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D decay in the nuclear medium
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Proton-nucleus collisions, where the beam proton gets excited to theD resonance and then decays to
pp1, either inside or outside the nuclear medium, are studied. Cross sections for various kinematics fo
(p,p8p1) reaction between 500 MeV and 1 GeV beam energy are calculated to see the effects of the nu
medium on the propagation and decay of the resonance. The cross sections studied include proton
spectra in coincidence with the pion, four momentum transfer distributions, and the invariantpp1 mass
distributions. We find that the effect of the nuclear medium on these cross sections mainly reduces
magnitudes. Comparing these cross sections with those considering the decay of theD outside the nucleus only,
we further find that at 500 MeV the two sets of cross sections have large differences, while by 1 GeV
differences between them become much smaller.

PACS number~s!: 14.20.Gk, 13.75.2n, 24.30.Gd, 25.40.Ve
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I. INTRODUCTION

In the description of nuclear reactions at intermediate
ergy, in addition to nucleons and pions,D play an important
role. Because of this, there has been great interest ove
years in the study of theD-nucleus interaction@1#. Experi-
mentally, since theD is a spin-isospin excitation of th
nucleon, it is readily excited in charge-exchange reacti
such as (p,n) and (3He,t). Measurements of inclusive spe
tra on ejectiles in these reactions show broad bumps
large cross sections around 300 MeV excitation in all targ
ranging from12C to 208Pb @2#. These excitations correspon
to the excitation of a nucleon in the target to aD isobar. They
are, therefore, capable of exploringD-nucleon-hole
(DN21) excitations in nuclei and thereby the collective a
pects of these modes.

Another class of intermediate energy reactions, such
(p,D11), is those where theD appears as one of the fin
reaction products. In these reactions the measurements
be done directly on theD or its decay products. They ar
therefore, well suited to investigateD dynamics in the con
tinuum and the transition interactionpp→nD11. The pres-
ence of aD in these reactions can be inferred either by m
suring the recoiling nucleus, as in the pioneering experim
on the 6Li( p,D11) 6He reaction at Saturne@3#, or the ejec-
tile nucleus on proton targets, as in the experiments
p(3He,t)D11 and p(12C,12B!D11 reactions carried out a
Saturne and Dubna@2,4#. These kind of experiments, how
ever, can only be performed on few nuclei as the ejec
nucleus is required to be stable or sufficiently long live
Theoretical analyses of these reactions, which consider tD
as a stable elementary particle, show that this reaction
ceeds in one step and the measured cross sections c
adequately described in the framework of the distorted-w
Born approximation~DWBA! @5#. It has also been foun
that, due to the very large momentum transfer (; beam mo-
mentum! involved in the excitation of the bound nucleon
the target to theD in the continuum in the final state, th
‘‘target excitation’’ in the (p,D11) contributes little@6#.

Yet another way to study the (p,D11) reaction is to de-
tect theD directly by measuring its decay productsp and
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p1. This procedure has the great advantage that the expe
ment can be performed on any target nucleus. Furthermor
by choosing a different energy of the outgoingD we can vary
the energy transfer to the nucleus, and thereby explore
spin-isospin response at different excitations. Experimen
on (p,p8p1) are now being done at TRIUMF with the avail-
ability of dual magnetic spectrometers@7#. For analyzing
these reactions, it is necessary to develop a formalism whic
unlike earlier work, incorporates the unstable nature of theD
and includes the effect of the nucleus on its propagation an
on the decay productsp8 andp1. In this work we present
such a formalism. Then using it, we calculate various cros
sections which can be measured on the (p,p8p1) reaction.
We study the effects on these reactions of the nuclear disto
tion of theD. We compare these cross sections with thos
calculated with theD decaying outside the nucleus only. This
comparison determines the region of applicability of the lat
ter model, where the calculations can be done with muc
ease and where theD-nucleus interaction can be explored
without the complicating effects due to the pp1 interaction
with the nucleus.

The reaction mechanism which we follow for the
(p,p8p1) reaction is shown in Fig. 1. Accordingly, the in-
coming proton interacts with a nucleon at some pointr and is
converted into aD. The target nucleon, to provide one unit of
spin and isospin to the beam proton, undergoes a spin a
isospin flip. It also gets accelerated by a momentum

FIG. 1. Projectile excitation diagram for the (p,p8p1) reaction.
1917 © 1996 The American Physical Society
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corresponding to the excitation energy ('300 MeV! of the
D. TheD then propagates from pointr to r 8, where it decays
into a proton and pion. The decay pointr 8 may lie inside or
outside the nucleus. During this propagation, theD interacts
with the nuclear medium and suffers distortion. The incom
ing proton and the decay productsp8 andp1 get distorted
by the nuclear medium before reaching the pointr and in
propagating out of the pointr 8, respectively. In our formal-
ism, we include all these distortions through appropriate o
tical potentials. The formalism itself is written following
Gottfried and Julius@8#, who, among several other worker
@9#, have studied the effect of the nuclear medium on t
decay of ar meson.

For the elementary processpp→nD11 in the above
mechanism we have used the one-pion-exchange poten
We have not included the contribution from ther exchange
for this excitation. The reason for this omission is that a
tempts to includer exchange in thepp→nD11 reaction
have yielded very unsatisfactory results. A detailed study
Jain and Santra@10# and earlier work by Dmitrievet al.
@11# both showed that the experimental data on the sp
averaged cross sections for this reaction are better rep
duced by the one-pion-exchange interaction alone. The inc
sion of rho exchange worsens this agreement. This me
that either the strength of therND coupling, f rND , is con-
siderably weaker than what is usually assumed or some
ditional amplitude tends to cancel the contribution from th
rho. A recent theoretical study on the microscopic analysis
therND vertex due to Haider and Lui@12#, in fact, suggests
that the value off rND is much smaller.

In Sec. II we present the formalism in detail. Sections I
and IV contain results, discussion, and the conclusions. Si
the contribution of theD decay inside the nucleus depend
upon the beam energy and the size of the nucleus, we h
done calculations at 500 MeV and 1 GeV for12C and
208Pb.
In general, our findings are that~i! around 1 GeV and for

lighter target nuclei the calculated cross sections do not dif
greatly from those which consider the decay of theD only
outside the nucleus, and~ii ! theD-nucleus interaction mainly
reduces the magnitude of the cross sections.

II. FORMALISM

The differential cross section for theA(p,p8p1)B reac-
tion is given by

ds5@PS#^uTfiu2&, ~1!

where@PS# is the factor associated with phase space and
beam current,

@PS#5
1

j ~2p!5
mDm

2

EpEpEp8
d4~Pi2Pf !dkp8dkpdKB . ~2!

Here j is the beam current andm is the mass of the proton.
Px denotes the four-momentum.

In the center-of-mass system,j is given by

j5
pcAs
EpEA

, ~3!
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whereAs is the available energy in the center-of-mass sy
tem andpc is the c.m. momentum in the initial state.

Tfi in Eq. ~1! is the transition amplitude. The angular
brackets around its square denote the appropriate sum
average over the final and initial spins, respectively.

A. Transition amplitude Tfi

For the diagram in Fig. 1, the transition amplitude can b
written as

Tfi5E drdr 8xp8~r 8!
2* xp

2* ~r 8!GDNpGD~r 8,r !cD~r !,

~4!

whereGDNp is the decay operator for theD decaying into
pp1. In momentum space and in a nonrelativistic static a
proximation, it is given by

GDNp5
f p*

mp
S†–kpT

†
–fp, ~5!

whereS andT are the spin and isospin transition operator
respectively, for12→ 3

2. k is the pion momentum in theD rest
frame. Because the final pion is on shell~if we neglect the
effect of distortions on it!, the above form forGDNp does not
contain the usual form factorF* .

GD(r 8,r) is theD propagator. It satisfies the inhomoge
neous wave equation

@¹21Ep
22mD

21 iGDmD2PD~r !#GD~r 8,r !5d~r 82r !, ~6!

wheremD ~51232 MeV! andGD are the resonance param
eters associated with the freeD. The width of the freeD,
GD , depends upon the invariant mass according to

G~m!5G0F k~m2,mp
2 !

k~mD
2 ,mp

2 !G
3 k2~mD

2 ,mp
2 !1g2

k2~m2,mp
2 !1g2 , ~7!

with G05120 MeV andg5200 MeV.m is the invariant mass
given by

m25~Ep81Ep!22~kp81kp!2. ~8!

In Eq. ~7!, k, for an on-shell pion, is given by

k~m2,mp
2 !5@~m21m22mp

2 !2/4m22m2#1/2. ~9!

This relation reflects the restrictions on the available pha
space for the decay of a delta of massm into an on-shell pion
of massmp ~5140 MeV!.

PD in the Green’s function, Eq.~6!, describes the colli-
sions of theD with the medium. In the mean field approxi-
mation, it is related to theD optical potential VD through

PD52EDVD . ~10!

One of the important channels which contribute significant
to this potential isDN→NN.
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53 1919D DECAY IN THE NUCLEAR MEDIUM
cD(r ) in Eq. ~4! is the amplitude for the production of th
D at a pointr . It is given by

cD~r !5E djcb* ~j!GpNNca~j!Gp~r,x !GpNDxp
1~r !. ~11!

Here GpND is the operator for the excitation of the bea
proton to theD, andGpNN is the interaction operator at th
pNN vertex in the nucleus. LikeGDNp , their forms are

GpND5 i
f p*F* ~ t !

mp
S–qT–fp ~12!

and

GpNN5 i
f pF

mp
s•qt•fp , ~13!

with f p* and f p the coupling constants for thepND and
pNN vertices. Their values are 2.156 and 1.008, resp
tively. F* andF are the form factors associated with the
vertices. They incorporate the off-shell extrapolation of
pion-nucleon coupling vertex.t is the four momentum trans
fer ~squared!. However, for the ‘‘projectile excitation’’ dia
gram, if we ignore the nuclear recoil, it is the same as
three-momentumq squared.

xp in Eq. ~4! is the distorted wave for the beam proton.
this paper we will consider beam energies above 500 M
We use the eikonal approximation for this and the other c
tinuum particles~viz., D, p8, andp1). This implies that the
main effect of the nuclear medium on these waves is abs
tive, and the dominant momentum components in them
their asymptotic momenta. Because of this, and also bec
the interactionVNN→ND in the region of t of the presen
studies is known to depend weakly on the momentum tr
fer q, @5# the evaluation ofcD(r ) simplifies. In the case o
closed shell nuclei we find

cD~r !'
^GpNN~q!&

~mp
22t !

GpNDrba~r !xp
1~r !. ~14!

Here the angular brackets aroundGpNN represent its expec
tation value over the nuclear spin-isospin wave functio
rba(r ) is the spatial part of the nuclear transition dens
The momentum transferq is given in terms of the asymptot
momenta of the continuum particles as

q5kp2kD~5k
p8

1kp!. ~15!

SubstitutingcD from Eq. ~14! in Eq. ~4!, we get

Tfi5
^Gpnp1&
q21mp

2 ^Gpp8p1&Ffi~kp8,kp ;kp!, ~16!

where

Ffi5E drdr 8xp8
2* ~r 8!xp

2* ~r 8!GD~r 8,r !rba~r !xp
1~r !

~17!
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^Gpp8p1&5F f p*

mp
G2F* ~ t !^sp8uS†–kpT

†
–fpS–qT–fpusp&.

~18!

^uTfiu2& is given by

^uTfiu2&5
u^Gpp8p1&u2u^Gpnp1&u2

~mp
22t !2

uFfi~kp8 ,kp ;kp!u2,

~19!

whereu^Gpp8p1&u2 is given by

u^Gpp8p1&u25
1

2
Sspsp8

uGpp8p1u2

5
1

9 F f *mp
G4F* 2~ t !@4ukp–qu21uq3kpu2#.

~20!

In the last evaluation we have used the identity

S†–qS–kp5
2

3
kp–q2

i

3
s–„q3kp…. ~21!

B. Evaluation of Ffi„kp8,kp ;kp…

To evaluate

Ffi5E drdr 8xp8
2* ~r 8!xp

2* ~r 8!GD~r 8,r !rba~r !xp
1~r !,

~22!

we define, for convenience, a function

GD~r;k D ,m!5E dr 8xp8
2* ~r 8!xp

2* ~r 8!GD~r 8,r !. ~23!

This function physically gives the probability amplitude fo
finding a proton and a pion in the detector with the to
momentum

kD5kp81kp ~24!

and the invariant massm if the D is produced at a pointr in
the nucleus. The wave equation for this new function can
obtained from Eq.~6! by multiplying it on both sides by
xp8

2* xp
2* and integrating overr 8. This gives

@¹21Ep
22mD

21 iGDmD2PD~r !#GD~r;k D ,m!

5xp8
2* ~r !xp

2* ~r !. ~25!

Equation~22! for Ffi then becomes

Ffi5E drGD~r;k D ,m!rba~r !xp
1~r !. ~26!

To proceed further, as mentioned earlier, we treat all
continuum waves in the eikonal approximation. We write

xp~r !5eikp•rDkp
~r ! ~27!

and

GD~r;k D ,m!5e2 ikD•rF~r;k D ,m!, ~28!
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where the distortion functionsD andF are slowly varying
functions ofz, the coordinate taken along the beam mome
tum kp . We have evaluated these distortion functions alo
kp ,

Dkp
~r !5expF 2 i

\vp
E

2`

z

dz8Vp~b,z8!G , ~29!

whereVp is the optical potential for the beam proton. Th
functionF, whose dependence onkD andm will henceforth
be suppressed for brevity, is obtained from Eq.~25!. With the
eikonal approximation this simplifies to

FG0
21~m!2PD22ikD

]

]zGF~b,z!5Dp8~b,z!Dp~b,z!,

~30!
n-
ng

e

where

G0~m!5@m22mD
21 iGDmD#21 ~31!

is the propagator for the freeD. The solution of Eq.~30!
gives

F~b,z!5
1

2ikD
E
z

`

FD~b;z,z8! f ~b,z8!dz8, ~32!

where
FD~b;z,z8!5expF i

2kD
~m22mD

21 iGDmD!~z82z!GexpF2 i

vD
E
z

z8
VD~b,z9!dz9G ~33!

and

f ~b,z!5expF2 i E
z8

`SVp8~b,z9!

vp8
1
Vp~b,z9!

vp
D dz9G . ~34!
r
s

f
f

Here, as we see,FD describes the propagation of theD from
z to its decay pointz8. f (b,z8) describes the same for th
decay productsp8 andp1 of theD from z8 to the detectors.
Equation~30! for F(b,z) thus gives the probability ampli-
tude for detectingp8p1 in the detector when theD is dis-
torted by the medium from its production point z to its dec
point z8 and the decay products p8 and p1 are distorted
from z8 to the detectors.

TheD dynamics implicit inF(b,z) becomes more trans
parent if we consider a nucleus with distorting potentia
having a sharp surface. For a radiusR of this surface, we can
split the ‘‘distorted’’D propagatorF into two parts, i.e.,

F~b,z!5F in~b,z!1Fout~b,z!, ~35!

where

F in~b,z!5
1

2ikD
E
z

A~R22b2)
dz8FD~b;z,z8! f ~b,z8! ~36!

and

Fout~b,z!5
1

2ikD
E

A~R22b2)

`

dz8FD~b;z,z8! f ~b,z8!

5
1

2ikD
E

A~R22b2)

`

dz8FD~b;z,z8! ~37!

These two functions, as we see, describe, respectively,
contributions to the cross section from the decay of theD
inside and outside the nuclear medium. The relative con
e

ay

-
ls

the

tri-

bution of these two regions, as seen from Eq.~33! for
FD(b;z,z8), is determined by the intrinsic decay length

l in5
kD

mDGD
5tvD ~38!

of theD. Because of this factor, theD, in traveling a distance,
L(b,z)@5A(R22b2)2z# from its production pointz to the
nuclear surface, gets attenuated by a facto
exp@2L(b,z)/tvD#. This attenuation, as is obvious, decrease
with an increase in the delta~hence the beam! momentum
and its lifetime. Consequently, the ratioF in /Fout→0 as the
beam momentumkp→` and/ort→`.

In case there is no distortion by the nuclear medium,F
can be shown to be independent of (b,z! and reduces to the
freeD propagator, i.e.,

F~b,z!5@m22mD
21 iGDmD#21[G0 . ~39!

The effect of the nuclear field on theD and its decay prod-
ucts, as is obvious from here, results in the modification o
this mass distribution and, through it, the modification o
other experimental observables associated withp8 andp1.

For no distortions, Eq.~17! for the transition amplitude
integralFfi simplifies to

Ffi5rba~q!G0 , ~40!

where

rba~q!5E dreiq–rrba~r ! ~41!
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is the nuclear transition density in momentum space. T
expression demonstrates that, apart fromG0 ~or its nuclear
modified version!, Ffi and the cross sections are determine
by the nuclear transition density.

III. RESULTS AND DISCUSSION

The results presented here are motivated by two aims:~i!
to see how these results compare with those in a mo
which considers the decay of theD only outside the nucleus
and~ii ! to see the extent to which theD distortions affect the
cross sections. Since the outcome of both these invest
tions depends on the speed of theD in the nucleus and the
distance it travels through the nucleus, we present calcu
tions for 500 MeV and 1 GeV beam energies and for12C and
208Pb target nuclei. The specific cross sections which
calculate are the four-momentum transfer distributions,
variant mass spectra ofpp1, and the proton energy spectr
in coincidentp andp1 measurements.

A. Input quantities

The calculations require the following quantities as inpu
~i! the pion-nucleon coupling constants and form factors
the vertices,~ii ! the resonance parameters of theD, ~iii ! the
nuclear transition densityrba , and~iv! the optical potentials
for protons, the pion, and theD.

The pion coupling and theD resonance parameters hav
already been given in Sec. II. These parameters reprod
the scattering data on thepp1→pp1 @13# reaction. For the
form factorsF andF* , we have used the monopole form

F~ t !5
L22mp

2

L22t
, ~42!

with L51.2 GeV/c for both vertices.
For nuclear transition densities we have used forms wh

reproduce electron scattering data. Since in the present p
our emphasis is not on the investigation of nuclear structu
effects on the (p,p8p1) cross sections, this choice of tran
sition densities should be adequate. For12C we take

rba~r !5r0@11a~r /b!2#exp~2r 2/b2!, ~43!

and for 208Pb we choose

rba~r !5
r0

11exp@~r2c!/d#
, ~44!

where r0 is fixed by the appropriate normalization of th
density. Other parameters are taken from the electron sca
ing analyses compilations by Jackson and Barrett and
Jager@14#. They are

a51.247, b51.649 fm,

c56.54 fm, d50.5 fm.

For optical potentials, since we expect their effect to
mostly absorptive at intermediate energies@15#, we use only
their imaginary parts. For pions we fix them using th
method of Ericson and Hu¨fner @16#, which is valid around
his
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the D resonance. In this method, the strength of the optic
potential is obtained from the refractive indexn of the pion
in the nuclear medium, where

n~E!5
K~E!

k~E!
~45!

and

W~E!52
k2

E
nI~E!. ~46!

HerenI is the imaginary part of the refractive index andK is
the pion wave number in the nuclear medium. The latter
obtained by solving the dispersion relation

K25k214pr f pN~K,E!, ~47!

where f pN is the p-N scattering amplitude in the nuclear
medium in the forward direction. Considering that the pio
scattering is dominated byp-wave scattering, the expression
for p1 scattering from a nucleus withN neutrons andZ
protons is

f p1N5
1

A
~Nfp1n1Z fp1p!'FN13Z

3A G f 33. ~48!

A Breit-Wigner resonant form for the amplitudef 33 gives

nI~E!5
XG/4

~E2ER1 3
4 X!21 1

4 G2
, ~49!

with

X54pn0c ~50!

and

c52FN13Z

3A G58~MeV!a3

11~ka!2
. ~51!

Heren0 is the nuclear density, anda51.24 fm.
The dispersion relation given in Eq.~47! is equivalent to

an optical potential approach, if the latter is defined throug
the folding of thep-N t matrix with the nuclear density.
Tandy et al. @17# have shown that such optical potential
contain nucleon knockout as the primary reactive conten
Therefore, the main contribution tonI(E) in Eq. ~49! is the
nucleon knockout (p1,p1N) channel. However, in addition
to this, the pion flux can also be lost through real absorptio
of the pion in the nuclear medium. The dominant chann
which contributes to such an absorption isDN→NN. We
have approximated this contribution to the pion optical po
tential by

Wabs5gGs/2, ~52!

whereGs is the spreading width. We takeGs570 MeV from
the D-hole model of pion absorption@18#. The factorg is
added to account for the fact that the (p,p8p1) reaction is a
peripheral reaction. This factor represents the fraction of t
central nuclear density in the region where this reaction tak
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place. We have choseng50.7. The resulting pion optical
potentials are listed in Table I.

For protons, the distorting potentials beyond 300 MeV a
obtained using the high energy ansatz

W5
1

2
vsT

pNn0 , ~53!

wheresT
pN is the total proton-nucleon cross section at th

proton speedv in their c.m. The values for the total cros
section are taken from the experimental data on proto
nucleon scattering@19#. The radial shapesr(r )/r(0) of the
potentials are taken to be the same as those given in E
~43!, ~44!, with n0 50.17 fm 23. Below 300 MeV the po-
tentials are taken from those available in the literature fro
the analyses of elastic scattering data of protons on12C at
various energies@20#. The radial shape for these potentials
the two-parameter Woods-Saxon form. The optical potenti
for 208Pb are taken of the same form except that the rad
parameter for it is enhanced in proportion toA1/3.

On delta optical potentials, not much information exist
ForTD<100 MeV we make recourse to theD-hole model of
Hirataet al. @18# and takeWD5245 MeV. For higher ener-
gies, as for protons, we make the high energy ansatz as g
in Eq. ~54!. Here, however, for obtainingsT

DN first we write
it as a sum of the elastic and the reactive par
sT

DN5sel
DN1s r

DN . Then assuming that the spin-average
elastic dynamics of the proton andD are not very different,
we assumesel

DN'sel
NN . For the reactive part, since up to

about 1.5 GeV the main reactive channel inDN scattering is
DN→NN, using the reciprocity theorem we write

s r
DN'sDN→NN5

1

2

kNN
2

2kDN
2 s~pp→nD11!, ~54!

wherekNN is the proton c.m. momentum corresponding
the same energy as is available in theDN c.m. An extra
factor 1/2 is introduced to account for the identity of tw
particles in the final state. Using the experimentally know
cross sections for thepp→nD11 reaction@21#, the resulting
D optical potentials at representative energies are also lis
in Table I.

TABLE I. Optical potentials for pion andD.

TD ~MeV! 2WD ~MeV! Tp ~MeV! 2Wp ~MeV!

,100 45 40 25
120 32 100 67
200 35 150 88
350 45 200 90
450 48 250 57
650 51 300 38
800 52 350 33
- - 400 28
- - 600 26
re
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B. Calculated cross-sections

In Figs. 2 and 3 we show the four-momentum transfe
distributions for12C at 500 MeV and 1 GeV beam energies
Theoretically, the cross sections are calculated by integrati
Eq. ~59! over theD mass between 1120 and 1300 MeV
Experimentally, these cross sections can be obtained eith
by measuring the four-momentum of the recoil nucleus o
the four-momenta of the decay productsp8 andp1 of theD.
The results in Figs. 2 and 3 have three curves. Curvea
corresponds to a situation where we assume no nuclear d
tortion of continuum particles. These are the plane wav
~PW! results. Curveb includes the distortion of the beam
proton and the propagatingD. This curve, therefore, corre-
sponds to a situation when theD is assumed to decay

FIG. 2. Four-momentum transfer distribution at 500 MeV beam
energy for12C. Curvea, no distortion for any continuum wave~PW
results!. Curveb includes distortions for the beam andD. Curvec
includes distortions for beam,D, p8, andp1.

FIG. 3. Four-momentum transfer distribution at 1 GeV beam
energy for12C. The description of various curves is the same as
Fig. 2.
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53 1923D DECAY IN THE NUCLEAR MEDIUM
always outside the nucleus. Curvec includes, in addition, the
nuclear distortion ofp8 and p1. From these curves it is
evident thatds/dt, at both energies, can get modified in
major way by nuclear distortions. However, at 1 GeV t
main modifications in the PW curves arise due to proton
delta distortions; at 500 MeV distortion of the outgoing pr
ton and pion is equally important. We also notice that
higher energy the main effect of the distortions is the red
tion in the magnitude of the cross sections. At lower ene
distortions also fill in the minima in theds/dt distributions.
Quantitatively, the peak cross section at 1 GeV gets redu
by a factor of about 6 due to the beam proton andD distor-
tions and by an additional factor of 3/2 due top8 andp1

distortions. At 500 MeV the corresponding factors are ab
2 and 3, respectively.

In Figs. 4 and 5 we display the calculated invariant m
(m) distributions for the decay productsp8 andp1 of theD.
The results again are given for 500 MeV and 1 GeV be
energies and theD going in the forward direction. For an
isolatedD these distributions should peak around 1230 M
In our results, all the distributions are shifted towards a low
mass. At 1 GeV the peak appears around 1200 MeV, whil
500 MeV it appears around 1150 MeV. Since this shift a
pears in the PW results also, it is caused primarily by
nuclear transition densityrba . The distortion of the con-
tinuum particles controls the magnitude of the cross sectio
The quantitative reductions in the peak cross sections at
energies are similar to those seen earlier in the fo
momentum transfer distributions. This again means that
GeV the additional effect of thep8 andp1 distortion is not
much, while at 500 MeV it is of the same magnitude as t
due to the beam andD distortions.

Since the inclusive measurements normally tend to ha
large background, it is sometimes preferable to make ex
sive measurements, though the cross sections in these
surements are smaller. In Figs. 6 and 7 we show the ca
lated proton energy spectra for the coincident measurem

FIG. 4. Invariant mass distribution at 500 MeV beam energy
12C. uD50°. The description of various curves is the same as
Fig. 2.
a
he
and
o-
at
uc-
rgy

ced

out

ass

am

eV.
er
e at
p-
the

ns.
both
ur-
at 1

hat

ve a
clu-
mea-
lcu-
ents

of the decay productsp8 andp1. As an example, the result
are given for the two particles being produced at 10°
either side of the beam direction. In these results we ag
find that at 1 GeV the dominant effect arises due to t
distortion of the beam and delta. The distortion ofp8 and
p1 has a small effect. At 500 MeV, on the other hand, t
distortions of all the continuum particles have equal effec

To see the dependence of the above results on nuclear
we have calculated distributions for a208Pb target. Since for
this nucleus we find that the calculated cross sections
very small at 500 MeV beam energy, only 1 GeV results a
shown. In Figs. 8 and 9 we display the calculated invaria

for
in

FIG. 5. Invariant mass distribution at 1 GeV beam energy
12C. uD50°. The description of various curves is the same as
Fig. 2.

FIG. 6. The outgoing proton energy distribution in th
(p,p8p1) reaction for a coplanar geometry,up8510° and
up5210°. The beam energy is 500 MeV and the target is12C. The
description of various curves is the same as in Fig. 2.
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1924 53B. K. JAIN AND BIJOY KUNDU
mass distribution and the outgoing proton energy spectr
for the coincident p8 and p1 measurements. Unlike the
12C results, here we find that, even at 1 GeV, the effect
p8 and p1 distortion is as important as that of the beam
proton andD. Furthermore, the distortions here not only re
duce the magnitude of the cross sections, they also cha
their shapes. The plane wave invariant mass distributio
which previously had three peaks, has only one peak wh
all the distortions are included.

Finally, in Figs. 10 and 11 we present some results
isolate the effect on the measured cross sections due to
D-nucleus interaction alone, and also to see the effect of
real part of its potential on the cross sections. As a

FIG. 7. The outgoing proton energy distribution in th
(p,p8p1) reaction for a coplanar geometry,up8510° and
up5210°. The beam energy is 1 GeV and the target is12C. The
description of various curves is the same as in Fig. 2.

FIG. 8. Invariant mass distribution at 1 GeV beam energy f
208Pb.uD50°. The description of various curves is the same as
Fig. 2.
um
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illustration we showds/dm for 12C at 500 MeV and 1 GeV.
The results are shown for three situations. Curvesa include
no delta distortion,b include only the imaginary partWD , of
VD , andc includes both real and imaginary parts ofVD . The
beam,p8, andp1 distortions are included in all the curves
However, unlike earlier curves, these distortions now includ

e

or
in

FIG. 9. The outgoing proton energy distribution in the
(p,p8p1) reaction for a co-planar geometry,up8510° and
up5210°. The beam energy is 1 GeV and the target is208Pb. The
description of various curves is the same as in Fig. 2, except that
cross sections in curvesa andb are shown after dividing them by
factors of 100 and 10, respectively.

FIG. 10. Sensitivity of the invariant mass distribution at 50
MeV beam energy to the distortion of theD in the nuclear medium.
The target nucleus is12C anduD50°. Curvea, no D distortion.
Curveb, D distortion with only the imaginary partWD of its po-
tential. Curvec, D distortion with the imaginary as well as real par
of its optical potential. All curves include the distortion~including
the real part of their potentials! of beam,p8, andp1.
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53 1925D DECAY IN THE NUCLEAR MEDIUM
the effect of their real potentials (U) also. From the compar
son of various curves in these figures, we find that the e
of theD-nuclear collisions does get reflected in the final
sults to a significant extent. At 1 GeV, the termWD sup-
presses the peak cross section by about 30%, while at
MeV this suppression factor is 50%. The effect ofUD on the
cross sections, however, is not much. At 1 GeV its effec
the magnitude of the cross sections is within 10%, while
500 MeV it is insignificant. Inclusion ofUD also does no
lead to any perceptible shift in the peak position of the
variant mass distributions.

The real parts of the optical potentials for protons a
deltas in the above figures are fixed using the same pr
dure as given earlier for their imaginary parts. For pions,
the imaginary part, they are obtained through the real pa
its refractive index, i.e.,

FIG. 11. Sensitivity of the invariant mass distribution at 1 G
beam energy to the distortion of theD in the nuclear medium. Th
target nucleus is12C and uD50°. The description of differen
curves is the same as in Fig. 10.
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2 , ~55!

where

nr~E!512

1
2 X~E2ER1 3

4 X!

~E2ER1 3
4 X!21 1

4 G2
. ~56!

IV. CONCLUSIONS

In conclusion, for the (p,p8p1) reaction, proceeding
through aD excitation in the intermediate state,~i! around 1
GeV beam energy and in lighter target nuclei~like 12C!, the
cross sections obtained in a model, which considers theD
decay only outside the nuclear medium, are not significan
different from those obtained in a model which also includ
the D decay inside the nuclear medium. At lower energi
(;500 MeV! and/or for heavier nuclei~like 208Pb! the situ-
ation is different. The calculated cross sections in two mo
els can differ significantly in magnitude as well as shape.

~ii ! The distortion of theD by the nuclear medium yields
a suppression of the magnitude of the measured cross
tions. The peak position of the invariant mass and other d
tributions remain uneffected by it.

~iii ! The peak positions in the invariant mass and oth
distributions are determined by the range of momentu
transfer involved and the nuclear transition density. Com
pared to an isolated delta, the peak positions in them distri-
butions get shifted towards lower mass. At 1 GeV this shift
small (mpeak21232'30 MeV!, while at 500 MeV it is large
(mpeak21232'80 MeV!.

The authors wish to thank the referee and Prof. J. T. Lo
dergan for many useful comments and their assistance
improving the presentation of the paper.
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APPENDIX

The phase space factor@PS# in Eq. ~2! can be calculated for different kinematic settings. In the c.m. system, for the ene
distribution of the outgoing protons, it is

@PS#5
1

~2p!5
mDm

2EAEB

As
kp8kp

3

pc

1

kp
2 ~As2Ep8!1Ep~kp8•kp!

dEp8dVp8dVp ~A1!

For the mass distribution of theD it is

@PS#5
m

~2p!5
mDm

2EAEB

s

KBkp
3

pc

1

kp
2 ~As2EB!1Ep~KB•kp!

dmdVBdVp , ~A2!

and for the four momentum transfer distribution it is given by

@PS#5
m

2~2p!5
mDm

2EAEB

s

kp
3

pc
2

1

kp
2 ~As2EB!1Ep~KB•kp!

dmdtdfBdVp . ~A3!
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