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Folding model study of a-p scattering: Systematics of elastic scattering, effective interaction,
and inelastic excitation ofN* resonances
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For a description of elastic and inelastica-p scattering excitingN* resonances optical potentials and
transition potentials were derived by folding nucleon and nucleus mass densities with a variable range effective
interaction. For elastica-p scattering in forward direction, a reasonable description of essentially all data has
been obtained from low energies up to the GeV region. Also,a scattering from4He and 12C is quite well
described with potentials, which indicate that the used folding method is a valid approach for the systems in
question. The strong energy dependence of the deduced potentials can be accounted for by a sum of scalar and
vector meson-exchange potentials and a soft Pomeron-exchange contribution. The scalar meson-exchange
potential falls off rapidly with energy and has a large radius in agreement with theoretical predictions. Con-
sistent with the flavor SU~3! quark model, the vector-meson coupling is rather weak in the central potential, but
is strong in the spin-orbit potential, for which a soft Pomeron contribution is negligible. The differences
between the deduceda-p and nucleon-nucleon (NN) potentials are understood; further, an excellent descrip-
tion of the energy dependence of thes-wave NN amplitudes is obtained in the folding model framework.
Distorted wave Born approximation calculations for inelastica-p scattering show at-dependence of the
L50 cross section consistent with empirical form factors. Absolute yields for excitation of the resonances
P11(1440), D13(1520) andF15(1680) were calculated, using resonance shapes fromp-N scattering. A quan-
titative description of the data atEa54.2 GeV is obtained using fluid-dynamical transition densities and
strengths exhausting large fractions of scalar energy weighted sum rules. The rather pure scalar~non-spin-
isospin-flip! character of these excitations and the observed cross sections are in severe conflict with the
constituent quark model. Finally, a prediction is made forp-a scattering at an incident energy ofEp

52.2 GeV, which yields strongly increased cross sections forN* excitations.

DOI: 10.1103/PhysRevC.67.064001 PACS number~s!: 25.55.Ci, 25.10.1s, 13.75.Cs, 14.20.Gk
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I. INTRODUCTION

The investigation of the structure of baryons and parti
larly their excitations has received renewed attention du
improved experimental possibilities at new electron and h
ron accelerators. Concerning baryon resonances, an inte
ing aspect for studies with hadronic probes is the selecti
in particular reactions, e.g., in charge-exchange reactionD
resonances are seen exclusively, whereas ina-p scattering
‘‘scalar’’ N* resonances can be investigated. Such sc
~isoscalar non-spin-flip! N* excitations deserve special atte
tion, because their structure is not connected in a simple
to the underlying quark structure of baryons. However, th
is a direct but not well-understood connection to the sca
part of the strong interaction, which represents the stron
part of the nucleon-nucleon (NN) force at low energies~de-
scribed bys or 2p andv exchange! but also at high ener
gies ~multi-gluon-exchange!. Therefore, it is of significant
interest to investigate elastic and inelastica-p scattering at
energies up to several GeV~5–10 GeV!, paying particular
attention to the excitation ofN* resonances.

The study of elastic proton scattering from spin zero t
get nuclei at intermediate energies has received conside
attention over the past 30 years, both experimentally
theoretically ~see, e.g., the review by Ray, Hoffmann, a
Coker @1#!. Theoretically, in addition to the Glauber mod
0556-2813/2003/67~6!/064001~17!/$20.00 67 0640
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@2,3#, elasticp-A scattering has been studied in great de
using multiple-scattering optical potentials in a nonrelativ
tic approach with relativistic kinematics~see, e.g., the full-
folding model discussed in Ref.@4#!, but also in a relativistic
approach solving the Dirac equation@5#. In both approaches
an equally good description of the experimental data
been achieved@1#. Most of these studies have been pe
formed forp scattering from heavier nuclei (A>12). Elastic
p-a scattering has been studied in the nonrelativistic
proach, using the conventional optical potential@6# and the
Glauber model@3,7#, and more systematically in the energ
region 0.5–2 GeV in the relativistic approach@8# using Lor-
entz invariant optical potentials.

Concerning inelastic scattering, theoretical studies
higher energies are rather scarce and are limited to a dis
sion of low lying states of the target nucleus, see, e.g., R
@9#, or NN-ND coupling @10#. Experimental and theoretica
studies ofN* excitation ina-p scattering are discussed i
Refs.@11–13#.

For our study of elastic and inelastic scattering we us
the double folding method in the nonrelativistic approa
~applied successfully to nucleus-nucleus scattering@14,15#!.
However, different from the conventional approach~in which
the interaction between point nucleons is considered!, ex-
tended nucleon densities are used. This allows to derive
elastic transition densities by dynamically changing t
©2003 The American Physical Society01-1
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nucleon density~by deformation or shell transition in a quar
model!. In this approach the ‘‘effective’’ interaction acts be
tween the constituents of the projectile and target nucleo

By adjusting the strength and range of the effective int
action, forward anglea-p scattering is well described an
allows us to study the properties of the optical potential i
large energy region. At low energies the interaction is
scribed by meson exchange, for scalar interaction byp
exchange ors exchange~see, e.g., Ref.@16#!. At higher en-
ergies, the interaction is of short range. In a meson-excha
picture, vector-meson exchange (v and r exchange! is as-
sumed. Differently, quark model calculations~see, e.g., Ref.
@17#! predict strong core repulsion due to gluon exchange
high energies multigluon exchange is very strong in the s
lar channel and is considered as source of the phenom
logical Pomeron exchange~see Refs.@18,19#!. Although this
process dominates total nucleon-nucleon scattering onl
energies well above 10 GeV, soft Pomeron exchange m
already contribute to the scalar potential in the energy reg
in question.

The purpose of this work is to find a reliable descripti
of elastic and inelastic scattering including their interactio
over a wide energy region, which allows us to extract sp
troscopic information on the structure ofN* resonances. De
tails of the optical potentials and the results for elastic sc
tering are given in Secs. II and III. In Sec. IV a
interpretation of the energy dependence of the potential
terms of different exchange contributions is given. Fina
distorted wave Born approximation~DWBA! results for in-
elastic a-proton scattering are presented in Sec. V, wh
form factors and scalar excitation of theN* resonances
P11(1440), D13(1520), andF15(1680) are discussed.

II. OPTICAL MODEL DESCRIPTION OF FORWARD
ELASTIC SCATTERING

The nuclear optical potential is the standard tool to a
lyze nucleon-nucleus scattering in a phenomenological w
The Hamiltonian of the combined proton-nucleus system
replaced by an effective one-body Hamiltonian,

h~E!5K1U~E!, ~1!

whereK denotes the kinetic energy term of the projectile a
U(E) the optical potential.

Theoretical derivations of the optical potential are bas
on approximation schemes to the multiple-scattering se
@1#. In the energy region 100–800 MeV, the so-called fu
folding model @1,4# is the most successfull method, whe
the nucleon-nucleus scattering amplitude is expressed by
free nucleon-nucleon scattering amplitudet(E). The optical
potential for elastic scattering can be expressed by

U~E,kW8,kW !5 (
a51

A E d3p8

~2p!3E d3p

~2p!3
ua

†~pW 8!

3^kW8pW 8ut~E!ukWpW &ua~pW !, ~2!
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where the sum overa includes all occupied single-particl
levels ua(pW ), and t(E) represents the two-bodyt matrices.
Recall the definition of thet matrix,

t5v1vgt, ~3!

wherev is the bare nucleon-nucleon interaction andg refers
to the two-nucleon propagator.

Given the numerical complexity, the following approx
mations have been used~see Ref.@1#!: ~i! neglect of the
dependence of thet matrix element on the center-of-mas
momentumP, ~ii ! use of on-shell matrix elements only
Then, expression~2! simplifies to a product in momentum
space,

U~E,kW8,kW !5 r̃A~qW !^qW ut~E!uqW &, ~4!

with qW 5kW2kW8 and r̃A(qW )5(2p)23Sa*d3Pua
†(pW 8)ua(pW ).

Love and Franey@20# have expressed thet-matrix ele-
ments in momentum space by an expansion in Yukawa te
with different range parametersRi . For the central part of
the optical potential they obtain

^qW utc~E!uqW &54pS i

v i
cRi

3

11~qRi !
2

.

In coordinate space this corresponds totc(E,r )
5S iv i

cY(r /Ri) with Y(x)5e2x/x, giving rise to a coordi-
nate space representation of the optical potential,

U~E,rW !5E rA~rW1!tc~E,rW2rW1!dW r 1 . ~5!

By introducing an extended nucleon density, the optical
tential for a-p scattering corresponds to a double-foldin
expression,

U~E,rW !5E E r1~rW1!r2~rW2!t8~E,rW1rW12rW2!dW r 1dW r 2 ,

~6!

wherer1(rW1) andr2(rW2) represent ground state densities
target and projectile. Thet-matrix elementt8(E,rW1rW12rW2)
is called effective interactionu( r̃ ), which acts now between
the constituents of target and projectile~in this case between
the baryon constituents!. For the description of the real an
imaginarya-p scattering potential a phenomenological co
plex effective interaction is used for most of the calculatio
of Gaussian shape@u( r̃ )5(vo1 iwo)e2 r̃ 2/g2

# with vo , wo ,
and rangeg fitted to the experimental data. The volume i
tegral of the absolute potential,I uUu5Avo

21wo
2*e2 r̃ 2/g2

dt,
can then be compared with the nucleon-nucleont matrix, see
Secs. III B and IV.

The theoretical investigation of proton-nucleus scatter
has confirmed the early expectation@21# that a folding ap-
proach should be adequate for incident energies above
MeV. Here it should also be mentioned, that a geometr
picture with extended hadron densities as given by the fo
1-2
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FOLDING MODEL STUDY OFa-p SCATTERING: SYSTEMATICS . . . PHYSICAL REVIEW C 67, 064001 ~2003!
ing potential ~6! appears to be appropriate to descri
hadron-nucleon scattering up to high energies well above
GeV ~see Refs.@19,22#!. The aim of the present work is t
investigate the features of the effective interaction from l
energies up to the GeV region. As will be shown, the foldi
integral ~6! yields results fora-p scattering in good agree
ment withNN scatteringt matrices andNN phase shift am-
plitudes.

The complete optical potential is given by

Uopt~E,r !5UCoul~E,r !1U~E,r !1
1

r

d

dr
Uls~E,r ! lW•sW.

~7!

The Coulomb potential is used with hard sphere at radiusr c ;
for the spin-orbit potential the normal Thomas form w
used, where the radial part is of Woods-Saxon form~see Sec.
II A !. For this quite weak potential the uncertainties are
large for a reliable folding description.

The folding integral ~6! gives rise to two relations
one which connects the mean square radius of the op
potential, ^r U

2 &5(*r 2U(r )dt)/*U(r )dt, with the sum
of the mean square radii of the densities@^r r i

2 &
5(1/Ai)*r i

2r i(r i)dt i # and the effective interaction@^r u
2&

5(1.5/uo)g2#,

^r U
2 &5^r r1

2 &1^r r2

2 &1^r u
2&. ~8!

This expression is exact for Gaussian forms but is also v
for other shapes of the interaction and the densities. It is
reasonably well fulfilled if one of the densities is of exp
nential form. The fit to experimental data is only sensiti
~apart from the interaction strength! to the mean square ra
dius of the whole potential̂r U

2 & but not to the radius of the
densities or the interaction. The other relation connects
volume integral of the optical potential (I U5*Udt) to the
volume integral of the effective interaction and the target a
projectile masses,

I U5A1A2I u . ~9!

These two relations will be used to test the validity of t
double folding method by comparing the extracted radii~8!
and the volume integrals of the potentials~9! for different
mass systems.

Finally, it should be noted that the structure of our foldi
potential~e.g., forNN scattering! is more complex than tha
of meson-exchange potentials that assume an interaction
tween point nucleons~together with form factors!. Relation
~9! indicates that the volume integral of our effective inte
action ~between baryon constituents! should be the same a
that of point NN potentials, e.g., that of meson-exchan
potentials. However, in our approach finite range effe
~which are important for the exchange of more than o
pion!, e.g., 2p exchange, are included naturally. Even mo
important, deformations of the nucleon ground state~g.s.!
density forN→N* transitions can be taken into account co
rectly ~see Sec. V!.
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A. Calculations for elastic a-proton and a-nucleus scattering

p-a scattering. Data on differential cross sections an
analyzing powers ofp-a scattering exist at different beam
energies~Refs.@6,7,23–33#!, which allow a systematic study
of the energy dependence. In most of our calculations~see
also Sec. II B! we used a proton density of exponential for
with a mean square radius consistent with^r p

2&50.67
60.02 fm2 deduced at high energy@22# and Gaussian densi
ties for thea particle and12C with ^r a

2&51.97 fm2 @12# and
^r 12C

2 &55.4 fm2 @34#. The range of the effective interactiong
was varied between 1.7 fm at low energy and very sm
values needed at high energies.

Using for the spin-orbit potential Uls(r )5Vls(r )
1 iWls(r ) volume Woods-Saxon forms, forward angle sc
tering is reasonably well described~see Ref.@12#!. However,
the overall description of the angular distributions is not
good as in the relativistic description@8#. This can be im-
proved by using a more complex spin-orbit potential us
volume and surface potentials in the formVls

v (r )
1(d/dr)Vls

s (r ) and Wls
v (r )1(d/dr)Wls

s (r ). To avoid pa-
rameter ambiguities, a smooth energy variation of the par
eters has been secured. Resulting fits of differential cr
sections and analyzing powers together with the data of R
@25,27–29,31# are given in Fig. 1, the parameters are giv
in Table I. For the spin-orbit potential Woods-Saxon para
etersr o50.64 fm anda50.18–0.25 fm were used. A com
parison with the simple fits shows, that the extract
strengths of the central potential are not much different,
simple volume or a more complicated volume-plus-surfa
form of the spin-orbit potential was used. The resulting fi
are comparable to the Glauber model calculations@3,7# and
the relativistic description@8#.

At low energies, the differential cross sections are dom
nated by Coulomb-nuclear interference in the small-an
region, the quality of the fits is about the same as that
3He-p scattering~Ref. @35#!. At larger angles, where ex
change contributions are important, our approach is not a
to describe the data. With increasing energies these exch
contributions are pushed to larger momentum transfers,
above 250 MeV both differential cross sections and ana
ing powers are reasonably well described in a rather la
range oft values.

a-A scattering. The scattering ofa particles from spin-
zero target nuclei can be used to study the central pote
without spin-orbit effects. Unfortunately, for such system
much less experimental data are available. Fora-a scatter-
ing, there are data atEa51.98, 2.57, and 4.2 GeV~Refs.
@32,36#!. The forward angle data are well described in t
present approach~see Fig. 2!, from which a mean square
radius^r F

2&a-a of 3.9360.10 fm2 was extracted@12#. These
fits are also comparable with calculations using the Glau
model@37#. Further, there are data atEa5650 and 850 MeV
@38#, however, they do not cover the forward angle regi
important for our description. In low-energya-a scattering,
the interference between projectile and target recoila par-
ticles is large, and a detailed study is found in Ref.@39# with
results consistent with our systematics. Further, the forw
angle data in the energy rangeEa5100–160 MeV@40# are
1-3
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H. P. MORSCH, W. SPANG, AND P. DECOWSKI PHYSICAL REVIEW C67, 064001 ~2003!
consistent with those ofp-a scattering. Finally, there ar
more recent data@41# at Ea5280 and 620 MeV, which are
included in our analysis. In this energy region the cross s
tions fall off by two to three orders of magnitude due to
rapid decrease of the effective interaction. This falloff is s
isfactorily reproduced by our calculations.

For a-12C scattering, data exist forEa51.37 GeV~Ref.
@42#! and 4.2 GeV~Ref. @34#!, which are compared in Fig. 2
with our fits, using a mean square radius of 8.260.3 fm2 and
7.460.2 fm2 for the lower and higher energy, respective
Together with the lower-energy data, two different foldin
model calculations have been presented@42#; our fits are of
similar quality. The parameters are given in Table II, whi
also includes the results fora-d scattering@34#.

B. Test of the consistency of our method

It is important to check whether the potential moments
reliably extracted or still show artifacts due to the choice
the used geometry. For such a check we have used diffe
nucleon densities of Gaussian and exponential form, as
as a Gaussian and Yukawa interaction. It was found that
forward angle cross sections depend only on the strength
radius on the potential~as discussed above! and are not sen
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FIG. 1. Calculated differential cross sections and polarizat
~or analyzing power! for elasticp-a scattering in comparison with
the data of Refs.@25,27–29,31#. The cross sections are multiplie
by the factors given in brackets; to the polarization the number
brackets are added.
06400
c-

-

e
f
nt

ell
e

nd

sitive to the choice of the radial dependence. In particu
the need for smaller range parameters at higher energie
well established.

III. RESULTS FOR THE CENTRAL POTENTIAL

The strengths of the real and imaginary potentials and
mean square radius are quite well determined by our an
sis. Beyond this, the behavior of the differential cross s
tions at small momentum transfers is not very sensitive to
detailed form of the potentials.

A. Mean square radius of the folding potential

In the low-energy region a large range of the effecti
force is needed in agreement with previous folding mo
studies~see, e.g., Refs.@15,39,43#!. We observe a strong de
crease of the range parameterg up to an incident energy o
about 500 MeV. The resulting energy dependence of
mean square radius of thea-p potential^r V

2& is given in Fig.
3, in which the value extracted at 1.728 GeV is given by
solid line. Using relation~8! equivalent radii can be deduce
from a-A scattering, which are given in Fig. 3 by the sta
and open circles. An excellent agreement witha-p is ob-
tained when the radii are plotted as a function of the incid
energy per nucleon. The error bars represent the estim
uncertainties in the radius determination for different ran
parametersg. At small energies the ambiguities between t
depth and radius of the potential are eliminated to a la
extent by the inclusion of polarization data.

B. Depth of the folding potential

The potentials in Tables I and II show a strong ener
dependence. To compare the strengths of the different
temsp-a anda-A with NN potentials, our results are give
as a function of the equivalent nucleon incident energyEN

eq .
This takes into account the fact that inp-a scattering the
recoil energy of the scattered nucleon bound in thea particle
is reduced due to the higher mass of thea particle, giving
rise to a higher center-of-mass~c.m.! energy.

Part of this excess energyE1 increases the effective en
ergy of the nucleon-nucleon collision and should be adde
the beam energy to obtain an equivalent nucleon incid
energyEN

eq . In the c.m. frame the equivalent energyEc.m.
eq is

given by

Ec.m.
eq 5Ec.m.

NN 1mEc.m.
1 , ~10!

where Ec.m.
1 5@Ec.m.

pa 2Ec.m.
NN # for p-a and Ec.m.

1 5@Ec.m.
p-a

1Ec.m.
p-A2Ec.m.

NN # for a scattering from complex nuclei. A quite
reasonable description is obtained usingm;0.2–0.3.

This effect can be calculated~without free parameter! in
the single-particle model, where the nuclear attraction gi
rise to an effective increase of the incident energy, rela
directly to the strength of the complex optical potentialU
5V1 iW. For p-a scattering the equivalent energyEc.m.

eq can
be obtained by replacing the nucleon momentum squarepN

2

by an equivalent value

n

in
1-4
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TABLE I. Summary of the results forp-a scattering.I v(real) andI w(imag) represent volume integrals o
the real and imaginary potentials, the uncertainties were estimated to be about640 MeV fm3. For the
volume spin-orbit strengths the errors are of the order of 1.5–2 MeV, those for the surface part are
cantly larger. The results with asterisk indicate fits of differential cross sections using a volume spin
potential only, for which the parameters are not well determined.

Ep g I v(real) Iw(imag) Vls
v Wls

v Vls
s Wls

s

~GeV! ~fm! (MeV fm3) (MeV fm3) ~MeV! ~MeV! ~MeV! ~MeV!

0.031 1.70 2410 60 *
0.055 1.70 2344 70 *
0.085 1.68 2215 80 *

2246 66 27.0 5.0 22.0 3.0
0.156 1.60 2147 90 *

2143 80 22.7 5.5 26.0 5.0
0.200 1.45 296 100 *

297 90 20.3 6.0 28.0 6.0
0.350 0.62 68 160 *

41 132 5.5 7.5 210. 5.0
0.500 0.35 144 216 *

104 224 6.8 8.0 26.0 5.0
0.648 0.29 190 310 *
0.800 0.28 196 324 7.5 7.5 24.0 4.0
1.050 0.26 239 392 *

243 384 6.4 7.0 21.0 3.0
1.066 0.26 217 451 *
1.240 0.25 287 410 6.0 5.9 1.0 3.0
1.728 0.25 345 562 *

325 493 4.5 4.8 2.2 1.5
-

w
Eq
en

r
on
al

tia
g

fe
th
~pN
eq!25pN

2 12mNŪa . ~11!

The potential strengthŪa is obtained from the volume inte
gral of the totalp-a potential (I u5AI v

21I w
2 ) in Table I and

the mean square radius of the correspondingNN potential.
For a-A scatteringŪa should be replaced by (Ūa1ŪA). In
Fig. 4 the potential strengths from Tables I and II are sho
as a function of the equivalent nucleon energy using
~11!. The error bars indicate the uncertainties of the pot
tials given in Tables I and II.

For the real potential, a good agreement between the
sults from different systems is found, indicating that relati
~9! is also well fulfilled in the whole energy region. The tot
potential is larger fora-A systems than forp-a. As breakup
processes contribute significantly to the imaginary poten
the total potential may be obtained by adding to the ima
nary potentialWp-a another absorptive partWp-A from p-A
scattering, which gives

U5V1 i ~Wp-a1Wp-A!. ~12!

Using in first approximation,Wp-A;nWp-a (n51.5–1.6)
yields already a reasonable account of the observed ef
This is shown by the dashed and dot-dashed lines in
lower part of Fig. 4.

In previous work~see, e.g., Ref.@8#! it was found that the
strength of the real potential is proportional to ln(EN). This
06400
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FIG. 2. Calculated differential cross sections for elastica-A
scattering in comparison with the data of Refs.@34,36,42#. The
cross sections are multiplied by the factors in brackets.
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dependence is shown by the dashed line in the upper pa
Fig. 4, which is also in good agreement with our results.

The deduced potential strengths may be compared to
strength of the central spin and isospin-independent nucle
nucleon potential, which is known to exhibit a strong ene
dependence~see Ref.@20#!. NN t-matrix strengths from Love
and Franey@20,44# ~at momentum transferq50) are given
in the lower part of Fig. 4 by the solid line. Theset-matrix
potentials were adjusted to describe theNN phase shifts@45#.

We see that the energy dependence of the centralNN
potential is not very different from our potentials, howev

TABLE II. Summary of the results fora-A scattering, with
symbols as in Table I. The uncertainties in the potential depths
almost the same as forp-a scattering.

System 1
4 Einc g I v(real) I w(imag)
~GeV! ~fm! (MeV fm3) (MeV fm3)

a-d 1.050 0.3 283 740
a-a 0.070 1.7 2302 114

0.155 1.6 262 102
0.495 0.3 182 442
0.643 0.3 274 466
1.050 0.3 350 620

a-12C 0.343 0.7 165 306
1.050 0.3 439 750

0

1

2

3

4

5

6

7

8

9

0 0.2 0.4 0.6 0.8 1 1.2

 Potential Mean Square Radius

FIG. 3. Mean square radius of the total folding potential fora-p
scattering as a function of the incident energy. The open and cl
points correspond top-a scattering~open points represent fits usin
the usual spin-orbit potential, closed points represent improved
of cross sections and analyzing powers!. The open stars and tri
angles are deduced froma-a and a-12C scattering, respectively
using relation~8!.
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the strength of the potential extracted froma-p is generally
smaller. At low energies a reduction of the freeNN t-matrix
strength in the scattering from nuclear systems is known
be due to Pauli blocking, binding energy, and medium c
rections. A further reduction of<20% results from contribu-
tions of higher momentum transfer (q.0) between the col-
liding nucleons. Taking these effects into account,
differences between the potentials froma-p andNN can be
understood qualitatively at low energies@46#, see also the
results discussed in Sec. IV. However, the differences at
higher energies cannot be explained by nuclear effects.

In Sec. IV we make an attempt to deduce information
the character of the effective interaction from the energy
pendence of the potentials. This should also allow to und
stand the differences found between thea-p andNN poten-
tials. Further, a smooth energy dependence as obtaine
this description is advantageous for the DWBA calculatio

re

ed

ts
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FIG. 4. Depth of the real and total folding potentialV andU as
a function of the equivalent nucleon incident energy using relat
~9! for complex targets. The symbols are the same as in Fig. 3,
the open crosses correspond toa-d scattering. The solid line in the
lower part shows thet-matrix strengths fromNN scattering@20#.
The dashed line in the upper part corresponds to a straight line~as
in Ref. @8#!, if the potential depths are plotted versus ln(EN). The
dashed and dot-dashed lines in the lower part show a quadratic
the total potential above 400 MeV fora-p anda-A, respectively,
using relation~12! for a-A.
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of inelastic N* excitations discussed in Sec. V, for whic
optical potentials at many energies are needed.

IV. HOW CAN WE UNDERSTAND THE ENERGY
DEPENDENCE OF THE EFFECTIVE INTERACTION?

The interaction involved ina-p scattering is very selec
tive and contains only contributions from spin- and isosp
independent parts of the nucleon-nucleon force in the cen
potential. In the following, we describe the energy dep
dence of the potentials in the whole energy range from
energies up to the multi-GeV region using rather simple
rametrizations of possible exchange contributions. Th
should give a consistent account of both the potential de
and radii.

Concerning meson exchange, onlys ~or 2p) andv ex-
change can contribute to the real part of the potential, giv
rise to an attractive scalar and a repulsive vector poten
For the absorptive potential,r exchange may also contribute
The energy dependence of these potentials arises from
tivistic effects that are different for scalar and vector pote
tials. We assume that the linear momentum dependenc
the effective potentialV(p) is described by the same form a
the nucleon-nucleon potentials in Refs.@16,47#. However, in
order to fit the strong energy dependence of our potent
additional ‘‘decay’’ form factorsf s,v(p) have to be intro-
duced. This yields

Vs~p!52ḡs
2/ms

2~12p2/2mN
2 ! f s~p! ~13!

and

Vv~p!5ḡv
2/mv

2~113p2/2mN
2 ! f v~p!. ~14!

The form factors were used in the formf s,v(p)
5exp@2ks,v(p2p0)

2# for p.p0 and 1 for p<p0 with p0
'ck21/2 (c50.15 for the scalar and 0.45 for the vector p
tentials!. The effective coupling constantsḡs

2 and ḡv
2 were

fitted to the data together with the form factor constantsks
andkv .

The strong falloff of the attractive potential~see Fig. 4! at
low energies~described bys exchange! requires a rather
steep decrease off s(p) with a slope parameterks

;3.4 (GeV/c)22. Fourier transformation of this form facto
yields a mean square radius^r s

2&;0.80 fm2, which is quite
close to 2̂ r p

2 &;0.84 fm2. This suggests, that the form facto
arises from the ‘‘decay’’s→2p. For NN scattering c
50.45 ~as for the vector potentials!, and a smaller slope
parameter ks;2.4 (GeV/c)22 is required, which gives
^r s

2&;0.56 fm2. Interestingly, the difference in the slope p
rameters forNN anda-p ~which makes the scalara-p po-
tential more extended! takes into account implicitly a large
part of the nuclear effects mentioned in Sec. III B. It shou
be noted that the introduction of decay form factors for sca
and vector meson exchange~which corresponds to exchang
of more than one meson! appears as a quite natural extensi
of the one-meson exchange picture: at increasing linear
mentump, the relative momenta of the exchanged two
more pions become larger and lead to a falloff of the
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change probability. Expressed by a form factor, the de
constantks,v is directly related to the width of the scalar o
vector meson resonance.

The form factors for the vector potentials~due to the de-
caysv→3p andr→2p) have to be used, which are muc
harder. The decay constantkv is expected to be very sma
due to the smallv width. To obtain the potentials that exten
high enough in energy~more than 3–4 GeV in agreemen
with experimental information!, kv50.3 (GeV/c)22 was
used. The width of ther meson is much larger, thereforekr

has to be larger. Its value may be estimated from the con
bution to the radius~the details are given in Sec. IV B!,
which yields kr;1.0 (GeV/c)22. With these parameters
the resulting potentials are given in Fig. 5.

A decrease at high energies as obtained for the ve
meson-exchange potentials in Fig. 5 is not seen in the exp
mentally deduced potentials~Fig. 4!. The further increase o
the optical potentials towards high energies may be
counted for by a multigluon-exchange contribution. At mul
GeV energies, this effect is large and can be described in
Pomeron-exchange picture@18,19#, for which well above 10
GeV the energy dependence of the total cross section@18# is
given bys tot(E);s0.08. This functional form gives rise to a
very flat falloff to lower energies. However, at several hu
dred MeV the strength is far too large in comparison withpp
cross sections. Therefore, in this energy domain multiglu
exchange has to become small and the interaction is ta
over by meson exchange, which is dominant at the low
energies. Microscopically, this effect may be understood
the influence of more complex soft multigluon-exchange d
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FIG. 5. Energy dependence of the different theoretical potent
discussed in Sec. IV with a coupling strength of 3. The dotted l
in the lower part is obtained usingUP;p0.08.
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grams~for the scalar channel this contribution may be cal
‘‘soft Pomeron exchange’’!. Phenomenologically, this ma
be taken into account by a threshold reduction funct
thr(p) and we write the total soft Pomeron potential in t
form

UsP~p!5ḡ(sP) t

2 /mc
2thr~p!S p

p0
D 0.08

, ~15!

with p051 GeV/c. For an appropriate description of th
data, a very smoothp dependence of thr(p) is needed, for
which we used

thr~p!5S exp~cp!2~12e!

exp~cp!11 D 4

.

With values ofc51.3 (GeV/c)21 ande50.4, the results are
shown in the lower part of Fig. 5. As soft multi-gluon an
meson-exchange contributions can interfere in a microsc
description,c was chosen such that the deviation from t
flat Pomeron-exchange potential ends at the energy at w
meson exchange has fallen off.

Further, Pomeron exchange at high energies contrib
predominantly to the absorptive potential. Differently, for t
description of our data in the low energy region, we ne
contributions to the real and imaginary potential. This a
pears quite physical, if soft Pomeron exchange develop
rapid energy dependence. To obtain a description of the
consistent with the behavior of total and elasticp-N cross
sections, we use the real potential of the form

VsP~p!5ḡ(sP)r

2 /mc
2thr~p!S p

p0
D 0.08

f sP~p!, ~16!

and the imaginary potential is then given byWsP(p)
5AUsP(p)22VsP(p)2. We usedf sP(p)5exp(2ksPp) with
ksP50.04 (GeV/c)21, which was adjusted to give the rati
of elastic/totalp-p cross sections up to about 10 GeV. T
resulting potentials are also given in Fig. 5. For the m
term we usedmc5600 MeV, which is much smaller thanmc
deduced at high energy@18#. This is justified because at ou
energies the potential is still sensitive to the whole bary
density „the radial extent is approximately given by^r r

2&
;6@(\c)2/mc

2#…, whereas at high energies a much sma
part of the baryon density is probed.

A. Depth of the central p-a potential

Calculated potentials are compared in Fig. 6 with the
duced folding potentials. Using for the attractive scalar p
tential an effective massms of 520–550 MeV~consistent
with @16,47#!, a coupling constantḡs

2 of about 17 is ex-
tracted. Due to the form factor cutofff s(p), the scalar part
falls off quite rapidly with energy, yielding an average co
pling strength below 300 MeV, in reasonable agreement w
the scalar coupling in the Bonn potential@16,47#.

At higher energies vector meson as well as soft Pome
exchange contribute. A fit of the real potential assuming s
lar and vector meson exchange only with a coupling stren
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ḡv
2 of 2.8 is shown by the dashed line in Fig. 6. In this w

the data in the higher energy region are not described. A
using all three contributions with strength parameters
Table III is shown by the solid line. In this fit thev coupling
is quite small, as expected from quark model calculatio
@17#.

For the imaginary potential we assume only contributio
from the repulsive potentials. This is consistent with the p
ture that the dominant absorptive process, breakup of tha
particle, is caused by short range repulsion. With the par
eters in Table III a good description is obtained, see the s
line in the lower part of Fig. 6. Using in addition relatio
~12!, also a quite reasonable description ofa-A scattering is
obtained~dot-dashed line!.

For NN scattering the energy dependence of the cen
t-matrix potential from Ref.@20# ~solid line in Fig. 4! is also
quite well described in our approach with couplings given
Table III. In the comparison ofp-a and NN potentials in
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FIG. 6. Calculated depth of the central potential with coupli
strengths in Table III in comparison with the data in Fig. 4. T
closed squares are average values froma-p, the open symbols are
from a-A. The dashed line in the upper part shows a calculat
assuming meson exchange only. In the lower part the dot-das
line is obtained using relation~12!.
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Sec. III B, a discrepancy was found in the higher ene
region. This is reflected in the deduced coupling strength
Table III: the scalar meson and the total soft Pomeron c
plings are not very different forp-a and NN, but the v
coupling is much stronger for theNN potential. This can be
explained by the spin51 character of the vector potential. I
p-a scattering, only the spin projectionDJ50 contributes,
whereasDJ50 and 1 amplitudes are present inNN scatter-
ing.

Another interesting aspect is thev coupling constant it-
self for NN, which was found much stronger in the Bon
potential (gv

2 ;20, see Refs.@16,47#! than predicted in the
flavor SU~3! quark model~see also the discussion in Re
@48#!. For a-p scattering as well as the centralNN potential
@20#, much smaller values ofḡv

2 are needed, which are con
sistent with the flavor SU~3! prediction. To describeNN
phase shift amplitudes~discussed in Sec. IV D! somewhat
largerv couplings were required, which may be due to sp
dependent interactions.

B. Mean square radius of thep-a potential

Using the q dependence from Refs.@16,47#, the mean
square radii of the meson-exchange potentials are dire
related to the mass of the exchanged meson by

^r Vs,v
2 &52

6~\c!2

ms,v
2

. ~17!

To compare these radii with the potential radii, intrinsic co
radii arising from additional vertex form factors should
added as well as the contributions from the decay form f
tors f s,v(p). Concerning the latter, the slope parameter of
scalar form factors yields a contribution^r f s

2 & of 0.77 fm2 for

p-a and 0.47 fm2 for NN. As discussed above, forv ex-
change a small slope parameterkv is needed, which gives a
negligible contribution to the radius. Forr exchange an es
timate of^r f v

2 & can be obtained from the difference betwe

isovector and isoscalar radius of the nucleon,^r f r

2 &5(^r p
2& iv

TABLE III. Deduced coupling strengths for meson and s
Pomeron exchange.

Potential Coupling

ḡ2p
2 ḡv

2 ḡr
2 ḡsP

2

Central
p-a real 17 1.5 12
p-a imag 2.7 ~0.8! 18
p-a total 17 3.0 ~0.8! 22
NN potential@20# 14 6.0 0.8 22
NN s-wave amplitudesa 11 ;8 1.1 22
p-a spin-orbit
Volume real 1.5 0.17 0.32
Volume imag 0.16 ~0.50!

aFor the fit in Fig. 9 values ofḡp
2 of 4.5 and 2.2 andḡv

2 of 8.9 and
7.5 were used for the isocalar and isovector case, respectively
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2&is). The radii^r p

2& iv and^r p
2& is can be obtained from the

charge mean square radii of proton and neutron,^r p
2&ch

50.74 fm2 and ^r n
2&ch50.12 fm2 @49#. Assuming that the

core contributions forv andr exchange are the same, yield
^r f r

2 &;0.24 fm2. This corresponds to a slope parameterkr

;1.0 (GeV/c)22 used in our calculations.
If we interpret the electromagnetic radii of proton anda

particle @50# by vector meson exchange, we need an ad
tional core mean square radius of about 0.25 fm2. The scalar
radius of the nucleon has been found to be much lar
@51,52#, of the order of 1.5 fm2. In our description a larger
scalar mean square radius is obtained automatically du
the contribution from the scalar form factorf s(p). The pre-
dicted value of 1.5 fm2 can be reproduced easily by assum
ing a core contribution~similar to that forv exchange! and a
finite range effect.

To estimate the mean square radius of thep-a potential at
low energies we have to know the scalar radius of thea
particle, which can be composed out of the nucleon den
and the relative wave function of the four nucleons in the
state: ^r a

2&5^r N
2 &1^r 1s

2 &.Using ^r a
2& and ^r N

2 & from Ref.
@12#, we obtain̂ r 1s

2 &.1.3 fm2 for the relative wave function
of the four nucleons. If we use the same value also for
scalar part, we obtain a lower limit for the scalar radius
the a particle of about 3 fm2. An upper limit is obtained by
scaling the high energya-particle radius by the ratio of sca
lar to vector radius of the nucleon, which would give^r a

2&s

;4 fm2. A quite realistic estimate,̂r a
2&s;3.5 fm2, is ob-

tained by comparing the scalar potential to the nucleons
term ~discussed below!. The form factorf s(p) adds a mean
square radius of 0.8 fm2. Still, an additional finite range o
the scalar 2p-exchange interaction withg;1.2 fm is needed
to obtain a potential mean square radius of 7 fm2, consistent
with the low-energy data. The results, with couplin
strengths consistent with the potential depths in Table III,
given by the solid line in Fig. 7. They yield a good descri
tion of the deduced radii.

The above conclusions for the scalar potential can
checked by requiring that the scalar meson-exchange po
tial at beam momentump50 is constrained by the nucleo
s term @51# investigated in the timelike region. Approxima
ing the scalar interaction of finite rangeg by thes term, this
gives vs( r̃ )5se2 r̃ 2/g2

. Using s545 MeV from Ref. @51#,
we get a volume integral of about 450 MeV fm3 ~as extracted
at Ep50 from the fit in Fig. 6! if a rangeg;1.2 fm is used.
This is in agreement with the above results for^r a

2&s

53.5 fm2.
From the above analysis we can also extract the radiu

theNN potential, which is given in Fig. 7 by the lower soli
line. We obtain a similar behavior as forp-a scattering, but
the increase of the radius at small energies is weaker. Th
in excellent agreement with the extracted radius of theNN
potential@44# given by the dotted line. Note that at small
energies, where our results deviate from the dotted line,NN
scattering shows no diffractive pattern, and the radius of
potential is not determined by the data.
1-9
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Finally, we want to make a comment about the core m
square radii, for which a valuêr 2&core;0.25 fm2 was ob-
tained. According to the above discussion, this would co
spond to a core form factor with a slope parameterkcore
;1.1 (GeV/c)22. However, such a large effect is not se
in the energy dependence, suggesting, thatkcore must be
much smaller (,kv). Indeed, alsop exchange falls off up
to 5–10 GeV, indicatingkcore<0.2 (GeV/c)22. Therefore,
to reproduce the experimental radii, ‘‘effective’’ masses
the exchanged mesons have to be introduced in Eq.~17!,
which are ~for the vector mesons! reduced by about 20%
with respect to the real masses.

C. Spin-orbit strengths

The energy dependence of the spin-orbit potential is q
different from the central potential, but also the uncertaint
are much larger. In Fig. 8 the volume spin-orbit potent
~with estimated uncertainties! is compared with a theoretica
fit using the parameters in Table III. The surface potential
even larger uncertainties and is not further discussed. As
the central potential, the imaginary spin-orbit potential
well described assuming contributions from the repuls
force only.

The deduced vector coupling strenghts~for both volume
and surface parts! are strongly enhanced relative to the oth
couplings; this is reflected in the large differences betw
Figs. 6 and 8. Similar to the differences in the central pot
tial for p-a and NN discussed in Sec. IV A, this can b
understood by different spin couplings: for the centralp-a
potential, onlyDJ50 and DI 50 contribute, whereas als
DJ51 and DI 51 amplitudes contribute to the spin-orb
potential.
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FIG. 7. Calculated mean square radius of thea-p potential~up-
per solid line! in comparison with the averagea-p data in Fig. 3.
Below are results forNN scattering, our radii given by the solid lin
in comparison with theNN potential of Ref.@44# ~dotted line!.
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In contrast to the central potential, the spin-orbit poten
falls off towards large energies, indicating that a s
Pomeron contribution is small. Studies of the Pomeron h
shown that its spin-flip amplitude should be very small@53#.
This is consistent with our observation, which suggests t
this property of the Pomeron is not changed by going into
soft scattering regime.

Finally, it is interesting to note that in the relativistic stud
@8# an increase of the Lorentz scalar potential towards
highest energies was observed. From Figs. 5–8, we see
at these energies scalar meson exchange has already
off completely, but such a behavior is observed in our ana
sis for the soft Pomeron contribution. This shows a cons
tency of our analysis with that of Ref.@8#.

D. NN amplitudes

Most direct information on the structure of theNN force
is contained in theNN phase shift amplitudes, which ar
available@54# for p-p up to 3 GeV and forp-n up to 1.2
GeV. These can be used for a detailed test of our me
exchange and soft Pomeron potentials. We made calculat
of thes-wave amplitudes~see Fig. 9!, which show the stron-
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FIG. 8. Calculated depth of the volume spin-orbit potential w
coupling strengths in Table III in comparison with the results
Table I, the results of Ref.@23# are given by the open points.
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gest energy dependence. In the imaginary amplitudes
three large exchange components needed for the descri
of p-a scattering are observed directly: 2p exchange re-
sponsible for the strong rise at small energies, a large bu
due tov exchange centered at about 1.6 GeV, and the
crease towards the highest energies due to soft Pomero
change. Different fromp-a scattering, pseudoscalarp andh
exchange can also contribute toNN scattering, and has bee
included in our calculations.

To calculate theNN phase shift amplitudes, a partial wav
description of the NN scattering amplitude, f (u,E)
5(1/k)S l(2l 11) @al

re(E)1 ial
im(E)#Pl(cosu), is needed.

Using the optical theorem the imaginary amplitudes can
expressed byal

im(E)5@(1/V0)SxV
x(E)uāl ,gx

(E)u#2, wherex

denotes the different exchange contributions discussed a
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FIG. 9. Average nucleon-nucleons-wave amplitudes~real given
by solid points, imaginary by open points! from Arndt et al. @54# in
comparison with our calculations. The dot-dashed lines represe
fit of the imaginary amplitudes, the dotted lines show the r
t-matrix amplitudes~elastic only!, whereas the solid lines indicat
the real amplitudes including a small inelasticity linear with ener
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with their potentialsVx(E), andV0 the potential strength a
zero energy. Hereuāl ,gx

(E)u are normalizedNN partial wave
amplitudes of the differential cross section, calculated by
ing double-folding optical potentials as discussed in Sec
Calculations with different values ofg, long range forp and
2p exchange and short range for vector meson and
Pomeron exchange, were performed, from which the pa
wave amplitudesāl ,gx

re,im(E) were generated in small energ
steps ranging from 0 to 3 GeV. To get a continuous ene
dependence, these amplitudes were fitted by dou
exponential forms. All partial wave amplitudes have be
normalized, ( l@ āl ,gx

re (E)21āl ,gx

im (E)2#51, at E51 GeV.

From these we obtain uāl ,gx
(E)u5@ āl ,gx

re (E)2

1āal ,gx

im (E)2#1/2.
Using coupling constants given in Table III, the imagina

amplitudes are quite well described. Forp exchange, only a
small effective couplingḡp

2 is needed to reproduce the pos
tion of the minimum in the imaginary amplitudes. For th
other coupling a reasonable agreement is found with the b
couplings used by Machleidtet al. @16,47#.

In t-matrix theory the real scattering amplitudeal
re(E)

is related to the imaginary amplitude byal
re(E)

5Aal
im(E)2al

im(E)22 inal
im(E), whereinal

im(E) is the in-
elastic part ofal

im(E). First calculations have been done a
suminginal

im(E)50, the results are given by the dotted lin
in Fig. 9. At lower energies an excellent agreement with
experimental amplitudes@54# is found, which shows clearly
the t-matrix character of the effective interaction. At high
energies deviations are observed due to an increase of in
ticity. If we assumeinal

im(E)50.1al
im(E)(E2Ethr), where

Ethr is the inelastic threshold, we obtain a quantitative d
scription of the real amplitudes~solid lines in Fig. 9!. The
decrease of the real amplitude at increasing energy is q
the same as for the real soft Pomeron-exchange pote
~16! shown in Fig. 5 and indicates the consistency of o
description. Finally it should be mentioned that in our fol
ing approach~Sec. II! the complete momentum dependen
of the scattering amplitude is taken into account. This
different from the usual meson-exchange approach@16,47#,
in which thet dependence is assumed of much simpler for

V. INELASTIC a-p SCATTERING EXCITING N*
RESONANCES

Finally, we come to the discussion of inelastica-p scat-
tering. We restrict our calculations to the excitation ofN*
resonances in the proton by thea particle, a1p→a8N* ;
excitation of thea particle, which has a different kinematic
~see Refs.@11,55#!, is only discussed in comparison with th
experimental data. The differential cross section for init
energyE is given as a function of massm in distorted wave
Born approximation~DWBA! @14# by

ds

dV
~E,m!5~2Ji11!~2L11!~4p!2U E C f

†~E2m,kW8,rW !

3Utr~E,rW !C i~E,kW ,rW !drWU2

, ~18!

t a
l

.
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whereC i andC f are solutions of the Schro¨dinger equation
for the initial and final state with the optical potentials~7!. In
the DWBA calculations relativistic kinematics is used. T
inelastic transition potentialVtr(m,rW) is given by

Utr~E,rW !5E E rN*
tr

~rW1!r2~rW2!u~E,rW1rW12rW2!drW1drW2,

~19!

where rN*
tr (rW1) represents an extendedp→N* transition

density,r2(rW2) the a-particle ground state density, andu(rW

1rW12rW2) the same effective interaction as in Eq.~6!, as
determined from elastic scattering at the energy of the in
a-p system. The study of broadN* resonances require
DWBA calculations at many energies in the exit channel;
theoretical potentials discussed in Sec. IV yield a smo
energy dependence and could be inserted directly in our
culations.

The maximum excitation strength for scalar interacti
with angular momentumL is given by an energy weighte
sum rule limit ~see Refs.@12,56#!. Using transition opera-
tors of the form @1/(2L11)1/2#r (L12)YL for L50, 1 and
@1/(2L11)1/2# r LYL for higherL, the energy weighted sum
rule @56# for L50 is given by

S~L50!5(
i

Ei u^r 2Y0&u25
9~\c!2

2pm
^r g.s.

2 &. ~20!

For L51 excitation, the c.m. recoil of the nucleon has to
taken into account; this yields

S~L51!5
1

3 (
i

Ei u^r 3Y1&u2

5
33~\c!2

8pm
^r g.s.

4 &F12
25̂ r g.s.

2 &2

33̂ r g.s.
4 &

G . ~21!

For excitation of higherL values, we obtain

S~L !5
1

~2L11! (
i

Ei u^r LYL&u2

5
L~2L11!9~\c!2

8pm
^r g.s.

2L22&. ~22!

A. Transition densities

For scalar excitation of the lowest natural parityN* reso-
nances@with quantum numbersJ5L1 1

2 and p5(21)L],
the transition densitiesrN*

tr (rW) may be described in a fluid
dynamical approach~similar to the Skyrmion model; see
e.g., Ref.@57#! by a distortion of the ground state densi
@12#, but also the overlap of radial wave functionsrN*

tr (rW)

5uf(rW)•ui(rW) from quark models may be used. If the pa
ticle number*r i(r )dt is not changed between the initial an
the final state, this requires for radial (L50) excitations
06400
l

e
h
l-

*rN*
tr (r )r 2dr50. Assuming a monopole vibration of th

nucleon similar to that used in Ref.@12# ~with a g.s. density
of exponential form!, a transition density is obtained as give
by the solid line in Fig. 10. A corresponding 1s→2s con-
stituent quark transition givesrN*

tr (r ), as shown by the dot-
dashed line.

There are large differences between these transition d
sities. Asa-p scattering is sensitive to the surface region@the
differential cross section~18! scales roughly witĥr tr

2 &], this
gives much larger cross sections for the case of a mono
density vibration~see below!. On the other hand, ina-p we
are insensitive to the inside part of the transition dens
which is also of large interest. In relativistic models the no
in the transition density can move towardsr 50, if the tran-
sition proceeds entirely by (qq̄)n production. In this respec
a N→sN transition is of interest~although the width of the
s or 2p correlation is much larger than the width of ourP11
resonance!, and an estimate of the corresponding transit
density is given by the dashed line in Fig. 10. Information
the small radius behavior of the transition density can
obtained from a detailed comparison ofa-p and electron
scattering. We expect much larger relative (e,e8) cross sec-
tions for aN→sN transition~dashed line! than for a vibra-
tion of the nucleon density~solid line!. Preliminary results
from (e,e8x) experiments at JLab@58#, however, show very
little evidence for excitation of the scalar part of th
P11(1440) resonance, which is very strong ina-p. This is in
favor of a transition density with a nodal structure similar
the solid line, which gives strong cancellations in (e,e8).
Interestingly, for sound modes of higherL, the node in the

-0.08

-0.06

-0.04

-0.02

0

0.02

0.04

0.06

0.08

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

FIG. 10. L50 transition densities for monopole vibration of th
nucleon~solid line!, approximate form of 1s→2s quark excitation
~dot-dashed line!, and N→sN transition ~dashed line!. The g.s.
density is given by the upper solid line.
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transition density moves to larger radii and gives also c
cellations ina-p scattering.

B. Comparison with experimental data and results

In the analysis of the experimental spectra atEa

54.2 GeV @11#, the t dependence of the differential cros

section @ t5(1/c2)(Ea2Ea8)
22(pW a2pW a8)

2# has been well
described~see Ref.@55#! by an empiricala-p form factor
F(utu)25exp(2k1utu)1exp@2k2utu2(k12k2)to# with the con-
stants k1 and k2 of 29 and 10 (GeV/c)22 and t0
50.25–0.27 (GeV/c)2. This exponential form is compare
in Fig. 11 with thet dependence of the DWBA cross sectio
at 0° scattering angle. ForL50 excitation the DWBA re-
sults show a minimum at small momentum transfer, wh
reflects the diffractive structure seen in elastic scatter
This, however, is not important for the observed shape of
P11(1440) resonance, which is excited with larger mome
tum transfers. Therefore it is quite impressive that the fal
of the empirical form factor over three orders of magnitude
well described by the DWBA calculation. For higherL trans-
fers the DWBA calculations show some deviations from t
empirical form.
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FIG. 11. t-Dependence of the DWBA cross sections at 0°
L50 and 1 transitions~solid lines! in comparison with the empiri-
cal a-p form factor@55# fitted to the experimental data~dot-dashed
lines!.
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Scalar excitation of the resonance
P11(1440), D13(1520), andF15(1680) can contribute to the
a-p spectrum of Ref.@11#. For the shapes of these res
nances modified Breit-Wigner forms@55# were used, which
yield good fits of thep-N amplitudes. For the scalar part o
the P11(1440) ~Saturne resonance!, the details are discusse
in Ref. @55#, fits of thep-N amplitudes from Ref.@59# for
D13(1520) andF15(1680) are given in Fig. 12, using th
same mass dependent width~see Ref.@55#! as applied for the
P11(1440) resonance. The resulting resonance parame
are given in Table IV. We found, that a quantitative fit
p-N in the lower resonance mass region is essential to de
mine the shape of the resonance ina-p scattering.

Differential cross sections forN* excitations withL50
and 1 at 0° are given in Fig. 13 as a function ofN* mass. An
upper cross section limit is obtained by using flui
dynamical transition densities~for L50 given by the solid
line in Fig. 10!, which are constrained by sum rules~20! and
~21! ~using for E the centroid energy of the correspondin
resonance!. In Fig. 13 the resonance shapes forP11(1440)
andD13(1520) are also shown~dot-dashed lines!, as well as
the resulting shapes fora-p ~histograms!. The differential
cross section at 0° forL50 excitation is about 100 mb/sr a

r
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FIG. 12. p-N amplitudes forD13 and F15 ~real and imaginary
parts given by solid and open points, respectively! from Ref.@59# in
comparison with modified Breit-Wigner shapes with the parame
in Table IV.
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the centroid of theP11(1440), this is about the size of th
experimental cross section for this resonance@11#. Our re-
sults are rather close to the less detailed calculations in
@12# and confirm the previous conclusions. Here it should
noted that the use of a constituent quark model transi

TABLE IV. Modified Breit-Wigner resonance parameters~see
the definition in Ref.@55#!. For theP11(1440) the parameters of th
scalar part~Saturne resonance! are given. The sum rule fractions ar
determined by a fit of thea-p spectrum in Fig. 14.

Parameter P11(1440) D13(1520) F15(1680)

Mass~MeV! 1390 1510 1680
Width ~MeV! 190 115 125
Bp-N (Gel/G) 0.30 0.61 0.71
Background 0.0 0.02 0.08
Cthres 8.0 4.8 4.0
Ccut 0.1 2.0 1.5
Extracted sum rule L50 L51 L52
Fractions ina-p 75–100 % 50–80 % 80–100 %

10
-1

1

10

10 2

10 3

1.1 1.2 1.3 1.4 1.5 1.6 1.7

10
-1

1

10

10 2

1.1 1.2 1.3 1.4 1.5 1.6 1.7

FIG. 13. Differential cross sections at 0° in the lab system
L50 and 1 excitation as a function of mass~solid lines!. The
shapes of the lowestN* resonances fromp-N ~see Ref.@55# and
Fig. 12! are given by the dot-dashed lines, and the resulting re
nance shapes ina-p by the histograms. Below, the correspondi
shapes are given in linear scale with arbitrary normalization.
06400
ef.
e
n

density~dot-dashed line in Fig. 10! underpredicts the experi
mental cross section by more than a factor of 4.

For L51 excitation the differential cross section has
ready fallen off strongly at the mass centroid of t
D13(1520). Therefore, this resonance is not strongly exci
in a-p at this incident energy, but may contribute to th
‘‘background’’ under the Roper resonance. For even hig
N* resonances@e.g., theF15(1680)], the available c.m. en
ergy is not sufficient to excite the full resonance, but a co
tribution from the low-mass tail is still possible.

To see whether excitation strength of higherN* reso-
nances can be accomodated in the observeda-p spectra, we
made calculations of the inclusivea-p spectrum similar to
those in Ref.@55#, including also the interference betwee
N* excitations in the target andD projectile excitation. We
assumed an instrumental background similar to that in R
@11#, which arises only from the tail of elastic scatterin
caused by multiple scattering within the collimator~see Fig.
14!. The ‘‘background’’ at higher energy transfers should
entirely due to excitation ofN* resonances. Using the reso
nance shapes given by the histograms in Fig. 13, the co
sponding resonance shapes in theV spectrum were calcu

r
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FIG. 14. Calculated missing energy spectra of inelastica-p
scattering in comparison with the data from Ref.@11#. In addition to
projectile excitation and theP11(1440) ~as in Ref.@55#!, contribu-
tions from theD13(1520) andF15(1680) resonances~lower solid
and dashed line, respectively! are included.
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lated by the Monte Carlo method and fitted by spli
functions. We found, that theD13(1520) can be accomodate
below theP11(1440) with aL51 sum rule fraction of up to
about 80%. We see, however, that this resonance~lower solid
line in Fig. 14! has fallen off almost entirely at an energ
transfer of 1 GeV, where the experimental yield is still rath
high. By including theF15(1680) with a sum rule strengt
close to 100%, a quite reasonable description of the inclu
spectrum is obtained. The contribution of this resonanc
given by the dot-dashed line in Fig. 14, a fit including
resonances by the upper solid lines~with the sum rule frac-
tions in Table IV!. More detailed information on the excita
tion of higher N* resonances can be obtained only fro
exclusive experiments. Indeed, preliminary results from
exclusive a-p experiment@60# support our interpretation
yielding evidence for excitation of higherN* resonances, in
particular of theD13(1520).

The spectroscopic results for the different resonance
Table IV deserve some attention. TheD13~1520! is observed
in a-p, but is also excited in photoinduced reactions@61#,
which corresponds to isovector excitation. The fact that t
resonance is seen in both reactions indicates excitatio
mixed isospin. Consequently, one should not see the full
ergy weighted sum rule strength ina-p. This is in agreemen
with the result of our fit. On the other hand, the fact th
large scalar sum rule fractions are obtained for all threeN*
excitations in Table IV indicate rather pure scalar~non-spin-
isospin-flip! excitations, supporting a picture of these res
nances in terms of sound modes~breathing mode forL50,
see Ref.@56#!. As discussed above, the cross sections can
be described in the constituent quark model; further, s
pure scalar modes are not expected in a quark model pic
in which scalar and spin-isospin amplitudes should be mix
For the Roper resonance this would indicate a mixture
scalar andM1 excitation, the latter has been found
p(g,2p0) for the second component of theP11(1440) reso-
nance@55#, which has a structure different from the sca
excitation studied here.

C. Estimates for p-a scattering at higher c.m. energies

From the previous discussion studies ofN* excitations in
a-p at higher c.m. energies appear very interesting. Exp
mentally, such investigations are possible in reverse kinem
ics using a proton beam up to 2.5 GeV and a liquid4He
target. We have calculated cross sections ofp-a scattering at
Ep52.2 GeV, which are compared with the cross sections
a-p scattering atEa54.2 GeV in Fig. 15. Invariant cros
sections forL50 and 1 excitation in forward direction fo
Ea54.2 GeV are given by the solid lines, and those ofp-a
scattering atEp52.2 GeV by the dashed lines. We obser
generally a large increase of the cross sections in the re
of higher masses. In addition, Fig. 15 shows the effect on
excitation of theP11(1440) andD13(1520) resonances~in
linear scale!: the dot-dashed lines indicate the resonan
shapes deduced fromp-N, whereas the histograms give th
corresponding shapes ina-p at the lower and higher c.m
energies. For theP11(1440) excitation, an increase of th
differential cross section of a factor 6 at the higher c.
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energy is obtained, and for theD13(1520) resonance an in
crease of about 24 is obtained. This will allow us a mo
detailed study ofN* excitations, provided that at the highe
energy fully exclusive data over a wide angle range can
measured, from which a multipole decomposition is possib

VI. CONCLUSION

The present investigation has shown that a reliable
scription of forward elastica-scattering data from low ener
gies up to several GeV has been obtained in the fold
model, from which new information on the energy depe
dence of the optical potential could be extracted, in particu
on its radius. By the investigation ofa-a anda-12C, it was
checked that the folding model approach is valid for t
systems in question.

The deduced potentials could be described by scalar
vector meson exchange, but also a soft multigluon-excha
contribution is needed, which becomes increasingly imp
tant at higher energies. In this description the introduction
decay form factors for the exchanged ‘‘mesons’’~extension
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FIG. 15. Invariant cross sections at minimum momentum tra
fer for L50 and 1 excitation atEa54.2 GeV ~solid lines! and at
Ep52.2 GeV ~dashed lines! as a function of mass. The resonan
shapes~dot-dashed lines! are the same as in Fig. 13, the histogram
with small and large heights show the shapes ina-p at the lower
and higher c.m. energy, respectively. All resonance shapes are g
in linear scale with the relative strengths normalized.
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of the one-meson exchange picture to more-meson
change! was essential to describe the low- and high-ene
behavior and the large change in the potential radii. With
introduction of a soft Pomeron contribution and meso
exchange form factors, we see the connection to the h
energy description ofNN scattering in terms of Regge tra
jectories: the meson-exchange form factor falloffs can
identified with negative slope Regge trajectories and the
Pomeron exchange to a very small positive Regge slo
Therefore, the present picture of the effective potentia
valid from very small energies up to the multi-GeV region

For inelastic scattering, the present study has shown
the differential cross sections are quite reliably described
DWBA calculations using effective interactions deduc
from elastic scattering. From the data ofa-p scattering, im-
portant spectroscopic information onN* resonances is ex
tracted, which is in severe conflict with the constituent qu
ot

H

. C

06400
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model. It appears that a new degree of freedom comes
play ~most likely due to gluons!, which gives rise to strong
excitation of sound modes.

The cross sections increase strongly with c.m. energy,
makes a study ofN* resonances inp-a scattering with a
proton energy of the order of about 2.5 GeV very interesti
The special character and the high selectivity ofa scattering
is well suited to complement studies of baryon resonan
with electromagnetic probes.
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