3p

~2p!3 d~v1Ed2E2p!u^cNNurN&

1^cNNuVNDucD&u2. ~37!

The first matrix element in the sum of the rhs describes
quasielastic scattering, and the second matrix element
scribes thep-wave rescattering.pW denotes the relative mo
mentum of the two outgoing protons. Their final-state int
actionVNN is included in^cNNu, while the correlated sourc
function ucD& accounts for theDN interactionVDD .

In order to calculate the matrix element for coherent p
production, we define the operator

f̂ p5e2 iqW p•rW/2
f pND

mp
T1nS1

W
•kW p1~1↔2!, ~38!

wherekW p is the relative pion-nucleon momentum in theD
rest frame. The operator describes the decay of theD into a
real pion and a nucleon and contains also the plane wav
the outgoing pion. Applyingf̂ p to theDN wave function and
projecting onto the final deuteron state yields

SCP5 (
Si ,Sf

E d3qp

~2p!32Ep
d~v1Ed2Ep2Ed8!u^cdu f̂ pucD&u2

~39!

for the CP strength function. Equation~39! may also be re-
written as

SCP5(
Si

K cDU 1

p
Im~VDD!UcDL , ~40!

where we used the fact thatEd'Ed8 holds in the Breit frame.
Hence the coherent pion production amplitude is direc
connected to the imaginary part of theDN interaction. We
remark that this is true only if Im(VDD) comes exclusively
from the p exchange interaction, as it is the case in theD
energy region.

From Eq.~39! we may easily calculate the angular dist
bution of the coherent pions, namely, the triple different
cross sectiond3sCP/dEndVndVp , by omitting the integra-
tion over the pion momentum. The result is

S d3sCP

dEndVndVp
D lab

5
M pMn

~2p!5

pn
lab

pp
lab

Ed

Md

qp
2

2Ep

3
dqp

dEf
u^cdu f̂ pucD&u2, ~41!

with the same notation for the phase space factor as in
~2!.

In analogy to Eq.~40!, the pion production from quasifre
D decay is ascribed to the imaginary part of theD self-
n

e
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n

of

y

l

q.

dressing, i.e., to the intrinsicD decay width. As a conse
quence, the QF strength function is given as

SQF5(
Si

K cDU 1

p

GD~sD!

2 UcDL . ~42!

The differential QF cross section could also be calcula
from the matrix elementu^cNNu f̂ pucD&u2. Equation ~42!
would then be recovered after integration over the pion m
mentum, as in Eq.~39!, and over the relativeNN momentum
as well.

To summarize we have decomposed the inclus
2H(p,n) cross section into three parts: the quasifreeD de-
cay, the coherent pion production, and the two-nucle
breakup of the deuteron~which is equal to the quasielasti
plus p-wave rescattering!. Of course there are other possib
contributions to the inclusive cross section, but in the ene
region under consideration, they should be less impor
than the ones mentioned and are therefore neglected in
present paper.

V. RESULTS AND DISCUSSION

A. Input parameters

With the formalism described in the previous sections,
have calculated energy spectra at various scattering angleun
for the 2H(p,n) reaction atTp5790 MeV. The deuteron
wave function and the two-nucleon wave function were g
erated from the Paris potential@36,37#. A constant distorsion
factor of NDW

2 50.9 was applied@42,34#. For theDN poten-
tial we used coupling constants and cutoff parameters
given in Table I. The freeD mass isMD51232 MeV and the
free decay widthGD(sD) was parametrized in the usual form
@43#.

The strength parameters in the effective parametrizati
of tNN,NN and tNN,ND ~cf. Sec. II B and Appendix A! have
been fitted to reproduce experimental results for the nucl
target. In order to demonstrate the quality of this fit, w
present in Fig. 4 results for the1H(p,n)D11 cross section at
Tp5790 MeV. The theoretical calculations are compar
with the experimental data@32# at various scattering angle
un of the outgoing neutron. Both the shape and magnitu
are reproduced very well. We remark that also the LO/
ratio of 1/2 used in the parametrization oftNN,ND has been
observed experimentally@44,45#.

B. Inclusive spectra of the 2H„p,n… reaction

In Fig. 5 we show the calculated inclusive cross sect
for theun50° spectrum of the2H(p,n) reaction in compari-
son with the experimental data@32#. The different contribu-
tions to the inclusive cross section are also shown separa
The possible reaction channels are the quasifreeD decay, the
coherent pion production, and the deuteron breakup du
quasielastic scattering andp-wave rescattering.

At energiesv lab<50, the spectrum exhibits a promine
peak that arises dominantly from quasielastic scattering.
small width of the peak reflects the Fermi motion of t
nucleons in the deuteron target. The peak is described
by our calculations.
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56 2021D~1232!-NUCLEON INTERACTION IN THE 2H(p,n) . . .
In the energy region of theD resonance peak position a
v lab5340 MeV, the theoretical result is also in good agre
ment with the data. The cross section in this region is ma
due to the quasifree decay of theD. The cross-section con

FIG. 4. Differential cross section for the reaction1H(p,n)D11

at Tp5790 MeV and at scattering anglesun50°, 7.5°, and 15°,
respectively. The theoretical calculation uses the parametrizatio
tNN,ND as given in Appendix A. Experimental data are from R
@32#.

FIG. 5. Zero-degree neutron spectrum for the reaction2H(p,n)
at Tp5790 MeV. The theoretical calculation~solid line! includes
contributions from quasifreeD decay~QF, dashed line!, coherent
pion production~CP, dotted line!, and two-nucleon breakup of th
deuteron~BU, dash-dotted line!. Experimental data are from Re
@32#.
-
ly

tribution due to coherent pion production is by a factor
'5 smaller than the QF contribution.

At high-energy transfersv lab>450 MeV, our calculation
underestimates the experimental cross section. The mis
cross section can be ascribed to the excitation of hig
nucleon resonances, e.g.,N* (1440). Those configuration
are not included in our model space and therefore the un
estimate of the cross section is not surprising.

The theoretical calculations also underestimate the dat
the so-called dip region between the quasielastic peak
the D peak, i.e., in the energy region 50 MeV<vlab

<250 MeV. The experimental cross section here is belie
to result mainly from two-body exchange currents in the t
get. Only the baryonic exchange currents connected with
D are accounted for in our calculations. They are included
the DN interactionVDD and in the transition potentialVND ,
which gives rise to thep-wave rescattering contribution. In
Fig. 6 our full model calculation is compared with a calc
lation obtained within the ‘‘spectator approximation.’’ Th
latter corresponds to the caseVDD5VND50. It can be seen
that the inclusion of the exchange currents significantly i
proves the theoretical description of the experimental d
Nevertheless, we still underestimate the cross section in
dip region by a factor of about 1.5. This is most probably d
to the neglect of purely mesonic exchange currents, e.g.,
s-wave rescattering of pions. At the low-energy side of theD
peak, additional contributions from projectileD excitation
could be important as well. They are expected to be v
small at theD peak position, but getting larger as the ener
transfer decreases@35#. On the other hand, there may also
a need for relativistic corrections in the dynamical treatm
of the DN system.

In the following we shall demonstrate that almost all
the cross section in the dip region is spin transversal, w
the spin-longitudinal cross section is relatively small. Th
statement can be tested by measuring spin observables
allow for a separation of the inclusive cross section into
LO and TR components@33#. This separation is shown in
Fig. 7 together with the theoretical results. The measured
cross section is reproduced very well by our calculation.

of
.

FIG. 6. Full calculation with inclusion of baryonic exchang
currents~solid line! in comparison with the ‘‘spectator approxima
tion’’ result whereVDD5VND50 ~dashed line!. Experimental data
are from Ref.@32#.
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2022 56C. A. MOSBACHER AND F. OSTERFELD
the other hand, the measured TR cross section is both sh
and enhanced with respect to the calculation. This appa
shift clearly indicates that our calculations produce n
enough TR cross section in the dip region. A similar effec
observed in inelastic electron scattering off nuclei@46,47#. In
the (e,e8) reactions, the virtual photon also probes the T
response of the target. In scattering off nuclei, the exp
mental (e,e8) cross section in the dip region is considerab
larger than expected. The additional cross section canno
explained by one-body currents and has to be ascribe
two-body currents@48#. Such rescattering effects have al
proven to be quite important for coherent pion photoprod
tion on the deuteron@21#. In hadronic interactions, ther
meson should take over the role of the photon. In a rec
paper of Lee@49#, the author found indeed a large contrib
tion to the 2H(p,n) inclusive cross section from the ex
change of ar meson that couples to a ‘‘pion in flight’’ in the
deuteron. We could not reproduce this result. Since there
many other possible meson exchange currents that have
been considered for the2H(p,n) reaction so far, the dip-
region puzzle remains a problem to be solved.

The theoretical description of the experimental2H(p,n)
spectra at higher scattering angles is of the same qualit
for zero-degree scattering. This can be seen from Fig
where we compare the theoretical2H(p,n) cross section
with data atun57.5° andun515°, respectively. At the low-
energy side of theD, the theoretical curves show again
characteristic underestimate of the data. Apart from this
fect both the shape and the magnitude of the spectra
described well. Our calculations correctly reproduce
change of the quasielastic and theD peak position with the
scattering angle.

FIG. 7. Separation of the inclusive cross section into sp
longitudinal ~LO, ;sW •q̂) and spin-transverse components~TR,
;sW 3q̂). Experimental data are from Ref.@33#.
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C. Influence of theDN interaction on the exclusive spectra

We now discuss the influence of theDN interaction on
the three partial contributions~QF, CP, and BU! to the cross
section. As we will demonstrate, the coherent pion prod
tion is most sensitive toVDD . This sensitivity is a combined
effect of the attractive pion exchange, the spin-longitudi
pND coupling, and the structure of the deuteron wave fu
tion. In the following discussion we will focus on the exclu
sive 2H(p,np1)2H spectra first.

In Fig. 9 theoretical results for the exclusiv
2H(p,np1)2H cross section are shown. The calculati
without inclusion of theDN interaction ~i.e., VDD50! is

-

FIG. 8. Neutron spectra for the reaction2H(p,n) at Tp

5790 MeV at scattering angles ofun57.5° andun515°, respec-
tively. Experimental data are from Ref.@32#.

FIG. 9. Effects on coherent pion production2H(p,np1)2H re-
sulting from the direct~dir! and the exchange~ex! contribution of
thep meson toVDD ~solid lines!. The line labeled dir1ex shows the
sum of direct and exchange contributions of thep. Note the appar-
ent shift compared to the dashed line, which represents the spec
approximationVDD50.
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compared with a calculation where only thep-meson contri-
bution to VDD was taken into account. The effects of th
direct and the exchange part of thep-mediated interaction
are also examined separately. Obviously both parts ar
equal importance, which may be surprising at first. It is tr
that because of the smallness of thepDD coupling constant,
the direct part should be suppressed by a factor of'20 com-
pared to the exchange part, but in theT51 channel of the
DN system that is relevant here the spin-isospin matrix e
ments turn out to be larger by approximately the sa
amount. Therefore, it is essential to include both the dir
and the exchange contribution in theDN interaction. In the
case of thep exchange, the interference effect of both co
tributions leads to a very strong attraction between theD and
the second target nucleon. The result is a shift of the cro
section peak position downward in energy~by '60 MeV;
cf. Fig. 9!. Most of the attraction is caused by the tensor p
of the p, whereas the central part is less important for
peak position but influences the overall magnitude of
result.

By including not only thep but also ther, v, and s
mesons inVDD , we obtain the results presented in Fig. 10
can be seen that both the peak position and the magnitud
the exclusive2H(p,np1)2H cross section depend quite se
sitively on the specific form of theDN potential. In compari-
son to the result with onlyp exchange, the inclusion ofp
andr in theDN interaction leads to a less attractive potent
and hence to a smaller shift of the peak position. The rea
for this behavior is the partial cancelation of thep and r
tensor forces, which have opposite sign. For the direct pa
the interaction, thev and thes meson cause an addition
short-range repulsion and a medium-range attraction, res
tively, which leads to an additional enhancement of the cr
section. The final result for the2H(p,np1)2H spectrum~i.e.,
the result with inclusion ofp1r1v1s in VDD! is quite
different from the spectator approximation~i.e., the result
with VDD50!. Most remarkable is the shift of the peak p
sition downward in energy by about 30 MeV. As discuss
above, the main reason for this shift is the attractive p

FIG. 10. Effects on coherent pion production2H(p,np1)2H
resulting from thep, r, v, ands meson contributions toVDD ~solid
lines!. The line labeledp1r1v1s represents the full model cal
culation. The dashed line shows the spectator approximationVDD
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exchange, i.e., the attractive LO part of theDN potential.
The amount of the peak shift is directly related to the int
action strength ofVDD .

This result attracts further interest because there is
comparable peak shift due toVDD for the quasifreeD decay
cross section and also not for the deuteron breakup. Fig
11 shows the results with and without inclusion ofVDD for
the coherent pion production, the quasifreeD decay, and the
deuteron breakup. In both the QF and the BU channel,
cross section is slightly enlarged and broadened due to
DN interaction, but there is no significant shift of the pe
position.

In order to understand this different behavior, we perfo
a multipole decomposition of the partial cross sections a
split them into two contributions corresponding to unnatu
parity ~UP! states (JP502,11,22,...) of theDN system and
to natural parity~NP! states (JP512,21,...), respectively.
For the three reaction channels under consideration, this
composition is shown in Fig. 12. For each case, the
calculation is compared with the spectator approximati
One recognizes that the cross-section contributions of the
states are always lowered in excitation energy by theDN
interaction, while the NP states are not. This is explained
the fact that there is a strong coupling of the pion to the
~pionlike! states but just a weak coupling to the NP stat
Therefore, only the UP states are substantially influenced
the attraction of the LO part ofVDD . For the coherent pion
production, the spectrum is clearly dominated by the
states. This is an effect of the LO spin structure of the de
citation process and of the deuteron wave function~which

FIG. 11. Effect ofVDD on the exclusive cross section for cohe
ent pion production~CP!, quasifreeD decay ~QF!, and deuteron
breakup~BU!. Calculations with~solid lines! and without~dashed
lines! VDD . Note the different scalings of the vertical axis.
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2024 56C. A. MOSBACHER AND F. OSTERFELD
selects spinS51 and orbital momentumL50,2! in the final
state.

For the quasifreeD decay, the final deuteron state is r
placed by a final unboundNN state. Since the two outgoin
nucleons are free, we have no particular spin selection ru
the deexcitation process for this case and thus all pa
waves can contribute. As can be seen from Fig. 12, the
states become more important for the QF decay and the o
all energy shift more or less disappears. For the 2p breakup,
the DN→NN transition potentialVND provides not only a
LO but also a TR component. The energy shift of the U
states is compensated by a relative large enhancement o
NP states, which results from TR excitation. Moreover,
p-wave rescattering interferes with the quasielastic scatte
that has no intermediateDN configuration; hence the effect
of VDD are partially smeared out.

To complete the discussion about the influence of theDN
interaction, we show in Fig. 13 the contributions of thr
characteristic DN partial waves to the exclusiv
2H(p,np1)2H cross section. All selected partial waves ha
unnatural parity and therefore couple strongly to the pi
The spectrum is absolutely dominated by the5S2 partial
wave of theDN system. Because theD and the nucleon have
relative angular momentum zero in this case, there is
centrifugal barrier in the potential and the attraction becom
largest. That accounts for the strong energy shift in this p
tial wave. The partial waves with higher angular moment
L>1 are subjected to a less attractive potential due to
centrifugal barrier and therefore do not exhibit such a lo
ering in the excitation energy. As can be seen from Fig.
the 5P3 partial wave is only enhanced but not shifted due
VDD . For the 5D0 partial wave, the potential has a mino

FIG. 12. Decomposition of the exclusive cross sections i
contributions from unnatural parity states~UP! and natural parity
states~NP!. Calculations with~solid lines! and without ~dashed
lines! VDD . Note the different scalings of the vertical axis.
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effect and even gets repulsive. Compared to5S2 , the higher
partial waves are by far less important, which results in
surviving of the downward energy shift in the full spectrum

We conclude that neither the QF nor the BU proce
shows the same sensitivity to the LO channel as the
process. Therefore, only the exclusive2H(p,np1)2H spec-
trum clearly exhibits a lowering of theD excitation energy.
This fact makes the coherent pion production most suita
to examine the effects of theDN interaction.

o
FIG. 13. Multipole decomposition of the zero-degree spectr

for the exclusive2H(p,np1)2H reaction. Calculations with~solid
lines! and without~dashed lines! VDD for three characteristic partia
waves of theDN system are shown. Note the different scalings
the vertical axis.

FIG. 14. Triple differential cross section for the2H(p,np1)2H
reaction atv lab5300 MeV andun50°. The cross section is show
as a function ofup , which is the angle between the outgoingp1

and the momentum transferqW on the deuteron target.
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D. Exclusive differential cross section
for coherent pion production

In this section we present our results for the angular d
tribution of the coherently produced pions. In Fig. 14 t
triple differential cross sectiond3s/dEndVndVp of the ex-
clusive 2H(p,np1)2H reaction is plotted as a function ofup

which is the angle between the outgoingp1 and the three-
momentum transferqW . The energy transfer was chosen to
v lab5300 MeV and the neutron scattering angle isun50°.
One recognizes that the angular distribution is strongly f
ward peaked. This means that most of the coherent pions
emitted into the direction of the three-momentum transfe

The contributions of the spin-longitudinal and the sp
transverse channel to the differential cross section are sh
separately in Fig. 15. One can understand some of the m
features of these angular distributions by analyzing the s
structure of the transition operators.

For the LO channel, the product of the deexcitation a
excitation operators turns out to be

~SW •ppW !~SW †
•qW !5

2

3
ppW •qW 2

i

3
sW •~ppW3qW !. ~43!

The first term on the rhs of Eq.~43! gives rise to a factor
qppcosup in the transition amplitude and thus to a fact
cos2up in the cross section. This factor has a maximum
up50° and thus partially explains the strongly forwar
peaked LO contribution in Fig. 15. There are, however,
ditional angular-dependent factors such as the kinem
phase-space factor and the overlap integral with the outg
pion wave in Eq.~39!. Those factors become larger asup

gets smaller and therefore pronounce the forward peakin
the angular distribution even more. All reaction events wh
the spin of the deuteron is flipped are produced by the sec
term on the rhs of Eq.~43!. At small scattering angles thi
cross-section contribution is proportional to sin2up and thus
vanishes atup50°.

We would like to mention that the angular distribution
the LO component is very similar to that of the pion elas
scattering@14,21#. In fact, one may view the coherent pio

FIG. 15. Triple differential cross section for the2H(p,np1)2H
reaction in the spin-longitudinal~LO! and the spin-transversal~TR!
channel.Mi(M f) refers to the spin projection of the deuteron in t
initial ~final! state, hence the dashed curves labeledMi5M f show a
calculation where spin flips of the deuteron have been exclude
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production as a kind of elastic-scattering process, in wh
an initially off-mass-shell pion with the momentumqW is con-
verted into an on-mass-shell pion by the multiple scatter
in the deuteron. This conversion process is possible bec
the deuteron as a whole can provide the extra recoil mom
tum needed to put the pion on its mass shell.

For the TR channel, the deexcitation and excitation ope
tors yield a spin structure

~SW •ppW !~SW †3qW !5
2

3
ppW3qW 2

i

3
~sW 3ppW !3qW . ~44!

As before, the first term on the rhs of Eq.~44! is connected
with non-spin-flip events, while the second term induces s
flips of the deuteron. The angular distribution of the no
spin-flip part is proportional touppW3qW u25(ppq sinup)2. This
factor vanishes forup50° and peaks forup590°. The ad-
ditional angular dependent factors as discussed before lea
a more-forward-peaked distribution. As can be seen fr
Fig. 15, the TR non-spin-flip component has its maximum
aboutup'40° and is zero atup50°. The full TR angular
distribution, however, has a different shape due to the s
flip contributions to the cross section. This demonstrates
importance of the second term on the rhs of Eq.~44!, which
does not vanish but rather reaches its maximum atup50°.
The overall result is quite a flat angular distribution at sm
pion angles and a falloff at higher angles, which not as st
as the LO component. This behavior of the TR componen
very similar to the observed angular distribution in pion ph
toproduction~g,p! reactions on the deuteron; see, e.g., R
@50#.

VI. SUMMARY AND CONCLUSIONS

In summary, we have shown that (p,n) charge-exchange
reactions on a deuteron target provide an excellent too
investigate theDN interaction. They probe both the LO an
the TR response function in a kinematic region that is in
cessible to real pion or photon reactions. We have prese
a coupled-channel approach that allows the theoretical tr
ment of the interactingDN system. By assuming that theD
resonance is excited dominantly in a direct interaction w
the projectile, we modified the coupled equations a
showed how to solve for the correlatedDN wave function in
a very efficient way with the Lanczos method. For theDN
potential, a meson-exchange model was adopted that
cludesp, r, v, ands exchange currents.

Results of numerical analysis have been shown for inc
sive and exclusive cross sections in theD energy region. In
the coherent pion production2H(p,np1)2H, a strong shift
of the D peak position is observed. We have shown that t
lowering in excitation energy is due to the strongly attract
correlations in the LO spin-isospin channel. This attract
emerges mainly from the energy-dependentp-exchange po-
tential. Furthermore, we calculated the angular distribut
of the coherent pion component and found it to be stron
forward ~in the direction of the momentum transfer! peaked.

The theoretical calculation for the inclusive2H(p,n)
cross section is in fairly good agreement with experimen
data. The model describes both theD peak and the quasielas
tic peak very well. In the dip region, theory and measu
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ment agree only in the LO channel, while experimental d
are underestimated in the TR channel. The enhanceme
the TR channel is most probably due to rescattering effe
~i.e., purely mesonic exchange currents!. If such effects
could explain the shortcomings of the present model, t
would also demonstrate the validity limits of the impul
approximation. Therefore, rescattering effects are of spe
interest and need further investigation. In addition, o
model may be improved by including higher nucleon (N* )
resonances in the model space. Both rescattering effects
N* resonances will be subject of future studies.

ACKNOWLEDGMENTS

We are very grateful to D. L. Prout for making the expe
mental data available to us. We also thank B. Ko¨rfgen for
many helpful discussions. This work was supported in p
by the Studienstiftung des deutschen Volkes.

APPENDIX A: THE EFFECTIVE
PROJECTILE-TARGET-NUCLEON INTERACTION

In Eq. ~3! we introduced effective projectile-targe
nucleon interactionst0 j of which we need explicit represen
tations. TheNN→NN transition matrixtNN,NN is given in
Ref. @51#. Neglecting the small spin-orbit and no-spin tran
fer components@52,34#, we can approximate the spin-isosp
part of tNN,NN in the NN c.m. frame by

tNN,NN~s,t !5@a~sW i•q̂!~sW j•q̂!1b~sW i3q̂!•~sW j3q̂!#tW i•tW j ,
~A1!

where the unit vectorq̂ is connected to the initial and fina
nucleon momentakW andkW 8 by qW 5kW 2kW 8. The coefficientsa
andb are functions of the Mandelstam variabless andt and
describe the strength of LO and TR spin excitations, resp
tively. They are determined from experimentalpn→np scat-
tering data@3#, which can be fitted with

a5caS La1
2 1t

La1
2 2t D S La2

2 2mp
2

La2
2 2t D , ~A2!

b5cbS Lb
22mp

2

Lb
22t D , ~A3!

where ca5208 MeV fm3, cb5178 MeV fm3, La1
5148 MeV, La25460 MeV, andLb5342 MeV.

TheNN→ND transition operatortNN,ND consists in prin-
ciple of 16 linearly independent terms@53,54#. In the present
study, however, we assume the simple form

tNN,ND~s,t !5@g~sW i•q̂!~SW j
†
•q̂!1g8~sW i3q̂!~SW j

†3q̂!#tW i•TW j
† ,

~A4!

which is completely analogous to Eq.~A1!. As before, the
coefficientsg and g8 are adjusted to fit experimental dat
here of thepN→nD reactions@32#, yielding

g5g85cgS Lg
22mp

2

Lg
22t D , ~A5!
a
in

ts

y

al
r

nd

rt

-

c-

wherecg5488 MeV fm3 and Lg5650 MeV. The fact that
data are explained withg5g8 means that the ratio LO/TR is
1/2. In spite of their simplicity, the assumedt0 j can repro-
duce not only the cross sections but also the spin observa
from the reactions with the proton target. For more deta
see Ref.@10#.

APPENDIX B: EVALUATION OF MATRIX ELEMENTS

All matrix elements that appear in this work are evalua
by using partial-wave expansions and standard tensor op
tor techniques; see, e.g., Ref.@55#. In this appendix we dis-
cuss in some detail the calculation of the radial source fu
tion and of the matrix elements for theDN interaction. The
matrix elements of Sec. IV are not given explicitly but ca
be calculated rather easily within the presented scheme.

1. Explicit formulas for the source functions

For theDN system, the radial source function is obtain
from Eq. ~24! by inversion

rSLJMJ
~r !5r ^~SL!JMJurD&5r ^~SL!JMJur̂uCd&,

~B1!

where the deuteron wave function is given as

uCd&5 (
l d50,2

1

r
f l d

~r !u~1l d!1Md&. ~B2!

The hadronic transition operatorr̂ was defined in Eq.~8!. If
we apply the specific form oftNN,ND as given in Eq.~A4!
and use the tensor operator notation,r̂ may be rewritten as

r̂5I(
l ,m,n

r̂ lmn~r !~S1
†!n

~1!Ylm~ r̂ !1~1↔2!, ~B3!

where

r̂ lmn~r !54pg~s,t !~2 !mp1 1/2S 1 1
2

1
2

n mn mp
D

3^ 1
2 uusW uu 1

2 & i l j l~
1
2 qr !Ylm* ~ q̂! ~B4!

andI denotes the isospin factor

I5^DNu^nut0W •TW †up&ud&5d1Td1MT

2

)
. ~B5!

Insertion of Eqs.~B2! and ~B3! into Eq. ~B1! yields

rSLJMJ
~r !5I(

l ,m,n
r̃ lmn~r !(

l d
f l d

~r !

3^~SL!JMJu~S1
†!n

~1!Ylm~ r̂ !u~1l d!1Md&

1~1↔2!. ~B6!

The calculation of the angular momentum matrix elemen
straightforward, but requires some lengthy spin algebra.
final result is
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^~SL!JMJu~S1
†!n

~1!Ylm~ r̂ !u~1l d!1Md&

5A 3

4p
ĴL̂ l̂ l̂ d~21!L11~dS11A5dS2!

3 (
Ji ,Mi

~21!~MJ2Mi !~2Ji11!

3S l 1 Ji

m Md 2Mi
D S Ji 1 J

Mi n 2MJ
D S l l d L

0 0 0D
3H L Ji 1

1 l l d
J H S 1 1

Ji J LJ . ~B7!

For the radial source function of theNN system, an equa

tion analogous to Eq.~B6! holds withSW † replaced bysW , an
isospin factorI5&, and transition strengthsa(s,t) and
b(s,t), respectively, instead ofg(s,t).

2. Matrix elements of theDN potential

In configuration space, theDN potentialsVDN→DN ~di-
rect! andVDN→ND ~exchange! as well as the transition poten
tial VDN→NN exhibit the spin-isospin structure

Vab→a8b8~k0 ,rW !5FN~r !1@sW 1
aa8

•sW 2
bb8FC~r !

1S12
aa8,bb8~ r̂ !FT~r !#tW1

aa8
•tW2

bb8 . ~B8!

HeresW aa8 andtWaa8 are the appropriate spin and isospin o
erators witha,a8P$N,D% and

S12
aa8,bb8~ r̂ !53~sW 1

aa8
• r̂ !~sW 2

bb8
• r̂ !2sW 1

aa8
•sW 2

bb8 ~B9!

is the usual spin tensor operator. In terms of the spin op

tors used in Sec. III, we havesW NN5sW , sW ND5SW †, andsW DD

5SW ; thus the reduced matrix elements are given by

^ 1
2 uusW NNuu 1

2 &5A6, ~B10!

^ 3
2 uusW NDuu 1

2 &52, ~B11!

^ 3
2 uusW DDuu 3

2 &52A15. ~B12!

Equivalent equations hold for the isospin operatorstWaa8.
-

a-

The functionsF of Eq. ~B8! are the Fourier transforma
tions of the nonspin, spin-central, and spin-tensor parts of
interaction, i.e.,

FN~r !5
1

2p2 E dkk2 j 0~kr !Vab,a8b8
N

~k0 ,k!, ~B13a!

FC~r !5
1

2p2 E dkk2 j 0~kr !@Vab,a8b8
LO

~k0 ,k!

12Vab,a8b8
TR

~k0 ,k!#, ~B13b!

FT~r !5
21

2p2 E dkk2 j 2~kr !@Vab,a8b8
LO

~k0 ,k!

2Vab,a8b8
TR

~k0 ,k!#. ~B13c!

For the potentials given in Sec. III, these expressions m
easily be found analytically. Furthermore, we need the s
matrix elements that are calculated with standard techniq

^@~sa8sb8!S8L8#JMJusW 1
aa8

•sW 2
bb8u@~sasb!SL#JMJ&

5~21!sa1sb81SdSS8dLL8H sa8 sb8 S

sb sa SJ ^sa8uus
aa8uusa&

3^sb8uus
bb8uusb&, ~B14!

^@~sa8sb8!S8L8#JMJuS12
aa8,bb8~ r̂ !u@~sasb!SL#JMJ&

5A30~21!~S1J!ŜŜ8L̂L̂8S L L8 2

0 0 0D H S8 S 2

L L8 JJ
3H sa8 sb8 S8

sa sb S

1 1 2
J ^sa8uus

aa8uusa&^sb8uus
bb8uusb&.

~B15!

From Eqs.~B10!–~B15! one can build up the complete ex
pressions for the matrix elementsVnn8(r ) as defined in Eq.
~26!, i.e.,

Vnn8~r !5^@~sa8sb8!S8L8#JMJu^~ta8tb8!11

3uVab→a8b8~k0,rW!u~tatb!11&u@~sasb!SL#JMJ&.

~B16!
ys.
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@28# H. Pöpping, P. U. Sauer, and X.-C. Zhang, Nucl. Phys.A474,

557 ~1987!.
@29# M. T. Peña, H. Garcilazo, U. Oelfke, and P. U. Sauer, Ph

Rev. C45, 1487~1992!.
@30# L. D. Fadeev, Zh. Eksp. Teor. Fiz.12, 1014~1961!.
@31# F. Blaazer, B. L. G. Bakker, and H. J. Boersma, Nucl. Ph

A590, 750 ~1995!.
@32# D. L. Prout ~private communication!.
@33# D. L. Proutet al., Nucl. Phys.A577, 233c~1994!.
s,

l.

.

.

@34# B. K. Jain and A. B. Santra, Phys. Rep.230, 1 ~1993!.
@35# Y. Jo and C.-Y. Lee, Phys. Rev. C54, 952 ~1996!.
@36# M. Lacombeet al., Phys. Rev. C21, 861 ~1980!.
@37# M. Lacombe, B. Loiseau, R. Vinh Mau, J. Coˆté, P. Pirés, and

R. de Tourreil, Phys. Lett.101B, 139 ~1981!.
@38# R. Machleidt, K. Holinde, and C. Elster, Phys. Rep.149, 1

~1987!.
@39# G. E. Brown and W. Weise, Phys. Rep.22, 281 ~1975!.
@40# G. F. Chew and F. E. Low, Phys. Rev.101, 1570~1956!.
@41# C. A. Mosbacher, Diploma thesis, University of Bonn, 199

~unpublished!.
@42# X. Y. Chenet al., Phys. Rev. C47, 2159~1993!.
@43# H. Esbensen and T.-S. H. Lee, Phys. Rev. C32, 1966~1985!.
@44# G. Glasset al., Phys. Lett.129B, 27 ~1983!.
@45# C. Ellegaardet al., Phys. Lett. B231, 365 ~231!.
@46# J. S. O’Connellet al., Phys. Rev. C35, 1063~1987!.
@47# S. Boffi, C. Giusti, and F. D. Pacatti, Phys. Rep.226, 1 ~1993!.
@48# J. W. V. Orden and T. W. Donnelly, Ann. Phys.~N.Y.! 131,

451 ~1981!.
@49# C.-Y. Lee, Phys. Rev. C55, 349 ~1997!.
@50# T. Ericson and W. Weise,Pions and Nuclei~Clarendon, Ox-

ford, 1988!.
@51# A. K. Kerman, H. McManus, and R. M. Thaler, Ann. Phy

~N.Y.! 8, 551 ~1959!.
@52# W. G. Love and M. A. Franey, Phys. Rev. C24, 1073~1981!.
@53# J. P. Auger, C. Lazard, R. J. Lombard, and R. R. Silbar, Nu

Phys.A442, 621 ~1985!.
@54# L. Ray, Phys. Rev. C49, 2109~1994!.
@55# A. R. Edmonds,Angular Momentum in Quantum Mechanic

~Princeton University Press, Princeton, 1957!.


