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Energy dependence of theNN t matrix in the optical potential for elastic
nucleon-nucleus scattering

Ch. Elster and S. P. Weppner
Institute of Nuclear and Particle Physics, and Department of Physics, Ohio University, Athens, Ohio 45701

~Received 8 August 1997!

The influence of the energy dependence of the freeNN t matrix on the optical potential of nucleon-nucleus
elastic scattering is investigated within the context of a full-folding model based on the impulse approximation.
The treatment of the pole structure of theNN t matrix, which has to be taken into account when integrating to
negative energies, is described in detail. We calculate proton-nucleus elastic scattering observables for16O,
40Ca, and208Pb between 65 and 200 MeV laboratory energy and study the effect of the energy dependence of
the NN t matrix. We compare this result with experiment and with calculations where the center-of-mass
energy of theNN t matrix is fixed at half the projectile energy. It is found that around 200 MeV the fixed
energy approximation is a very good representation of the full calculation; however, deviations occur when
going to lower energies~65 MeV!. @S0556-2813~98!01201-1#

PACS number~s!: 25.40.Cm, 24.10.Ht
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I. INTRODUCTION

The scattering of protons and neutrons from nuclei ha
long history as a tool to investigate the details of the reac
mechanism between a nucleon and a many-nucleon sys
The spectator expansion of multiple-scattering theory@1–3#
is our theoretical approach to define an optical potential
elastic nucleon-nucleus scattering. This expansion is pr
cated upon the idea that two-body interactions between
jectile and target nucleons play the dominant role.

In its most general form, the first-order single-scatter
optical potential within the framework of the spectator e
pansion is given by the expectation value of the nucle
nucleon (NN) transition amplitude and the ground state
the target nucleus. This ‘‘full-folding’’ optical potential in
volves the convolution of the fully-off-shell two-nucleo
scattering amplitude with a realistic nuclear density mat
In this form, the exact calculation of this optical potent
requires a three-dimensional integration, in which the in
gration variable is coupled to the energy of propagation
the projectile and target nucleon. This very fact leads t
full-folding optical potential, which explicitly treats the off
shell behaviorand the energy dependence of theNN t matrix
when carrying out the integration. Full-folding models alo
this line have been proposed and carried out@4,5# with the
conclusion that these model calculations based on the
NN t matrix give a good description of the data for energ
between 200 and 400 MeV, but, however, are rather poo
200 MeV and below. We have repeated these calculat
within our computational framework based on a full-foldin
model employing a realistic nuclear density matrix and a f
NN t matrix where the off-shell behavior as well as t
energy dependence are taken into account. However, w
not find as large effects as shown in Refs.@4,5#.

It can be argued that at intermediate energies the sca
ing of a projectile from a nucleon in the target nucleus m
resemble freeNN scattering mainly in the forward direction
This is the justification for a common approximation to t
optical potential in which the energy of theNN t matrix is
570556-2813/98/57~1!/189~7!/$15.00
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uncoupled from the integration variable by fixing it at ha
the projectile laboratory energy. We will study the accura
of this assumption at different projectile energies.

The structure of this paper is as follows. First we w
review in Sec. II the relevant expressions for the sing
scattering optical potential in the impulse approximation
well as the full-folding procedure as used in our calculatio
We will describe in some detail the numerical implemen
tion for treating the energy dependence of theNN t matrix,
especially since this was left out in Ref.@4#. We then present
in Sec. III elastic scattering results for proton scattering fro
a variety of nuclei in the energy regime between 65 and 2
MeV, and end with concluding remarks in Sec. IV.

II. THEORETICAL FORMULATION

The transition amplitude for elastic scattering of a proje
tile from a target nucleus is given as@3#

Tel5PUP1PUG0~E!Tel , ~2.1!

where P is the projector on the ground stateuFA& of the
target, P5uFA&^FAu/^FAuFA&, and G0(E)5(E2H0
1 i«)21. For the scattering of a single-particle projecti
from an A-particle target nucleus the free Hamiltonian
given by H05h01HA , where HA stands for the targe
Hamiltonian. In the spirit of the spectator expansion the t
get Hamiltonian is viewed asHA5hi1( j Þ iv i j 1Hi , where
hi is the kinetic energy operator for thei th target nucleon,v i j
the interaction between target nucleoni and the other targe
nucleonsj , andHi is an (A21)-body operator containing al
higher order effects. In a mean field approximation( j Þ iv i j
'Wi , whereWi is assumed to depend only on thei th par-
ticle coordinate. Thus, the propagator consistent with the
order in the spectator expansions is given as

G0~E!'Gi~E!5@~E2Ei !2h02hi2Wi1 i«#21. ~2.2!

HereHi , having no explicit dependence on thei th particle, is
replaced by an average energyEi , which is at most equiva-
189 © 1998 The American Physical Society
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190 57CH. ELSTER AND S. P. WEPPNER
lent to the separation energy of a nucleon from the nucle
In most of our calculations we setEi50, since the projectile
energies are in comparison much larger. We will test t
assumption. Since we are considering the optical potentia
the impulse approximation, we neglect the mean fieldWi of
Eq. ~2.2! in the following.

The driving term of Eq.~2.1! denotes the optical potentia
which in first order is given as

^k8u^FAuPUPuFA&uk&[Û~k8,k!

5 (
i 5n,p

^k8u^FAu t̂0i~E!uFA&uk&.

~2.3!

Here k8 and k are the external momenta of the system a
t̂0i(E) represents theNN transition operator

t̂0i~E!5v0i1v0igi~E!t̂0i , ~2.4!

with

gi~E!5@~E2Ei !2h02hi1 i«#21 ~2.5!

andv0i representing theNN interaction. The sum overi in
Eq. ~2.3! indicates the two different cases, namely, when
target nucleon is one ofZ protons and when it is one ofN
neutrons. The energyE is the energy of the interacting sys
tem. Inserting a complete set of momenta for the struck
get nucleon before and after the collision and evaluating
momentum-conservingd functions gives, as a final expres
sion for the full-folding optical potential@6,7#,

Û~q,K !5 (
i 5n,p

E d3Ph~P,q,K !t̂0iFq,
1

2S A11

A
K2PD ,EG

3r i S P2
A21

A

q

2
,P1

A21

A

q

2D . ~2.6!

Here the arguments of theNN amplitudet̂0i are q5k82k
5K82K and 1

2 (K81K)5 1
2 $@(A11)/A#K2P%, whereK8

5 1
2 @k82(P2q/22K /A)# and K5 1

2 @k2(P1q/22K /A)#
are the nonrelativistic final and initial nuclear momenta
the zero-momentum frame of theNN system, andK5 1

2 (k8
1k). The factorh(P,q,K ) is the Mo” ller factor for the frame
transformation@8#, and r i represents the density matrix o
the target. Evaluating the propagatorgi(E) of Eq. ~2.5! in the
s.

s
in

d

e

r-
e

nucleon-nucleus (NA) center-of-mass frame yields, for th
energy argumentE of the NN amplitudet̂0i of Eq. ~2.6!,

E5ENA2

S A21

A
K1PD 2

4mN
. ~2.7!

HereENA is the total energy in theNA center-of-mass frame
and mN is the nucleon mass. At this point we assumeEi

50 as was discussed earlier. Since we employ relativi
definitions for the NA kinematics, we have ENA

5A(kc)21(mNc2)21A(2kc)21(mAc2)2, where mA de-
notes the mass of the nucleus. With these definitions,
optical potential of Eq.~2.6! becomes

Û~q,K !5 (
i 5n,p

E d3Ph~P,q,K !t̂0i
F q,

1

2S A11

A
K2PD ,

ENA2

S A21

A
K1PD 2

4mN

G
3r i S P2

A21

A

q

2
,P1

A21

A

q

2D .

~2.8!

This expression shows that the evaluation of the full-foldi
integral requires theNN t matrix to be not only off shell but
also at energiesENA>E.2`. Specifically, when going to
negative energies, we have to take into account the p
structure of theNN t matrix. TheNN interaction supports a
bound state atEd522.225 MeV in the 3S1- 3D1 channel,
the deuteron, and a virtual state in the1S0 channel at266
keV, the ‘‘diproton.’’ A virtual state means a pole of theNN
t matrix in the second sheet of the complex energy pla
which manifests itself on the real axis as a very narrow fin
peak ~about 100 keV wide! around the pole position. The
deuteron, a true bound state, causes a pole in theNN t matrix
at the binding energyEd . In order to explicitly treat this
pole, we factorizet̂0i into a pole term and a residue functio

t̄ 0i5 t̂0i
S ENA2

S A21

A
K1PD 2

4mN
2Ed

D , ~2.9!

so that the optical potential takes the form
egration
Û~q,K !5 (
i 5n,p

E d3P

t̄ 0i
F q,

1

2S A11

A
K2PD ,ENA2

S A21

A
K1PD 2

4mN

G
ENA2

S A21

A
K1PD 2

4mN
2Ed1 i e

h~P,q,K !r i S P2
A21

A

q

2
,P1

A21

A

q

2D .

~2.10!

To obtain a simple pole, which can be treated with standard numerical methods, we perform a change of the int
variable toQ5@(A21)/A#K1P, and Eq.~2.10! becomes



`
t̄ 0i S q,

1

2
~2K2Q!,ENA2

Q2

4m D A21 q A21 q
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Û~q,K !5 (
i 5n,p

E dQ̂E
0

dQQ24mN
N

Qd
22Q21 i e

h~Q,q,K !r iFQ2
A S K1

2D ,Q2
A S K2

2D G
5 (

i 5n,p
E dQ̂PE

0

`

dQQ24mN

t̄ 0i S q,
1

2
~2K2Q!,ENA2

Q2

4mN
D

Qd
22Q2

h~Q,q,K !r iFQ2
A21

A S K1
q

2D ,Q2
A21

A S K2
q

2D G
2 i (

i 5n,p
E dQ̂2pmNQd t̄ 0i S q,

1

2
~2K2QdQ̂!,EdDh~QdQ̂,q,K !r iFQdQ̂2

A21

A S K1
q

2D ,QdQ̂2
A21

A S K2
q

2D G .
~2.11!
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Here *dQ̂ represents the angular integration,Qd

5A4mN(ENA2Ed), andP denotes a Cauchy principal valu
integral.

The cut in the integrand of Eq.~2.11! indicates the open
ing of a new channel in the scattering reaction. In this s
cific case it is the deuteron pickup channel, describing w
an incoming projectile proton picks up a neutron and a d
teron is knocked out, thus removing flux from the elas
channel. In order to obtain somea priori estimate on the
possible size of this additional channel on the elastic sca
ing reaction, it is worthwhile to look at experimental info
mation on the deuteron pickup reaction.

In the 1980s cross sections of the (p,d) reaction have
been measured for the closed shell nuclei considered
@9–11#. For 40Ca at 200 MeV, the differential cross sectio
for the (p,d) reaction for small angles~10° –20°) is about 1
mb/sr while at 65 MeV it is about 10 mb/sr. Compared to t
typical size of differential cross sections for elastic scatter
in a similar angular range~cf. Figs. 2 and 6!, this is quite
small. The effect of this additional channel will be studied
our calculations of elastic scattering observables and c
pared to calculations where the integration variable is dec
pled from the energy of propagation of the projectile a
target nucleon. The latter is an approximation where the
ergy of theNN t matrix is fixed at half the beam energy
the laboratory frame,

E5E05
1

2

klab
2

2mN
5

1

2

S A11

A
k0D 2

2mN
, ~2.12!

whereklab andk0 are the on-shell momenta in the laborato
andNA system, respectively. With this fixed energy appro
mation the full-folding optical potential of Eq.~2.10! be-
comes

Û~q,K !5 (
i 5n,p

E d3Ph~P,q,K !t̂0iFq,
1

2S A11

A
K2PD ,E0G

3r i S P2
A21

A

q

2
,P1

A21

A

q

2D . ~2.13!
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Full-folding calculations based on this approximation ha
been carried out by several groups@6,12#.

Fixing the energy atE0 as given in Eq.~2.12! is a ‘‘his-
toric’’ choice, made by all calculations based on the Kerma
McManus-Thaler~KMT ! formulation@13#. The argument for
this specific choice ofE0 is that this is the energy at whic
free NN scattering at a fixed target nucleon would occ
This choice ofE0 favors the forward scattering process, a
it was argued that due to the narrow peaking of the densit
momentum space, the scattering is dominated by forw
scattering. Having in mind that the differential cross sect
for, e.g., proton scattering from208Pb at 200 MeV falls off
by five orders of magnitude between 5° and 30°, this ar
ment may capture some truth; however, it needs to be te
numerically.

Before discussing the results of our calculations,
would like to elaborate some more on the details of our
merical implementation. Treating the pole structure of t
NN t matrix while integrating over the energy of the prop
gation is standard in modern three-nucleon scattering ca
lations @14#. However, these calculations are carried out
partial waves, which allows treating the3S1- 3D1 and 1S0
channels separately. Our calculation of the full-folding op
cal potential of Eq.~2.11! is carried out directly in three
dimensions based on Monte Carlo integration. Thus, for
neutron-proton part of the optical potential, we have to tr
the pole singularity and the virtual state simultaneously. T
principle value integral of Eq.~2.11! is treated with standard
subtraction techniques. When calculating the optical pot
tial as given in Eq.~2.11!, we have to interpolate theNN t
matrix in four dimensions,uqu,u2K2Qu,(2K2Q)•q, and
the energy. For the momenta we use a three-dimensionB
spline, for the energy a linear interpolation, since over a la
range of energies theNN t matrix is a slowly varying func-
tion of the energy. When carrying out the energy integrat
of Eq. ~2.11!, we find that for the higher projectile energie
integrating out to2100 MeV c.m. energy in theNN t matrix
is sufficient, while for the lower energies~65 MeV! we need
to integrate out to2400 MeV c.m. energy.

Of course, the argument of theNN t matrix being a
slowly varying function of the energy is not true in the im
mediate vicinity of the virtual state in the1S0 channel. Since
the peak around the pole position in the second energy s
is finite and very narrow, we evaluate the integral over tht
matrix in this region separately and define
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t̂av,i~q,K ,ENA!5
1

D11D2
E

Q02D1

Q01D2
dQt̂0i

3S q,
2K2Q

2
, ENA2

Q2

4mN
D , ~2.14!

whereQ0 is defined viaENA2Q0
2/4mN50, which is close to

the pole position on the second sheet of the complex en
plane. The ‘‘average’’t̂av,i is usually obtained from 40 en
ergy points over a momentum interval of 0.5 MeV, and
then used as one of the interpolation points in the ene
interpolation. The midpointQ0 for the integration in Eq.
~2.14! depends viaENA on the projectile energy, which im
plies that the averaging process has to be carried out for
projectile energy. If we want to simplify the numerical pr
cedure and createt̂av,i only once, we change the integratio
variable fromQ to E and calculate

t̂av,i~q,K ,E0!5
1

2d1
E

E02d1

E01d1
dEt̂0i S q,

2K2Q

2
,ED , ~2.15!

where we have chosenE050 MeV andd150.25 MeV. The
error in obtainingt̂av,i from Eq. ~2.15! instead of Eq.~2.14!
is small if 2d1 /ENA is small. For our worst case teste
ENA550 MeV for proton scattering from208Pb, the numeri-
cal error was 1%.

III. RESULTS AND DISCUSSION

In this paper the study of elastic scattering of proto
from spin-zero target nuclei at energies that range from 6
200 MeV incident projectile energy is strictly first order
the spectator expansion and based on the impulse app
mation. The full-folding optical potential is calculated as ou
lined in the previous section, specifically as given in E
~2.11!. As a model for the density matrix for the targ
nucleus we employ a Dirac-Hartree~DH! calculation@15#.
The Fourier transform of the vector density,r(r 8,r ), serves
as our nonrelativistic single-particle density@6#. Another cru-
cial ingredient in the calculation of the optical potent
Û(q,K ) is the fully-off-shellNN t matrix. The calculations
presented here employ theNN t matrix based on the charge
dependent Bonn potential@16#. This potential is fitted to de-
scribe the Nijmegen database with ax2 per datum;1. It is
also to be understood that we perform all spin summation
obtaining Û(q,K ). This reduces the requiredNN t matrix
elements to a spin-independent component~corresponding to
the Wolfenstein amplitudeA! and a spin-orbit componen
~corresponding to the Wolfenstein amplitudeC). Since we
are assuming that we have spin-saturated nuclei, the com
nents of theNN t matrix depending on the spin of the struc
nucleon vanish. The Coulomb interaction between the p
jectile and the target is included using the exact formulat
as described in Ref.@17#.

At first we want to concentrate on proton scattering fro
different target nuclei at an intermediate energy. In Fig. 1
display the differential cross sectionds/dV, the analyzing
powerAy , and the spin rotation functionQ, for elastic pro-
ton scattering from16O. The solid line represents the fu
calculation of the optical potential according to Eq.~2.11!
gy

y
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e

and the dashed line shows the calculation where the en
of theNN t matrix is fixed at half the projectile energy. It i
remarkable how close the fixed energy result is to the
calculation. This may stem from a relatively weak ener
dependence of theNN t matrix and the fact that the folding
with the sharply peaked density matrix does not sample
NN t matrix in the negative energy region. We confirm
this numerically by artificially limiting the energy integratio
to positive energies and did not find noticeable effects in
scattering observables at 200 MeV. In Fig. 2 we show
observables for elastic proton scattering from40Ca at 200
MeV and in Fig. 3 those for elastic proton scattering fro
208Pb. As in Fig. 1, the solid line represents the full calcu
tion of the optical potential taking the energy dependence
theNN t matrix into account, whereas the dashed line sho
the calculation at fixed energyE0 given in Eq.~2.13!. For all
three nuclei the fixed energy result is remarkably close to
full calculation, a conclusion which essentially was al
drawn in Ref.@4#. A general trend is that for the fixed energ
calculation the dip structure in the differential cross sect
and the spin observables is slightly more pronounced.

In order to assess the importance of the additional ene
shift given byEi in Eq. ~2.2!, we show in Fig. 1 a calculation
~including the energy dependence of theNN t matrix!, which
was performed settingEi528 MeV. This results in a shift
of the total energy of theNA system to a slightly higher
value, as suggested already in Refs.@18,19#. The effect of
this energy shift is negligible at 200 MeV as shown in Fig.

Next we turn to lower projectile energies, where we m

FIG. 1. The angular distribution of the differential cross secti
(ds/dV), analyzing power (Ay), and spin rotation function (Q) are
shown for elastic proton scattering from16O at 200 MeV laboratory
energy. The solid line represents the calculation performed wi
first-order full-folding optical potential based on the DH dens
@15# and the CD-Bonn model@16# including the energy dependenc
of the NN t matrix. The dashed line represents a calculation wh
the energy of theNN t matrix is fixed at half the projectile energy
The dash-dotted line stands for a calculation including the ene
dependence of theNN t matrix and an additional energy shift b
Ei528 MeV. The data are taken from Ref.@21#.
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expect to see differences between the full calculation incl
ing the energy dependence of theNN t matrix and a calcu-
lation with aNN t-matrix energy fixed at half the projectil
energy. In Fig. 4 we display the results for proton scatter
from 208Pb at 160 MeV and in Fig. 5 those for proton sca
tering from 16O at 135 MeV. Compared to the results at 2
MeV, the difference between the solid line, which represe
the full calculation, and the dashed line, which represents
calculation for a fixed energy of theNN t matrix, becomes
more pronounced, especially forAy at larger angles as show
in Fig. 4. A similar figure is shown in Ref.@4#; however, a
direct comparison between calculations is not possible, s

FIG. 2. Same as Fig. 1, except that the target nucleus is40Ca,
and the dash-dotted line is omitted. The data are taken from
@22#.

FIG. 3. Same as Fig. 2, except that the target nucleus is208Pb.
The data are taken from Ref.@23#.
-

g
-

ts
e

ce

different NN t matrices as well as densities are employe
The scattering observables given in Fig. 5 for proton scat
ing from 16O at 135 MeV exhibit less difference between t
solid and dashed lines, leading to the conclusion that eve
this relatively low energy the fixed energy prescription in t
optical potential is still amazingly and perhaps unexpecte
good. One common trend is becoming apparent in Figs
and 5, namely, that the differential cross sections predic
by the full calculations are systematically higher compa
to the ones predicted by the calculations employing aNN t
matrix at a fixed energy. In Fig. 5 we also include a fu
calculation, in which the energy shiftEi is chosen to beEi

528 MeV ~dash-dotted line!. Again, we conclude that the

f.
FIG. 4. Same as Fig. 3, except for208Pb at 160 MeV proton

kinetic energy. The data are taken from Ref.@24#.

FIG. 5. Same as Fig. 1, except for16O at 135 MeV proton
kinetic energy. The data are taken from Ref.@25#.
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194 57CH. ELSTER AND S. P. WEPPNER
effect of this energy shift is minute.
Last we want to consider scattering observables at an

ergy below 100 MeV projectile energy. It has already be
stated in the literature@3,5,20# that at these low energies th
strict impulse approximation is insufficient to describe t
experimental observables. We arrive again at the same
clusion, when showing in Fig. 6 the scattering observab
for proton scattering from40Ca at 65 MeV. However, this is
not the main point we want to make. When comparing
calculation including the energy dependence of theNN t
matrix in the optical potential~solid line! with a calculation
where the energy is fixed at half the projectile ener
~dashed line!, we clearly see that the additional channels,
deuteron pickup channel and the diproton state, have a
able effect on the elastic observables. This is consistent
the experimental data, which show that the cross section
the (p,d) reaction is getting larger at lower energies. T
differential cross section predicted by the full calculati
~solid line! is higher than the one predicted by the calculat
using the fixed energy prescription~dashed line!, and actu-
ally slightly closer to the experiment. The spin observab
obtained from the full calculations show much less struct
compared to those from the fixed energy calculation. Ho
ever, both impulse approximation calculations do not
equately describe the spin observables. A similar conclus
was drawn in Ref.@5#, although there the effect of includin
the deuteron and diproton channel is more dramatic tha
our calculations. For the first time we also observe a visi
effect on the scattering observables, when we introduce
energy shift by settingEi528 MeV ~dash-dotted line!.

From Fig. 6 we see that the impulse approximation, e
if accurately and completely calculated, is clearly inadequ
in describing the elastic scattering observables at such a
energy, and additional effects have to be included. The
term in the spectator expansion contains as an additi
term the coupling of the struck target nucleon to the resid

FIG. 6. Same as Fig. 1, except for40Ca at 65 MeV proton
kinetic energy. The additional dotted line denotes a calculation
cluding the effect of the coupling of the struck target nucleon to
residual nucleus. The data are taken from Ref.@26#.
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nucleus@3#. For comparison we include a calculation in Fi
6 as a dotted line, where this term is calculated in an appr
mate fashion as described in Ref.@19#. We see that this ad
ditional ‘‘medium’’ contribution is necessary to get a bett
description of the spin observables.

IV. CONCLUSION

We have calculated the full-folding integral for the firs
order optical potential using the impulse approximati
within the framework of the spectator expansion of multip
scattering theory. The exact calculation of this full-foldin
integral requires a three-dimensional integration, in wh
the integration variable is coupled to the energy of propa
tion of the projectile and target nucleon. We have carried
the calculation taking into account the pole structure of
NN t matrix when integrating to negative energies. Our o
tical potentials are based on a Dirac-Hartree model for
nuclear density matrix and the charge-dependent Bonn
tential for theNN t matrix. ThisNN t matrix describes the
NijmegenNN database with ax2 per datum;1 up to about
350 MeV laboratory energy. The Dirac-Hartree model p
vides a very good description of the experimentally extrac
proton distribution for the nuclei under consideration. Rec
and frame transformation factors are implemented in the
culation in their complete form. We calculate elastic scatt
ing observables for16O,40Ca, and208Pb at projectile ener-
gies from 65 to 200 MeV laboratory energy and compare
full calculation with calculations in which the energy of th
NN t matrix is fixed at half the projectile energy. We fin
that this fixed energy prescription describes the full calcu
tion remarkably well for proton scattering at 200 MeV pr
jectile energy. This leads to the conclusion that the p
structure of theNN t matrix does not play a role at interme
diate energies. For projectile energies below 200 MeV
find that the influence of the deuteron and diproton st
slowly gains importance as we approach lower energ
However, between 100 and 200 MeV these effects are
relatively small. This is consistent with the small size of t
experimentally measured cross sections for the (p,d) reac-
tion. At 65 MeV we see considerable differences between
full calculation and the one in which the energy is kept fixe
Similar calculations were carried out in Refs.@4,5# based on
different input quantities. Our calculations confirm previo
results, namely, that at energies around 200 MeV projec
energy and higher the influence of the energy dependenc
quite small. However, we find smaller differences as w
suggested in Ref.@4# between our full calculation and th
fixed energy calculations at lower energies.

The calculations presented in this manuscript are stri
based on the impulse approximation using the freeNN t
matrix. It has been stated in many places that the impu
approximation is insufficient at energies around 100 M
projectile energy. We confirm this result, while carrying o
complete calculations of the optical potential taking into a
count the energy dependence of theNN t matrix. Additional
corrections have to be taken into account at lower energ
Within the framework of the spectator expansion these c
rections have been derived and carried out in an approxim
fashion@3#. A similarly complete calculation, as given he
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for the first-order term in the impulse approximation, w
require a complete Faddeev calculation of the correc
term, which is at present not possible.
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