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Stellingen

1. Een goede beschrijving van de ladingsdichtheid van kernen in de grondtoestand, zoals
verkregen in Hartree-Fock berekeningen, wijst op het gebruik van een onrealistische
wisselwerking tussen nucleonen in zulke berekeningen.

2. Bij het formuleren van veldentheoretische modellen voor de wisselwerking tussen
nucleonen, legt de eis van renormeerbaarheid geen fysisch zinvolle beperkingen op aan
de klasse van mogelijke modellen.
B.D. Serot and J.D. Walecka, Adv. Nucl. Phys. 16(1986)1

3. Bij de absolute normering van strooigegevens van protonen aan kernen met behulp van
een fenomenologische optische potentiaal met daarin een Galilei-invariante Coulomb
potentiaal, wordt een niet te verwaarlozen systematische fout gemaakt.

4. Het gebruik van zogenaamde modelonafhankelijke analyse methoden, zoals de
Fourier-Bes sel analyse, leidt altijd tot modelafhankelijke resultaten.

5. De verschillen die Picklesimer et al. vinden tussen relativistische en klassieke
beschrijvingen van de (e,e'p) reaktie, zijn voor het belangrijkste deel toe te schrijven aan
andere dan relativistische effekten.
A. Picklesimer et al., Phys. Rev. C32(1985)1312

6. De methode die McCamis et al., gebruiken om de neutronhuiddikte van kernen te
bepalen is niet betrouwbaar.
R.H. McCamis et al., Phys. Rev. C33(1986)1624

7. De door Cheon en Takayanagi gehanteerde optelmethode voor het berekenen van
mediumeffekten op de effektieve wisselwerking tussen nucleonen leidt tot een sierke
overschatting van deze effekten.

T. Cheon and K. Takayanagi, Nucl. Phys. A455(1986)653

8. McDaniels et al. hebben hun stelling, dat de problemen bij de microscopische
beschrijving van ineleastische verstrooiing van hadronen een gevolg kan zijn van de
gebruikte RPA golffunkties, niet onderbouwd.
D.K. McDaniels et a)., Phys. Lett. 162B( 1985)277

9. De (e.e'n) uitstootreaktie is bij uitstek geschikt om het reaktiemechanisme in
uitstootreakties te onderzoeken.

10. De wens om resultaten van wetenschappelijk onderzoek voor een breder publiek
toegankelijk te maken, dient niet tot een feitelijk onjuiste berichtgeving te leiden zoals in
recente artikelen over het vermeende zwellen van kemdeeltjes in atoomkernen.
de Volkskrant, 29 november 1986
Utrechts Nieuwsblad, 9 december 1986
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CHAPTER I

Introduction and summary

1. Motivation

The main aim of nuclear physics is to understand the properties of atomic nuclei in
terms of their constituting particles and the interaction between these particles. It is gen-
erally assumed that these particles are nucleons, i.e., protons and neutrons. In this picture
the properties of nuclei like the spatial distribution of the nucleons and how this distribu-
tion changes when energy is put into the nuclear system, are completely determined by
the interaction between the nucleons. This nucleon-nucleon interaction is not precisely
known, however. Further the nuclear many-body system is far too complicated to be
solved exactly. This means that one has to introduce models in which certain aspects of
the many-body system are neglected. In all such models some characteristics of the
nucleon-nucleon interaction are still present. Comparison of theoretical predictions
obtained from these models with experimental data may give insight into the propenies
of the nuclear forces as well as into the many-body properties of nuclear systems.

Present-day understanding of nuclear properties owes much to scattering experi-
ments. In a scattering experiment certain particles, the projectiles, are directed at a target
that contains the nuclei of interest. Examples of particles that can be used as projectiles
are: electrons, (anti-)protons, neutrons, pions and even other nuclei. These particles may
be scattered by the target nuclei and one measures the angular distribution of the scat-
tered particles. In order to interpret the measured angular distributions one needs to
know the interaction between the projectile and the nucleons in the nucleus. Hence, the
extraction of nuclear properties from the scattering data relies on the assumed knowledge
of the interaction of the projectile with the nucleons.

One generally assumes that the interaction between electrons and nucleons, the elec-
tromagnetic interaction, is well known. Consequently electron scattering data can give
detailed information on the distribution of electric charges and currents in the nucleus.
Because only protons carry net electric charge, the distribution of the protons in the
nucleus can be accurately determined in this way. For information on the distribution of
the neutrons one has to use another projectile. The proton is a good candidate, since the
interaction between protons and neutrons is comparable to or even stronger than the one
between protons and protons. Hence, proton scattering might give information on the
nuclear structure that is supplementary to that obtained from electron scattering. Or, if



the proton distribution is known from electron scattering, one can determine the neutron
distribution from the proton scattering data.

However, the nucleon-nucleon interaction is not so well known as the electron-
nuclaon interaction. Further, the nucleon-nucleon interaction is quite strong, which com-
plicates the analysis of proton scattering. Due to this relatively strong interaction the pro-
jectile nucleon may interact with more than one nucleon in the target. As a consequence
of the presence of other nucleons, the apparent or effective interaction between two
nucleons in the nuclear medium will be different from the interaction between free
nucleons. In order to calculate the effective nucleon-nucleon interaction in the nuclear
medium one has to solve a many-body problem, which necessitates the introduction of
approximations. Because the viability of the involved approximations is not well known
and also the bare nucleon-nucleon interaction still lacks a basic understanding, the calcu-
lated effective interaction has to be tested.

Besides the interest in the effective nucleon-nucleon interaction for obtaining information
on the nuclear structure, a study of the effective interaction may yield also further insight
in the nuclear many-body problem and the bare nucleon-nucleon interaction. This is due
to the fact that the medium effects in the effective nucleon-nucleon interaction depend on
properties of the bare nucleon-nucleon interaction that are not attainable in nucleon-
nucleon scattering.

At present some effective nucleon-nucleon interactions are available that take the
medium effects approximately into account. In this thesis these effective interactions are
tested for the case of proton inelastic scattering from the nucleus 88Sr, for which data
have been taken at projectile energies of 25, 31, 65 and 200 MeV. The nucleus S8Sr was
chosen for this investigation because: i) it has a variety of generally well separated states,
which have been studied in high-resolution electron-scattering1), ii) one broken-pair
model calculations, performed in a large model space, are available, which generally give
a good account of the electron-scattering data2), iii) the reaction mechanism is probably
simple enough, due to the absence of strong collective states.

The analysis is performed for several projectile energies, because a good description
obtained at one specific energy might be accidental. A reliable description should be able
to describe the experimental results consistently as a function of the energy. Also, the
effective interaction depends on the projectile energy and it is of interest if this energy
dependence is well accounted for in the calculation of the effective interaction. Further-
more, the transparency of the nucleus and the influence of distortion effects on the radial
sensitivity of the probing proton are energy dependent. So at different energies different
aspects of the nuclear structure might be emphasised.



In the next section an outline is given of the description of inelastic scattering. In
section 3 the properties of effective interactions are discussed. A summary and discussion
of the results of our study are given in section 4.

2. The distorted-wave Born approximation

In this section a brief description is given of the distorted-wave Born approximation
(DWBA) for nucleon-nucleus scattering, which is a method to describe direct reactions.
An excellent account of direct-reaction theory can be found in ref.3).

The differential cross section for the scattering of a nucleon from a target is given by

^ ( e ) = * i n e ) i , (2.1)
ail

where k is a kinematical factor and T the transition amplitude or T-matrix. The DWBA
transition amplitude is given by

TDWBAmpf p.}) = <X/(r p / } , v { r j n 1 x . ( r . p . } > ( 2 2 )

with Xi(f) the initial (final) distorted wave with the appropriate boundary condition and
asymptotic momentum p;y) and V(r,r') the transition potential. The distorted waves are
solutions of the the Schrodinger equation that describes the elastic scattering of the
nucleon from the target. Here the interaction of the nucleon with the target nucleus is
described by an optical potential, which takes into account the loss of flux due to scatter-
ing of the projectile into other channels. The transition potential is given by

V(r,O = 5(r-r')/v (r,r")p(r",r")rfr" + v (r,r')p(r,r')) (2.3)

where v (r,r') is the effective nucleon-nucleon interaction and p(r,r') is the mixed nucleon
transition density. The first term at the r.h.s of eq.(2.3) is the direct part of the transition
potential and the second term is the exchange part, which is due to antisymmetrisation
between the scattering nucleon and the target nucleons. The interaction of the projectile
with the nuclear particles induces particle-hole excitations of which the coherent sum is
given by the mixed transition density

^ ^ ( 2 4 )

The density-matrix elements or spectroscopic amplitudes Sph, which should be given by

the nuclear model, are related to the overlap between the nueiear initial and final states \|/(
and Mff according to:



Sph=<yf\ap
+ah\\yi>, (2.5)

while §p(h) are the single-particle wave functions for the particle (hole) states.

For electron scattering an expression for the T-matrix, similar to eq.(2.2), can be
obtained. As the electromagnetic interaction is well known and does not contain
exchange terms, one can represent the electron scattering data by the transition charge
and current densities pc/,(r) and j(r), which can be obtained from a Fourier-Bessel
transformation of the data4). In the impulse approximation for the electron-nucleon
interaction these quantities are given by

(2.5a)

and

ie
j ( f ) = 2 ^ ( V r ~ V r l ) P l t ( r ' r l ) ' r'=r ' ( 2-5 b )

where e is the charge of the proton and pn is the proton part of the transition density of
eq.(2.4). For simplicity, contributions due to the charge distribution and the magnetic
moments of the nucleons have been neglected here.

3. Effective interactions

The nucleon-nucleon interaction is too strong for nucleon-nucleon scattering to be
described in a perturbation expansion and so has to solve the two-body system com-
pletely to obtain the nucleon-nucleon cross section. Given some nucleon-nucleon poten-
tial, the latter can be obtained from the T-matrix given by the Lippmann-Schwinger equa-
tion

T=Vm+VmG0T, (3.1)

where VNN is the (bare) nucleon-nucleon potential and Go the free two-nucleon propaga-
tor. The relation T§ = VNN

yP, where $ is a plane wave and *F the exact solution of the
Schrodinger equation corresponding to eq.(3.1), is an important property of the T-matrix,
as it shows that the effect of two-nucleon correlations is included in the T-matrix.

As a first approximation to nucleon-nucleus scattering one can use this T-matrix as
the effective nucleon-nucleon interaction in the DWBA. This approximation is called the
distorted-wave impulse approximation (DWIA). This is an approximation, as e.g. the
Pauli exclusion principle is violated and the nuclear potential, in which the particles pro-
pagate, is neglected. Taking the Pauli principle into account, one obtains for the T-



matrix

TF=Vm+ VmQF GQQF 7>, (3.2)

where Qp is the Pauli operator, which projects on those intermediate states that are not
occupied by the other nuclear particles. Further it is assumed that a better approximation
can be obtained, if the free propagator Go is replaced by the propagator GT that takes the
nuclear mean-field potential into account. As the mean field is generated by the effective
interaction Tp, one has to solve the equation self consistently. This can be done by suc-
cessive iterations.

The resulting matrix TFS is a complicated nonlocal and energy-dependent object,
which cannot easily be used in nucleon-nucleus scattering. Therefore Tp$ is approxi-
mated by a local effective nucleon-nucleon interaction of the form

v = vc + v o a i .a 2 +
 VLS L.S + vT S12 (3.3)

with vc, va, Vu and vT the central, central spin-dependent, spin-orbit and tensor parts of

the interaction. These terms are given by

vi = v/0^12) + VitO-j^Ti.Ta, (3.4)

where / =C,a,LS,T and rn= Irj—r21. The radial form factors v(r) are suitably
parameterised. The parameters are determined by fitting the matrix elements of v to
some angle and momentum average of the matrix elements of TFS.

In practice it is difficult to calculate TpS for a finite nucleus, so one performs the
calculation in infinite nuclear matter. This is done for different incident energies and
several nuclear-matter densities. The resulting effective nucleon-nucleon interaction,
which is complex, thus depends on the energy of the projectile E and the density of
nuclear matter p, i.e.,

v(r12) = v(r12;£,p). (3.5)

If one wants to use this interaction for the scattering of nucleons from a finite nucleus one
has to choose some prescription for handling the density dependence. One generally uses
a local-density approximation (LDA) by taking some average over the densities at the
position of the projectile and that of the target nucleon, e.g.,

VLDA (r 12) = j [ v (r 12;£ (r^pirj) + v(r 12;E (r2),p(r2)) ] . (3.6)

Other prescriptions of the I DA give essentially the same results. In case of proton



scattering also the local effective energy E (r) = Ep —VQ (•")1S radially dependent due to
the Coulomb potential Vc (r), which is not taken into account in infinite nuclear matter.
The correction for the Coulomb potential is only important at low energies, say below
30-50 MeV, depending on the total charge of the target nucleus. For discussions on this
point see refs.5"7)

Several effective interactions that are complex and density dependent are available.
The most realistic ones are based on realistic nucleon-nucleon interactions such as the
Hamada-Johnston (HJ)8) or Paris9) potentials. Due to the hard core of the bare HJ
potential the effective HJ interaction10) is not able to describe elastic scattering at
medium energies n ) . The effective Paris interaction 12) is not yet available for energies
below 100 MeV. Hence, there is no effective interaction available that can be used at all
energies of interest.

Another effective nucleon-nudeon interaction has been derived in order to describe
elastic scattering, i.e., it is used to generate the optical-model potential in a non-
phenomenological way. This has been done for the Reid hard-core potential13) by Jeuk-
enne et al.5) The corresponding interaction (JLM) is not parameterised as in eq.(3.3). bin
only the volume integrals of the real and imaginary parts of v0 and vx have been given.
For the radial dependence usually a single Gaussian function is used. The exchange con-
tribution is contained in the effective interaction.

For low energies (E <60 MeV) it is assumed that the effective interaction can be
well approximated by the G-matrix interaction, which gives the effective interaction for
bound-state particles. There is a whole class of such interactions, known as M3Y interac-
tions, 14> I5) which are calculated for finite nuclei. These interactions are purely real and
do not depend on the density. In this thesis only the M3YP interaction,15) which is based
on the Paris potential, will be investigated.

4. Summary and discussion

Chapters II-IV are devoted to the microscopic description of the 88Sr(p,p') reaction
at 25 and 31 MeV, 200 MeV and 65 MeV, respectively. In the analysis several selected
excited states are considered. For the nuclear structure of these states we used wave
functions calculated from a one broken-pair model in a 4lto model space with a He
core2). These wave functions give in general a good description of the shape of the tran-
sition charge and current densities as measured in (e,e') scatteringl).

The calculated density-matrix elements are corrected for the, in general small, devi-
ations of the magnitude of the corresponding transition densities from the (e,e') data in



the following way. The proton parts of the density-matrix elements are multiplied by a
renormalisation factor, so that the B(EL) values, as measured in (e,e') scattering are
reproduced. As the neutron part of the transition densities does not contribute to the
B(EL) values, the normalisation of the neutron part of the density-matrix elements has to
be determined in another way. This was done with the help of a macroscopic analysis of
the 200 MeV (p,p') data for the 2, and 3, states. In this analysis a relation between the
proton and neutron deformation lengths and the deformation length for the potential is
used. As the proton deformation lengths are known from the (e,e') data the neutron
deformation lengths, and thus the neutron B(EL) values, could be determined. The neu-
tron density-matrix elements from the one broken-pair calculations were then multiplied
to yield these neutron B(EL) values. In this way the nuclear structure for these two states
is completely fixed. This nuclear structure was then used in the microscopic calculations
to calibrate the central part of the effective nucleon-nucleon interaction (which is almost
completely responsible for the calculated cross sections) by comparing the magnitude of
the calculated cross sections for the 2, and 3j states with the data. This yielded a nor-
malisation factor for the central interaction of 0.84. The origin of this normalisation fac-
tor will be discussed later. Finally this calibrated interaction was used to normalise the
neutron density-matrix elements for the other natural parity states by comparing the max-
imum of the calculated cross sections with the experimental data.

For the unnatural parity states a different procedure was used to calibrate the nuclear
structure. Here, the proton and neutron density-matrix elements from the one broken-pair
calculations were multiplied by the same factor to yield the magnitude of the form factors
as measured in (e,e') scattering. This calibrated nuclear structure was used in the micros-
copic calculations at all energies.
Several effective nucleon-nucleon interactions have been used: the effective HJ interac-
tion at 25, 31 and 65 MeV, the effective Paris interaction at 200 MeV, the M3YP interac-
tion at 65 MeV and the JLM interaction at 25, 31 and 65 MeV. The properties of these
interactions have been discussed in section 3.

All calculations are performed with phenomenological optical-model potentials that
give a good description of the elastic scattering data. The strength of the central part of
these potentials in the center of the nucleus was fixed by the requirement that this
strength is approximately the same as the one calculated from the effective nucleon-
nucleon interaction in nuclear matter. Also the nonlocalities of the diagonal and off-
diagonal (i.e. transition) potentials are taken consistently. As this is a topic of wider
interest a special chapter is devoted to a discussion of the consistent use of nonlocality in
DWBA calculations, see later.



We will now present the main conclusions from the work described in this thesis,
starting with the analysis of the data at 25 and 31 MeV. The experiment at 25 MeV had
been performed at the Vrije Universiteit by E.J. Kaptein16). The data at 31 MeV were
obtained by M. Pignanelli, R. de Leo and M.N. Harakeh at the Kernfysisch Versneller
Instituut in Groningen17'18) and were analysed in collaboration with these authors.

Only the data for the 2. and 2~ states were analysed. The interesting feature of
these states is that the transition density of the 2, state has a main peak at the nuclear sur-
face, which is generally the case for collective states, whereas the transition density of the
2~ state has a large peak in the interior of the nucleus. The proton scattering cross sec-
tions for these two states are indeed quite different. It is of interest to see if this feature
can be reproduced in a microscopic calculation, as it might give insight in the sensitivity
of proton inelastic scattering to structures of the transition densities in the nuclear inte-
rior. Two projectile energies close to each other give a check, whether the DWBA calcu-
lations can consistently describe the data in an energy region, where two-step processes
might be important. The rapid change of the shape of the measured angular distributions
as a function of the incident proton energy is nicely reproduced.

The major conclusion of this study is that at these low energies the nucleus is already
rather transparent, as indicated by the large second maximum in the cross section for the
22 state, which is mainly due to the large peak in the transition density in the nuclear
interior for this state. Further quantitative conclusions are hindered, however, by several
facts. First, the effective nucleon-nucleon interaction at low energies is strongly energy
dependent. In combination with the Coulomb potential this poses problems as the
nuclear-matter calculations from which the effective interaction is obtained, do not
include the Coulomb potential. For a discussion of these points see refs.5"7). Further the
momentum of the proton at these low energies is relatively small, which limits the attain-
able resolution in r-space, so details of the transition density can not be studied. Also
distortions are relatively strong, which reduces the sensitivity to details of the transition
density in the nuclear interior.

The data at 200 MeV were taken with the synchro-cyclotron of the Institut de Phy-
sique Nucleaire at Orsay19). A large angular range of 3°-55°, which yields a maximum
momentum transfer of 2.9 fm" , was covered, while an energy resolution of 70-80 keV
was obtained. First we performed a phenomenological optical-model analysis of the
elastic data and subsequently a macroscopic DWBA analysis of the low-lying collective
states. This was done to investigate the influence of possible ambiguities in the optical
potential on the description of the angular distribution of excited states. Even including
analysing-power data20) for elastic scattering we found substantial ambiguities in the



phenomenoiogical optical potential, which are due to relative strong absorption, as indi-
cated by the small scattering matrix elements IS1/, I = 0.08 for low / values. These ambi-
guities were not resolved in the macroscopic description of inelastic scattering data. The
calculated angular distributions for the collective states are insensitive to the optical
potential, if we use a consistent description, i.e., when the transition potential is derived
from the same optical potential that generates the distorted waves, using the prescription
with a deformation length for deforming the optical potential. We derived a relation
between the potential deformation length and the nuclear proton and neutron deformation
lengths taking into account the density dependence and finite range of the underlying
nucleon-nucleon interaction. Using this relation and the proton deformation length
obtained from inelastic electron scattering we could determine the neutron deformation
lengths for the low-lying collective states as mentioned above.

For the microscopic analysis we chose a phenomenoiogical optical potential close to the
one derived from the used effective nucleon-nucleon interaction.

For the effective interaction in the microscopic description we used the effective
Paris interaction. To reproduce the maximum of the cross section of the the 2, and 3",
states we had to multiply the central part of the effective interaction by a factor of 0.84.
Taking into account the uncertainties in the optical potential and the nuclear structure the
error in this number is estimated to be 10 %. Similar normalisation factors have been
obtained in other studies 21), but the origin of them is not understood.
For these and other natural-parity states with different spin or with the same spin but
different transition densities, as e.g. the it and 2~ states, a good description of the meas-
ured angular distributions was obtained. The description of the 7" state indicates that the
strength of the spin-orbit interaction, which mainly determines the cross section for this
state, might be slightly too weak.

At 7.4 MeV excitation energy a high-spin state was observed. This state was assumed to
be a 10" state excited by a stretched neutron lg9/2->lh11/2 particle-hole transition. The
spectroscopic amplitude of about 0.5 needed to describe the magnitude of the measured
cross section is in good agreement with one deduced from 88Sr(p,d) and 88Sr(d,p) data and
also with the excitation of the 10" state at 7.36 MeV in the '"Zrfoe') reaction22). As the
cross section for this state and also for the 7 state, which is also well described, is
mainly determined by the spin-orbit and tensor terms of the effective nucleon-nucleon
interaction, we conclude that also the tensor interaction is of the right magnitude.

The data at 65 MeV were taken at the Research Center for Nuclear Physics in
Osaka2325) with a polarised proton beam for scattering angles from 6° to 90°,
corresponding with a maximum momentum transfer of 2.5 fm" , and an energy
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resolution of 25 keV. As these data contain also asymmetries, they provide a more sensi-
tive test of details of the calculations. The nuclear struct-ire did not contain any free
parameters, as it was fixed by the (e,e') data and the (p,p') data at 200 MeV.

A phenomenological analysis of the elastic scattering data showed that the ima-
ginary part of the central potential in the interior of the nucleus is not well fixed by the
data. Just as at 200 MeV, this ambiguity persisted in a consistent macroscopic DWBA
description of the collective states and for use in the microscopic calculations a potential
that is consistent (in the nuclear interior) with the used effective nucleon-nucleon interac-
tion was taken.

In the microscopic analysis with the effective HJ interaction we multiplied the spin-orbit
term by a factor of 1.4 to reproduce the strength of the spin-orbit term of the optical-
model potential. As the effective HJ interaction lacks a tensor term we added the tensor
term from the M3YP interaction. We first compared the description of the low-lying col-
lective states with the HJ and M3YP interactions. With the HJ interaction a good
description of the cross section and the analysing power data was obtained. The descrip-
tion with the M3YP lacked some structure in the cross section. This could be remedied
by adding the imaginary part from the collective analysis, showing that the imaginary
part of the effective interaction is indispensable. Further, the description of the cross sec-
tions and analysing power turned out to be sensitive to the density dependence of the
imaginary part of the effective nucleon-nucleon interaction.

In order to use the M3YP interaction also for the description of non-collective states
we added the imaginary part of the JLM interaction. The resulting interaction is denoted
by M3YC. The description of the natural parity states with the HJ and M3YC interac-
tions gives a good account of the magnitude of the cross sections. The shape of the meas-
ured cross sections is somewhat better reproduced with the HJ interaction. Both interac-
tions give a fair description of the analysing power data. These calculations show that
the strengths of the central part of the HJ and the M3YC interactions have the correct
magnitude. Also the strength of the spin-orbit term, after the multiplication by a factor of
1.4, seems to be of the right magnitude as is indicated by the good description obtained
for the 5" and the 7" states, for which the spin-orbit part plays an important role. The
strength of the tensor part of the effective interaction could only be tested in the descrip-
tion of the 10" state and turned out to be too strong. This may be due to too strong high-
momentum components in the tensor interaction, since the application of a recently pro-
posed reduction of the high-momentum part26) yielded a good description.

For the 7" state, which has a relatively simple nuclear structure, we investigated the
sensitivity of the analysing power to details of the nuclear structure. We found that the
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analysing power is distinctly sensitive to both ground-state correlations and core polarisa-
tion, whereas these hardly influence the cross section.

Summarizing our results at four different energies we like to point out that the in
general good description that we obtained for both the magnitude and shape of the cross
sections and, for the 65 MeV case, analysing power data, for various excited states of
different spin and parity and character, is not at all a trivial result and, when we started
this investigation, unexpected. We showed that proton inelastic scattering can be used as
reliable probe of nuclear structure, at a level of say 10% for natural-parity states and 20%
for unnatural-parity states, provided that the used effective interaction can be accurately
calibrated on some well understood states. We expect that it will be hard to increase the
accuracy in calibrating the effective interaction for unnatural parity states, as, from a
nuclear-structure point of view, these states seem to be less well understood.

For a better understanding of the origin of the calibration factors for the effective
interaction it is desirable to have an effective interaction, based on the same bare
nucleon-nucleon interaction, that is available for a sufficiently large range of energies.An
analysis of other target nuclei over a large range of energies would be of interest to see if
the conclusions of this thesis depend on the nucleus we used. Magic and semi-magic
nuclei with a relatively simple nuclear structure such as the Ca and Pb isotopes might be
appropriate candidates for further investigations. Explicit theoretical investigations of
the validity of the procedures that are involved in deriving the effective nucleon-nucleon
interaction, and of the local density approximation are probably indispensable for further
progress in this field of nuclear physics.

Lately, there is a strong interest in relativistic effects that might be important in low
and intermediate energy nuclear physics. We have not investigated these effects.

In chapters V and VI two topics are discussed that are related to the work described
above. In chapter V it is shown that the nonlocality of the distorting potential is closely
related to the nonlocality of the transition potential in the description of inelastic scatter-
ing. Due to this relation it is almost impossible to obtain detailed information of the non-
locality of the optical and transition potentials from nucleon scattering data.

In chapter VI we discuss the influence of a spin-orbit potential and nonlocality in
the single-particle potential on the electromagnetic current operator for nucleons. The
occurence of a spin-orbit term and nonlocal terms in the single-particle potential inhibit
the use of the impulse approximation for the electromagnetic coupling to the nucleon as
it would violate charge conservation. Starting from a Lagrangian formulation we derived
a current operator that explicitly conserves electric charge. This current operator closely
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resembles the one that is obtained in the relativistic Dirac-Hartree model.
Where appropriate in the analysis of the 88Sr(e,e') data we calculated the current transi-
tion densities using both the impulse approximation for the current operator and the
charge-conserving current operator. The differences are never larger than 10 %.

All chapters are written as individual papers or letters and can be read separately.
The chapters II and V have been published before and are reproduced with the kind per-
mission of the NORTH HOLLAND Publishing Company (Amsterdam) and should be
referred to as
L.R. Kouw, H.P. Blok, M. Pignanelli, R. De Leo and M.N. Harakeh, Phys. Lett.
1748(1986)137
and
L.R. Kouw and H.P. Blok, Phys. Lett. 1648(1985)203

This work is part of the research program of the Stichting voor Fundamenteel
Onderzoek der Materie (FOM), which is financially supported by the Nederlandse
Organisatie voor Zuiver Wetenschappelijk Onderzoek (ZWO).
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CHAPTER II
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IN THE ""Slip, p') REACTION AT 25 AND 31 MeV:
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Data for the excitation of the 2[ and 2;" stales in the *"Sr(p. p') reaction at 25 and 31 MeV indicate substantial
contributions from the interior of the nucleus. Microscopic DWBA calculations reproduce this and yield a fair description of
the data. A detailed description, especially of the 2 ; state, is sensitive to the effective nucleon-nucleon interaction used and
the non-locality of the optical potential, which are insufficiently known at present.

It is generally believed that low-energy nucleon-
nucleus scattering is sensitive only to the transition
density in the vicinity of the nuclear surface, because
contributions from the nuclear interior are suppressed
as a /esult of absorption processes, reduction of the
effective nucleon-nucleon interaction and non-
locality effects.

In order to test the actual sensitivity to the nuclear
interior a transition with a transition density that has
a main peak in the interior is needed. The 2Î state in
88Sr ati:x = 3.218 MeV provides a good test case.

The transition charge density as measured by (e, e')
scattering shows a dominant peak well inside the
nucleus, which qualitatively can be explained from
simple shell-model considerations [1]. Nuclear-
structure calculations in a large model space [2] re-
produce the (e, e') data for this state as well as those
for the 2\ state at 1.836 MeV and indicate that for
the l\ state also the neutron transition density peaks
inside the nucleus. In this letter we present an analysis
of the excitation of these states in inelastic proton
scattering at 25.1 and 30.7 MeV. We have chosen two
different proton energies to ensure that characteristics
of the data are not due to the choice of a specific
projectile energy.

Data at 25.1 MeV had been obtained at the A VF
cyclotron of the Free University in a study of the
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excited slates of 88Sr [3]. The 30.7 MeV data were
obtained at the KVI in Groningen. The scattered
protons were detected in the QMG/2 magnetic speetro-
graph [4,5], with an overall energy resolution of 18
keV. Data were taken from 8° to 136° in steps of
4° with a horizontal resolution of 1.6°. Targets of
about 350/Ug/cm2 88Sr, enriched to 99.84%, deposited
on carbon foils of ~18 Mg/cm2 thickness were used.
The absolute normalisation of the data was obtained
from an optical-model fi! to the elastic-scattering
data.

The transition charge densities for the 2J and 2,
states as measured in (e, e') scattering [1J are shown
in fig. 1. The most prominent feature is the large value
of the transition density in the nuclear interior for
the l\ state. A one-broken-pair (1BP) model calculation
[2] with a number-proi?cted ground state for both
neutrons and protons gives a fair description of the
measured transition charge densities (fig. 1). Because
of this and the fact that the transition current densi-
ties, which are sensitive also to the neutrons, are also
rather well described we assume that the neutron
transition densities, which play the most important
role in (p, p') scattering at low energies, but which
can not so easily be determined experimentally, are
fairly well described by these model calculations.
The important point is then that also the neutron

transition density for the 2j state (see fig. 1) has a
large peak inside the nucleus.

The (p, p') data for both states are shown in fie. 2.
It is clear that the angular distributions for both 2*
states are rather different. This is an indication for
the sensitivity of the probing proton to the nuclear
interior.

We performed microscopic DWBA calculations for
the transitions to these states with a density dependent
interaction and using the density-matrix elements as
given by the IBP model calculations [2). (It was
checked that two-step excitation of the 2% state via
the 2J or 3^ stale plays a negligible role.) The single-
particle wave functions were calculated in a Woods-
Saxon potential with rn = 1.29 fm,a = 0.65 fm,
Vm = 6.2 MeV with the depth adjusted to reproduce
the single-particle energies. A Perey non-locality
correction [6] was applied with 0 = 0.85 fm. With
these parameters the transition densities of various
transitions were well described [7]. Fot the 2+ states
they are shown in fig. 1.

For the microscopic interaction we used the density
and energy dependent complex effective interaction
v(E, p) derived in a BHF calculation [8] from the
Hamada-Johnson (HJ) potential [9]. The local
energy was calculated asE = Ep- Vc where Ep is
the projectile energy and Vc the Coulomb potential.
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Furthermore a local-density approximation of the
form

with

was used. The target matter density p was obtained
from the charge density determined in electron
scattering [10] (see also ref. [II]) by unfolding the
proton charge distribution and assuming the neutron
density to be proportional. We used a phenomenological
optical potential that was determined in a 88Sr(p, p')
experiment at 24.6 MeV [12], applying the Becchetti-
Greenlees energy correction [13] to obtain the param-
eters at the actual energies in the entrance and exit
channels. A Perey non-locality correction with (? =
0.85 fm was also included for the distorted waves.
The calculations were performes with exact treatment
of exchange using the code DW6A82 [14].

The cross sections calculated in this way for both
energies are shown in fig. 2 as the full curves. The dif-
ference in strength and the large difference in shape
of the angular distributions for the two 2+ states are
described very well in the calculations (we want to
point out that there are no free parameters in our

calculations). The large second maximum of the angular
distribution for the l\ state, which is not present for
the 2 j state, is reproduced in the calculations and in-
dicates that there is indeed a sensitivity to the nuclear
interior even at these low energies of the incoming
proton. Also the decrease of the ratio of the second
to the first maximum in the cross section data for
the 2^ state in going from 25 to 31 MeV is reproduced
by the calculation. This decrease is mainly due to
kinematical effects and to the energy dependence of
the optical potential. The cross sections at forward
angles are underpredicted although Coulomb ex-
citation was included.

The sensitivity to the nuclear interior depends on
several ingredients in the calculations, explicitly through
the density dependence of the effective interaction
and through the non-locality correction and implicitly
through the exchange contributions. To study these
points several other calculations were performed. The
first is one in which we employed the JLM interaction
[IS] which has been quite successful in predicting
elastic-scattering data. This interaction contains the
exchange terms implicitly, hence the (now local) tran-
sition potential can be obtain ;d by folding the inter-
action with the neutron and proton transition den-
sities as given by the 1BP model. For the local energy
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we used the same prescription as before. We corrected
the interaction to fulfill the dispersion relation along
the lines of ref. [16]. For the spin-orbit interaction
we used a short range interaction with a strength that
reproduced the strength of the spin-orbit potential
of the Becchetti-Greenlees global potential. The
optical potential was treated in a consistent manner
by using also the JLM interaction, changing the over-
all strength of the real and imaginary terms by a few
percent to fit the elastic scattering data. The non-
locality correction for the distorted waves was also
taken from the JLM interaction, i.e. we used a damping
factor of the form F{r) = (mk/m)1^, where mk is
the k-mass [15]. These calculations were performed
with the code ECIS79 [14]. The resulting cross sections
are given by the dashed curves in fig. 2. The results
are similar to the ones obtained in the calculations
with the HJ interaction, although the cross sections
are on the average somewhat larger. The JLM results
were essentially the same when we used the pheno-
menological distorted waves instead of the "consistent"
ones.

In order to test the approximate treatment of ex-
change, which is implicit in the use of the JLM inter-
action, we performed the following calculations. We
treated the exchange terms in the HJ interaction in a
similar way as in JLM by using the Slater approximation
[17]. The results for the 2{ state are within 20% the
same as in the "exac:" calculations. For the 2^ state
they differ, however. This is shown for the case of 25
MeV in fig. 3. The second maximum is reduced re-
latively to the first, contrary to the experimental data
and the JLM description as shown in fig. 2a. Turning
off the spin-dependent terms in the interaction hardly
affects the 2 | state and gives an overall reduction of
the cross section for the 2\ state of about 20%. Fin-
nally changing the r-dependence of the HJ interaction
(a sum of Yukawa's and a delta function for exchange)
to the (one) gaussian r-dependence of JLM, keeping
the volume integrals of the interaction the same, leads
to the dotted curve in fig. 3, which resembles very
much the JLM result shown in fig. 2a. Hence it turns
out that the form factor of the used effective inter-
action plays a quite important role and the good
description of the 2 j state with the JLM interaction
seems to be at least partly due to the use of a gaussian
form factor. One has to be careful in drawing quanti-
tative conclusions for a non-collective transition from
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a JLM description, as we have seen that the neglect of
spin-dependent terms in the interaction has a con-
siderable effect on the magnitude of the calculated
cross section.

The influence of the non-locality correction on
the distorted waves, which is a direct weighting of
the nuclear interior in the direct part of the 7"-matrix
element, but more complicated in the exchange part,
was studied by replacing the Perey prescription by
the one given by JLM or turning it off completely.
We used the HJ interaction with exact exchange and
found only for the 2^ state an enhancement of about
25% in the cross section in case of a vanishing non-
locality correction. This is smaller than expected be-
cause the damping of the distorted waves is about
15% in the interior so that, if we neglect exchange ef-
fects, and assuming all cross section to come from in-
side of the nucleus, an increase by a factor of
(1/0.85)4 = 2 is expected. We also performed a cal-
culation with a M3Y interaction [18] replacing the
HJ interaction. With this interaction the cross section
is enhanced by a factor of two when the Perey damping
factor is turned off. So it seems that with the HJ inter-
action the interior already contributes less and the
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exchange terms almost compensate the non-locality
correction.

Finally the importance of the density dependence
ol (be nucleon—nucleon interaction was studied by
turning off. In case of the HJ interaction this hardly
effected the calculated cross sections. This suggests
that exchange effects are dominant in this case. For
the JLM interaction this resulted in a strong enhance-
ment of the second maximum for the 2^ state while
the 2J state was almost not effected. This demonstrates
again that this second maximum is largely due to con-
tributions from the nuclear interior.

In conclusion, we can say that nucleon-nucleus
scattering at a projectile energy as low as 25 MeV
shows definitely a sensitivity to the nuclear interior.
This confirms and extends the observation by Kelly
[19] from a simulation study of Ep > 60 MeV proton
scattering that at the lower energies one still feels the
nuclear interior although some detailed sensitivity is
lost.

Microscopic DWBA calculations reproduce the
measured (p, p') data both at Ep = 25 and £"p = 31
MeV with a quality approaching the description of
the (e, e') data, taking into account that we did not
optimise tbe neutron density in order to get a better
description of the data. We feel that the latter would
be premature as our analysis indicates that the detailed
results of the calculations for a state with a large tran-
sition density in the nuclear interior, sensitively depend
on the type of interaction used, especially its form
factor and density dependence, and on the use of a
non-locality correction. It seems that due to exchange
the HJ interaction suppresses the nuclear interior
slightly to much. Unfortunately, the HJ interaction is
the only realistic density-dependent and complex
interaction, parametrised in terms of Yukawa's (as
needed in DWA82), for these energies at this moment
that can be used in microscopic calculations including
exchange. The JLM interaction gives quite acceptable

results, although the approximate treatment of ex-
change and the neglect of the spin-dependent part
leads to errors for non-collective transitions. Certainly,
data like the ones described here for transitions, which
originate mainly from the interior, will help to
determine the effective nucleon-nucleon interaction
at low energies.
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CHAPTER HI

Microscopic analysis of the 88Sr(p,p') reaction at E =201.5 MeV

1. Introduction

Inelastic proton-nucleus scattering at intermediate energies has become a powerful
tool in the study of nuclear structure. Compared with scattering at lower energies the
reaction mechanism is simpler and medium effects in the effective nucleon-nucleon (NN)
interaction tend to be smaller. This, together with the availability of effective interac-
tions derived from realistic NN interactions, makes the DWBA description of inelastic
scattering viable. Also, at these energies, say between 100 and 500 MeV, the experimen-
tal resolution is still sufficient to resolve many states of interest.

The foregoing does not imply, however, that proton-nucleus scattering is an as reli-
able and accurate probe of nuclear structure as electron-nucleus scattering. The existing
uncertainties are due to the lack of a sufficient fundamental understanding of the bare NN
interaction and the approximations involved in deriving the effective NN interaction in
nuclear matter and its subsequent application to finite nuclei1>2). Still the theoretical gui-
dance of nuclear-matter calculations is valuable, because it reduces the number of
phenomenological parameters in the microscopic description of experimental data. The
fair to good descriptions of inelastic-scattering data that have been obtained thus far, see
e.g.38), form an a posteriori justification of the microscopic DWBA description and sug-
gest that only some finetuning of the effective NN interaction is required. One should,
however, realise that mainly collective states were analysed in these studies. In those
cases where unnatural-parity transitions were studied, one mainly used the effective
interaction to obtain nuclear-structure information.

In this paper we present a microscopic DWBA study of the 88Sr(p,p') reaction at
Ep=201.5 MeV. There are several reasons to choose 88Sr as target nucleus. It exhibits a
variety of generally well separated states of different spin and parity. For all states of
interest transition densities or form factors are available from an 88Sr(e,e') experiment9).
These data reveal that for several states of the same spin and parity the charge transition
densities are quite different. Such transitions are particularly suited to study the density
dependence of the effective NN interaction. In addition, wave functions from one
broken-pair (IBP) model calculations in a large model space10) are available, which gen-
erally give a good account of the (e,e') data. Finally, strong collective states, which
might invalidate a DWBA description, are absent. All these aspects make 88Sr a good
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case to study both the effective NN interaction and nuclear structure aspects.

The paper is organized as follows: in sect. 2 we describe the experiment and present
the measured data. In sect. 3 we give an outline of the IBP model that will be used as the
nuclear-structure input in the microscopic DWBA calculations. A phenomenological
optical-model study is described in sect. 4, as it is known that at 200 MeV incident
energy the optical-model parameters show substantial ambiguities11), which might
influence the DWBA description of the inelastic data. In sect. 5 a macroscopic analysis
of the lowest collective states is presented, which was performed to investigate the
influence of the optical-model ambiguities on inelastic scattering. We further determine
neutron deformation lengths from this analysis. Sect. 6 is devoted to the microscopic
DWBA description of a selected number of transitions. An evaluation of the results and
their implications is given in sect. 7.

In the appendix we show how in a macroscopic analysis, assuming an underlying
density-dependent NN interaction, one can relate the central and spin-orbit potential
deformation lengths to proton and neutron deformation lengths.

2. Experimental set-up and data analysis

The experiment was performed with a beam of 201.5 MeV protons from the Orsay
synchrocyclotron. The scattered particles were momentum analysed by a magnetic spec-
trometer and detected by two multiwire proportional counters. The experimental set-up
has been described in detail elsewhere12).

A self-supporting 88Sr target enriched to 99.84 % was used. Data were taken from
3° to 55° with a solid angle of 0.078 msr and a horizontal opening angle of 6.25 mr. The
energy resolution was 70-80 keV. Spectra taken at 16° and 41° are shown in fig.l.

The excitation energies were determined from the calibration of the spectrometer
and some known excited states in I2C, 16O and 88Sr. The resulting uncertainties in the
excitation energies range from 10 keV for low-lying levels to 20 keV for levels around
8 MeV.

The target thickness could not be determined from an optical-model fit to the elastic
data, since no reliable optical-model parameters are available at this energy for 88Sr, and
the cross section at the most forward angle (7°) is not dominated by Coulomb scattering.
The usual weighing procedure was not applicable, because the target was protected
against oxidation by paraffin oil, which could not be removed completely. For this rea-
son we determined the thickness by measuring the yield for elastic scattering of 22 MeV
protons using the Free University Cyclotron13-14). At this energy reliable optical-model
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Fig.I. Spectra of the 88Sr(p,p') reaction taken at 6iab=16° (a) and 41° (b).

parameters exist and the cross section is largely constrained by Coulomb scattering. By
comparing these data with an optical-model prediction we obtained a target thickness of
8.6 mg/cm2 *) wifh a statistical error of 4 % . Observed target inhomogeneities and the

The cross sections given in a previous paper on the 1 + states ls) were based on a target thickness of
13 mg/cm2, which was determined with a micrometer. These cross sections should therefore be increased
by 50%.
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Fig.2. Measured angular distributions from the 88Sr(p,p') reaction at E =201.5 MeV for the levels listed in

table I.
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Table I.
Levels observed in the 88Sr(p,p') reaction

at E=201.5 MeV.

^small) model dependence
result in an estimated total
error of 10%.

The observed levels are
listed in table I, and the
corresponding angular distri-
butions are shown in fig.2.

3. The nuclear model

The model wave func-
tions that we used in ihe
microscopic description of
the proton inelastic scarier-
ing, were taken from one
broken-pair (IBP) model
calculations10). For a
semi-magic nucleus like K8Sr
this model is assumed to
give a reasonable description
for the low-lying states. It
uses a number-projected
BCS ground-state for pro-
tons and a closed shell for
neutrons, while the excited
states are described as a

linear combination of configurations with one pair recoupled to the appropriate angular
momentum. In the calculations for the 2 , 3" and 5" states also a BCS ground-state for
the neutrons was used. The IBP calculations were performed in a 4hto model-space with
an inert 4He core and a G-matrix interaction18) based on the Bonn potential19).

In order to compare these model calculations with electron scattering data we calcu-
lated the transition densities from the density-matrix elements, using single-particle wave
functions generated in a Woods-Saxon potential with ro=1.29fm, a=0.65fm,
V s o = 6.2 MeV and a well depth adjusted to reproduce the single-particle energies. A
Perey nonlocality correction was applied with P=0.85 fm.

E a>
ex

1.836

2.734

3.151c)

3.218

3.486

3.585

4.035

4.170d

4.227 d

4.298

4.366 d

4.490

4.622

4.770

jitb)

2+

3"

0+

2+

1+

5"

2+

5"

3'

4 +

T

(2+)

&*)

E
ex

4.882

5.105 d

5.123 d

5.253 d

5.467 d

5.702 d

5.809

6.017 d

6.118

6.572

7.001

7.338 e d

7.380 e d

7.600 d

4+

7+

2"

(3")

3

(3)

3

3,4

(10')

(3)

a) Excitation energies (MeV) were taken from refs.9'16-17). A d
denotes a doublet, while an e denotes spin and parity assignment
from this experiment.
b) As a) but for spins and parities.
c) This state could hardly be separated from the level at
3.218 MeV, and is not shown in fig.2.
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With these parameters the shape of the transition densities was generally well
described10), see also ref.9). This includes the calculated current transition densities for
natural-parity transitions. These results indicate that ground-state correlations are also
well accounted for. Because of the good description of the electron scattering data,
which is mainly a check on the proton part of the transitions, we also assumed that the
neutron transition densities, as well as the other transition densities that enter the calcula-
tion of proton inelastic scattering, such as spin densities and mixed densities, are equally
well predicted by the model calculations. For the use in the (p,p') analysis we have
slightly renormalised the density-matrix elements in order to reproduce the experimental
B(EL)-value or the maximum of the (e,e') form factor.

4. Optical model analysis

Elastic scattering data were taken from 7° to 55°. We performed a phenomenologi-
cal optical-model analysis with the code ECIS79 20). The form of the optical potential is
given by

U(r) = -Vf (,xv)+ 4as Vsf \xs )+Vc(rJic) -iWf (xw)

+(2/r)[Vsof'(xso) + iWmof\xwso )}TJ& (La)

with xi = (r-Ri)lai,Ri=riA
m, (i=V,S,W,SO,WSO,C) and / \ x ) = d/(x)/dr , with

/ (x) the standard Woods-Saxon function. Vc (r JRC) is the Coulomb potential of a uni-
formly charged sphere with radius RQ . In the calculations we used relativistic kinematics
as well as the relativistic correction factor for the central potential21).

In the optical model analysis we included analyzing-power data obtained at
E = 200.4MeV22). As starting values we used the global parameter set of ref.23),
wnich uses volume Woods-Saxon shapes for the central potential. We obtained two local
minima in the % -fits with the parameter sets I and II as given in table II. Set II was
found after increasing the starting value of the depth of the imaginary central potential.
Changing other starting values did not give new parameter sets. Set II has much stronger
real and imaginary potentials near the origin, smaller radii and larger diffusenesses than
set I. The description of the data with set II, which gave the best fit, is shown in fig.3.

It is known that the optical model at this energy exhibits ambiguities not only in the
depths of the potentials, but also in the shape of the real central part24). In order to
approximate the shape of the real central potential as found in microscopic25) and
Dirac26) approaches, we fixed the depth of the real volume term at respectively 10, 5, 0
and -5 MeV, and included a real surface term in the fit27). This resulted in the sets III to
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Optical-model

set

V

r

a

V S
rs
as
w
rw
aw
vso
rso
aso
wwso
rwso
awso
X2(o)a)

X2(Ay)b )

a R C )

I J o | d )

I M 2 | C )

IM4le)

I

8.15

1.415

.5686

0.0

1.415

.5686

19.33

1.203

.5796

2.001

1.015

.4832

-3.877

1.039

.7291

47

131

920

189

23.97

788

Table II.
parameters for the 88Sr(p,p) reaction at E =201.5 MeV.

II

11.43

1.312

.6252

0.0

1.312

.6252

33.61

.929

.9731

3.779

1.000

.7762

-2.340

1.028

.5726

15

24

1064

212

24.16

915

III

10.00

1.305

.6687

.3742

1.305

.6687

24.96

1.151

.7000

2.311

1.012

.5463

-7.226

.9089

.9039

97

82

972

219

23.73

803

IV

5.00

1.198

.7041

3.723

1.198

.7041

24.10

1.158

.6882

3.209

.9872

.5889

-6.657

.9081

.9301

38

73

973

204

24.10

829

V

0.00

1.149

.7366

6.109

1.149

.7366

23.62

1.160

.6816

3.872

.9708

.6192

-4.856

.9607

.8625

34

83

995

195

24.47

859

VI

-5.00

1.122

.7668

7.891

1.122

.7668

23.30

1.166

.6789

4.605

.9602

.6397

-3.729

1.003

.8322

40

93

1016

190

24.83

892

VII

5.00

1.159

.6937

5.461

1.159

.6937

32.60

1.006

.8240

4.218

.9675

.7779

-2.763

.9982

.6402

2 0 '

50

1029

211

23.54

832

VIII

23.00

.748

.9873

5.798

1.150

.6779

29.00

1.034

.8327

3.682

.9904

.7379

-3.055

.9900

.6465

30

46

1036

225

23.82

869

a) Total xt for the cross-section data (Qfaw^ 0, 32 points).
b) Total x for the analyzing-power data Ce|aj,=8o-44°, 28 points).
c) Calculated reaction cross section in mb.
d) Absolute value of the volume integral per nucleon of the central potential.
e) Absolute value of the n-th reduced radial moment Mn of the central potential, see text.

VI. The strength and geometry of the imaginary part are almost independent of the real

geometry, although also here a discrete ambiguity in the depth seems to exist similar to

the one found for sets I and II. An example of this is given by the parameter set VII,

which should be compared with set IV. The % values favour a deeper imaginary central

potential.
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1O

1

id 3

88Sr(p,p')Ep=201.5McV
Set II
Set VIII

J I
20 4 0 60

• e c M (DEGREES)

A microscopic optical
potential calculated 28) with
an effective interaction29)
based on the Paris poten-
tial30) and a ground-state
density from ref.,31) did
not give an acceptable
description of the data.
This might be due to the

T : & \ used ground-state density

V for 88Sr, since for 208Pb,
where the density is rela-
tively well known, a good
description was obtained at
200 MeV32-33). As will be
explained in the next sec-
tions, we wanted to obtain
an optical potential that
gives a good description of
the data and is close to the
microscopic one. So we
devised a

phenomenological potential that closely resembles the microscopic one, by fitting a
volume plus surface term for the real part and a volume term for the imaginary part to the
calculated microscopic optical potential. The resulting parameters were used as starting
values in an optical-model fit to the data, in which the depth and radius of the real
volume term and the depth of the imaginary volume term were kept fixed. The resulting
parameters are given as set VIII in table II and the description of the data is shown in
fig.3 by the dashed line.

We observed that, despite the large variations in the obtained parameters, ail optical
potentials yield about the same values for the absolute reduced moments
\Mn(U)\(n =1-4) defined by Mn(U)=Jn(U)/Jo(U) with Jn(U) = 4njU(r)r2+ndr,
where U is the ( complex ) central potential. The volume integrals \JO(U)\ showed
much larger relative variations, see table n.

Fig.3. Measured elastic cross sections for 201.5 MeV protons and
the optical-model descriptions with set II (solid curve) and set VIII
(dashed curve).
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5. Macroscopic analysis

We performed a macroscopic DWBA analysis for the lowest 2 , 3", 4 and 5" states
at 1.836, 2.734, 4.298 and 3.585 MeV excitation energy, respectively, using the first-
order vibration model. For these calculations we used the code ECIS79 20).

Assuming the same deformation
length ^[,(U)=^£j<iRi for each part
(i=V,S,W,SO,WSO,C) of the poten-
tial we found that the calculated cross
sections were essentially independent
of the optical-model set (table II) used.
The angular distributions obtained
with set II, which gave the best fit to
the elastic-scattering data, are com-
pared with the experimental data in
fig.4 (dashed lines). Except for the 4
state, the calculated angular distribu-
tions peak at slightly more forward
angles than the experimental data.
The extracted mean deformation
lengths are given in table III, where
the uncertainty reflects the spreading
due to using different sets.

The small dependence on the opt-
ical model closely resembles the case
of strong-absorption scattering, where
only the potential geometry (the
strong-absorption radius) determines
both the elastic and inelastic scattering
angular distributions, i.e., there is no
dependence on the potential
strength38). From the optical-model
analysis described in the previous sec-
tion we found indeed that especially
the geometrical quantities \Mn(U)\
were well determined by the data.

+
 88Sr(p.p')Ep=201.5M<?V

1.836 MeV 6JSO)>6L(U)
6L[SO)=6L(U)

ecM( DEGREES)

Fig.4. Measured angular distributions for the 2 + , 3",
4 + and 5" states at 1.836, 2.734, 4.298 and
3.585 MeV excitation energy and the macroscopic
description with different central and spin-orbit po-
tential deformation lengths (full curve); with the
same deformation lengths (dashed) and with the
spin-orbit potential set to zero (only for Ihe 2 + state)
(dotted).
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Also the S-matrix elements for small values of / gave values of about 0.08. The

diffractive pattern of elastic and inelastic angular distributions, characteristic for strong

absorption of spinless projectiles, is masked due to the spin-orbit potential. A clear

diffractive pattern is obtained, when the spin-orbit potential is set to zero, as is shown in

fig.4 by the dotted curve, which should be compared with the dashed curve. A similar

observation has been made for 100 to 300 MeV elastic proton scattering.21)

One can show (see the appendix) that in a strong absorption model the mass defor-

mation length 8L(m) and the potential deformation length SL(U) are related by

&L(m)=NL5i(U), where NL depends on the range and density dependence of the central

part of the NN interaction. The spin-orbit interaction is of much shorter range. Conse-

quently, one should use a larger spin-orbit deformation length than for the central part of

the potential (see also the appendix).

The angular distributions obtained with the enhanced spin-orbit deformation, see eq.

(A.28), are shown in fig.4 by the full curves, while the corresponding NL -values , calcu-

lated as indicated at the end of the appendix, and potential deformation-lengths are given

Table III.
Results of the macroscopic analysis and a comparison of the deduced ratio of the neutron

and proton deformation lengths with low-energy results and model calculations.

J*

2+

3"

4 +

5"

Ex

1.836

2.734

4.298

3.585

0.416±0.09

O.662±.O18

0.181±.006

0.254±.010

NL<»

1.125

1.298

1.529

1.844

8L(U)C>

0.414+0.09

0.638±.016

0.154+.005

0.200±.008

B(EL;0->J)d)

(8.9Q±.35)102

(6.46±.32)104

(1.03±.12)105

(1.85±.19)107

R e>R L

0.61±.O4

0.77±.06

U2+..12

0.58+.13

R *>R L

O.68±.O8

0.89+.11

-

-

R L g >

0.64

0.73

0.85

0.50

R h>RL

0.68

0.72

-

-

a) Potential deformation length when 5SO=5C. The uncertainties are due lo the dependence on the optical
model.
b) The ratio of the mass and potential deformation lengths occurring in eq.(A.16).
c) Deformation length of the central part of the optical potential, see text, when &so±&c-
d) From ief.*).(e2fm2L)
e) Ratio of neutron and proton deformation lengths determined with the model from the appendix.
0 As e) but deduced from the comparison of low-energy proton scattering 16> *) and low-energy neutron
scattering, >36) where V_=3V =3Vm was used. The quoted errors are due to the errors given in
refs.35'3^ and the variation of the deformation lengths on comparing the results from low energy proton
scattering.
g) As e) but determined from the IBP calculations10).
h) As e) but from the model calculations of ref ,37).
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in table III. If we compare these results with the ones obtained before with
8^ (SO )=§£, (U) (dashed curves) a shift of the angular distributions to larger angles can be
observed, especially for larger angular momentum transfer, in agreement with the data.
From the potential deformation lengths we determined the neutron deformation lengths,
using eq.(A.27). The proton deformation lengths were determined from B(EL)-values
(see table III) from inelastic electron-scattering data9), using the parameters for the
ground-state density from the appendix, The ratio /?£=5L (n)lbL(p) of neutron to proton
deformation lengths is given in table III. Our values compare well with the ones obtained
from a comparison of low-energy proton16-34) and neutron35'36) experiments. Also the
values predicted by nuclear-model calculations10-37) are in good agreement with the
experimental results, except for the 4 state, which, however, is not very collective.

These results suggest that the relatively small potential deformation lengths found in
medium-energy proton scattering, see ref.12) and references therein, are at least partly
due to neglecting the finite range and density dependence of the underlying NN interac-
tion.

Thus far we have considered only a consistent choice of the optical potential and
transition potential and found potential deformation lengths independent from the optical
potential that was used. Applying transition potentials derived from a different optical
potential than used for generating the distorted waves, results in variations of up to 18 %
in the corresponding potential deformation lengths.

From these results one can conclude that, if one assumes that both the optical and
transition potential are obtained from a folding procedure using some effective NN
interaction, the resulting inelastic cross sections for collective transitions are independent
of the effective NN interaction provided the elastic scattering data are well described. Of
course, this only holds if the absorption is sufficiently strong. The insensitivity of the
deformation length to the effective interaction used has been observed before in a micros-
copic analysis 39), even when the elastic cross section was not so well described.

6. Microscopic analysis

Microscopic DWBA calculations of proton inelastic scattering at low and medium
energies with calculated effective interactions that are density dependent, have been
rather successful in a number of cases in describing experimental data. It has been
shown8-40) that the density dependence, which is due to Pauli blocking and Fermi
averaging l-> the nuclear medium 29), is an indispensable ingredient in these calculations.
It has also been found 3 9 J } 1 ) that the use of a consistent distorting potential, i.e., one
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obtained from the same NN interaction, is favoured by the data over a 'best-fit'
phenomenological potential. These results were mainly obtained for isoscalar collective
transitions with small spin contributions42). Other parts of the effective interaction than
the isoscalar terms have mainly been tested with simple nuclear-structure assumptions.
For an overview see ref. 43) and also refs.44-45). In our analysis, we can test many
aspects of the interaction, because 88Sr has a variety of excited states with a relatively
well understood and tested nuclear structure.

In the present investigation we took the density-dependent effective interaction of
the Hamburg group 29>46), based on the Paris potential30), which has been used by several
authors4- 8.41,44,45^ it should be noted that this interaction is essentially derived for elas-
tic scattering. The assumption that elastic and inelastic scattering can be described with
the same effective interaction was questioned by Mahaux2). Recently Cheon et al. 47-48)
showed that, to the same order in the low-density expansion, the effective interaction
v(p) for the inelastic channel and the effective interaction v (p) for the elastic channel are
related by

v(p) = (l+p-|-)v(p) ( 6 J )

dp
with p the density in nuclear matter. This modification will be used throughout and the
influence of neglecting it will be shown in a few examples.

As the effective interaction is derived in nuclear matter, one needs some prescription
to apply it to finite nuclei. We used the local-density approximation from ref. 41) with a
Fermi density with ro=l.O79 fm and diffuseness a =0.50 fm. The use of the relation
(6.1) between v(p) and v(p) only makes sense, when we take the corresponding con-
sistent optical potential to generate the distorted waves. We have assumed, see section 3,
that the optical model as parameterised by set VIII (table II) fulfills this requirement.

The optical potential U is effectively a local equivalent of a nonlocal potential
U(k), where k is the momentum of the projectile. The nonlocality arises from the
exchange term (in the parametrization one assumed a local form for the interaction 29)).
Consequently one should apply a Percy damping factor to the distorted waves, given by
(mklm)m , where mk is the k-mass49) defined by mk =m [l+(m/k)dU(k)/dkrx. We
calculated the k-mass from the effective interaction in nuclear matter and parameterised it
in r-space with a function of the form m [l+oc/Xr)]"1 with a=0.07 and / ( r ) a Fermi
function with reduced radius ro=l.O5 fm and diffuseness a =0.50 fm.

In the next subsections the results of our analysis for different (groups of) excited
states of 88Sr are presented. The microscopic calculations have been performed with the
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code DWBA8250). Except in the analysis of the 7 \ 7 + and 10" states (sect. 6.4-6.6) we
have used the exchange approximation for the central and spin-orbit terms51) and
neglected the tensor term to reduce computing time. We have checked the accuracy of
this approximation and found excellent agreement with results including the tensor terms
and treating exchange exactly.

6.1. The low-lying collective states

The data for the 2+ , 3", 4 + and 5' states at 1.836, 2.734, 4.298 and 3.585 MeV exci-
tation energy were analysed in sect. 5 with a macroscopic model. From this analysis we
extracted neutron deformation lengths that compared well with the results from low-
energy proton and neutron inelastic scattering and with nuclear model predictions (see
table HI).

For use in the microscopic calculations we renormalised the IBP model proton tran-
sition densities to yield the B(EL)-values as determined from (e,e') data9), see table III.
We also renormalised the neutron part of the transitions to yield the neutron-transition
probabilities as found from the macroscopic analysis in sect. 3.

The shape of the measured angular distributions is fairly well described by the cal-
culations, but the magnitude is overestimated by about 30 %. This discrepancy presum-
ably cannot be blamed on the transition densities. The proton transition densities com-
pare well with the (e,e') data, while the B(EL) values of the neutron transition densities

Table IV.
Ratio RL of neutron and proton deformation lengths for

different normalisations of the effective interaction.

J71

2+

3"
4+

5'

Ex

1.836

2.734

4.298

3.585

RL*>

0.60

0.77

1.39

0.66

R b>R L

0.60

0.78

1.45

0.77

RL<>

0.60

0.76

1.40

0.67

RL«

0.60

0.77

1.43

0.68

a) Deduced ratio of the equivalent neutron and proton deformation lengths using the density-dependent
interaction corrected according to eq.(6.1), and with the central part s multiplied by a factor of 0.84.
b) As a) but with both the central and spin-orbit parts multiplied by 0.88.
c) As a) but for the density-dependent interaction not corrected according to eq.(6.1), and with the central
part multiplied by a of factor of 0.78.
d) As a) but for the density-independeni interaction with the central part multiplied by a factor of 0.69.
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are determined by the macroscopic analysis with an estimated uncertainty of about 15%.
Also the shape of the neutron transition densities can not be too far off, because the shape

B8Sr(p,p')Ep=201.5MeV
V(p) CxO.84 + LS
v(p)(C+LS)xQ88
V(p) CxQ78+ LS

ViO) CxO.69+LS

^6A
I I | I L

8Sr( p.p1) Ep= 201.5 MeV

— \/<p> CxO84+ LS

20 40
10"4

_J | | 1 L
60 0 20 40

6CM(DEGREES) eCM(DEGREES )

60

Fig.5. Measured angular distributions for the 2 + , 3",
4 + and 5" states at 1.836, 2.734, 4.298 and
3.585 MeV excitation energy, a) Microscopic
description with a renormalised central interaction
(full curve); with renormalised central and spin-orbit
interaction -(dashed curve); with a renormalised cen-
tral interaction without the correction of ref.41) (dot-
ted curve). In (b) the description with the density-
independent interaction (dashed curve) is compared
with the density-dependent interaction (full curve),
both with a renormalised central interaction.
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of the proton scattering cross sections is fairly well described.

The only terms in the effective interaction that are of importance in the description
of these states, are the spin-independent isoscalar and isovector terms and the spin-orbit
terms. The isovector part of the central interaction is relatively weak. Moreover, the
relative strengths of the isovector and isoscalar terms seem to be well described by this
interaction at E =135 MeV45). Hence, we conclude that the central and/or spin-orbit
interactions have to be renormalized, keeping the relative strength of the isovector and
isoscalar terms, to obtain the measured cross sections.

If we renormalise only the central part of the interaction by a factor of 0.84, and
slightly renormalise the neutron components for the separate transitions, we obtain the
full curves in fig.5a. The resulting ratios of the equivalent neutron and proton deforma-
tion lengths, i.e. RL =5L (n )/§£ (p), given in table IV, compare well with the values
obtained from the macroscopic analysis given in table III. Also the shape of the angular
distributions is well described. Renormalizing both the central and spin-orbit terms by a
factor of 0.88 we obtain the dashed curves in fig.5a with RL values given in table IV.
The shape of the calculated cross sections is sensitive to the relative renormalisation of

the central and spin-orbit term and the
Table V.

Renormalisation factors for the IBP proton
and neutron density-matrix elements

for different states.

3i
32

5 i
52
r
7+

10'

Ex

1.836

2.218

2.734

4.227

4.298

4.882

3.585

4.170

4.366

5.105

7.338

Npa)

0.85

lin

1.12

lin

0.34

1.00

0.65

1.66

0.75

0.73

-

Nn

0.81

0.84

1.18

1.04

0.56

-1.00

0.85

1.25

0.75

0.73

0.49

a) lin denotes that a linear combination of two
states is used.

unrenormalised spin-orbit term is

slightly favoured by the data.

There remain discrepancies at larger

momentum transfer, which might be

due to the detailed shape of the neu-

tron transition densities.

We also investigated the correc-

tion to the effective interaction of

eq.(6.1). For all states discussed here

the cross section beyond the first max-

imum is slightly smaller, when the

uncorrected interaction v is used with

the central interaction renormalised

by a factor of 0.78 (dotted curve in

fig.5a) and the data seem to favour the

use of the corrected interaction v .

The obtained RL values are given in

table IV.
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The influence of the density dependence can be shown by using the same interac-
tion, but at zero density. If we renormalise the central part of the interaction by a factor
of 0.69, we obtain the RL values as given in table IV, while the description of the d?ta is
shown in fig.5b as the dashed curve. In general the description with the density-
independent interaction shows stronger minima and in case of the 5" state the calculated
shape of the angular distribution just beyond the first maximum falls off too fast. The
data clearly favour the use of a density-dependent interaction.

In the next sections we will use the density-dependent interaction with the renormal-
ised central part.

6.2. The 2£ and 2* states at 3.218 and 4.035 MeV

These states are of special interest because the charge transition densities differ sub-
stantially from those for the 2, state, while also the (p,p') cross sections are quite
different (see fig.2.).

<*>

1218 MeV

- 2 -

1 2 -
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O
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\
\

1
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V
V-7

1
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/
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1/

I i

x * 3.218 MeV

- 1BP

1 • '
10

r(fm) r( fm)

Fig.6. Charge (a) and current (b) transition densities
for the 2+« state at 3.218 MeV excitation energy from
(e,e') da ta^ 9 ) (full curves), compared with the ones
used in the description of the (p,p') data (dashed
curves). The neutron transition density (folded with
the proton charge distribution) is also shown (dotted
curve).



36

10

10

88Sr(p,p')Ep= 201.5 MeV
Z\ Ex = 3.218 MeV

• v ( p )

The transition charge density of the 22 state has a main contribution in the interior
of the nucleus52). The lBP-model calculation reproduces this shape fairly well and
predicts a neutron transition density with a similar character. The excitation of this state
in low-energy proton scattering, where the proton-neutron interaction is about three times
as strong as the proton-proton interaction, could be well described with these transition
densities. If one compares the proton scattering cross sections for the it and it states,
see fig.2. an enhanced second maximum for the 2~ state is observed. This second max-
imum is essentially due to contributions from the nuclear interior, which makes this state
a favourable one to study the density dependence of the effective NN interaction.
Because the IBP model overpredicts the charge transition density in the interior and
underpredicts it at the nuclear surface, we took a linear combination of the density-matrix

elements (for protons and neu-
trons) of the 2, and 2~ states
to reproduce the charge transi-
tion density. (If we interpret
this mixing of the density-
matrix elements as a rotation
in the space of eigenstates,
then also the it state will be
changed. The influence on the
2, state of this (small) rotation
is negligible, however, for
both the transition densities
and the (p,p') cross section for
the 2* state.)

The neutron transition
density for the 2~, state
obtained in this way was
renormalised (see table V) to
reproduce the first maximum
of the proton inelastic cross
section. With this renormali-
sation factor the charge and
current transition densities
were well reproduced , see fig.
6. The resulting description of
the (p,p') data is shown in

>GCM (DEGREES)

Fig.7. Measured angular distribution for the 2~ state at
3.218 MeV excitation energy and the microscopic description
with the density-dependent interaction (full curve) and with the
density-independent interaction ( dashed curve), and the
separate contributions, for the density-dependent interaction,
from protons (dotted curve) and neutrons (dashed-dotted
curve).
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fig.7. The main feature of an enhanced second maximum is present, but the calculated
angular distribution is slightly shifted to forward angles in comparison with the experi-
mental one. Inspection of the separate contributions from the protons and neutrons, see
fig.7, suggest that the neutron transition density should peak more inward than is implied
by the lBP-model calculation, where we used the same radius of the single-particle
potential for the protons and the neutrons.

The influence of the density dependence of the effective interaction can be seen if
we turn it off. When we use the same renormalisation for the central part of the interac-
tion as was obtained in sect. 6.1, we find the description given by the dashed curve in
fig.7. As in the case for the collective states, the density-independent interaction gives
more structure in the angular distribution than the density-dependent interaction. This
comparison and the similar one for the 2̂ " state suggest that the density dependence of the
interaction well inside the nucleus is not so important. On the other hand, the density-
dependence in the vicinity of the nuclear surface seems much more important. The
reduced sensitivity to the nuclear interior is mainly due to the strongly absorptive optical
potential.

It should be noted that the 2- state at E =4.035 MeV has an angular distribution that
+ +is different from both the 2, and 22 states, see fig.2. Also the measured charge transition

density is quite distinct9). Unfortunately, the IBP model does not predict a it state with
a comparable charge transition density near 4.0 MeV. This might be understood from the
results of the 86Sr(t,p)88Sr reaction54), in which this state is relatively strongly excited,
suggesting an important neutron 2p-2h component in the wave function. Such
configurations are outside the IBP model-space. Lack of appropriate nuclear-structure
calculations prevented the analysis of the (p,p') data for this state.

6.3. The S'2> 3'2 and 4^ states at 4.170,4.227 and 4.882 MeV

These states are of interest because they have charge transition densities 9) that are
different from those of the lowest states with the same spin and parity. The states at
4.170 and 4.227 MeV will be described together as they could be separated only at a few
angles.

Both the charge and current transition densities of the 51 state are very well
described by the IBP model after applying a renormalisation factor of 1.66. This strong
renormalisation, needed to reproduce the observed strength, is probably due to the fact
that the predicted different single-particle transitions for the 51 state are too destructive.
The transition densities for the 3~ state could only be reproduced by a procedure similar



38

10

10

88 Sr(p,p')Ep=2O15M<2V
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•GCM (DEGREES)

Fig.8. Measured angular distributions for the 5 j state at 4.170
MeV (squares), the 3'2 state at 4.227 MeV (circles) and their
sum (triangles). The sum of the microscopic description is
given by the full curve, the separate contributions are given by
the dashed and dotted curves.

to the one employed for the 2~ state. With these adjusted density-matrix elements, and
renormalisation factors for the neutron parts (see table V), determined from the magni-
tude of the first maximum in the (p,p') cross section, we obtained a good description, see
fig.8.

The ^2 s t a t e a t 4.441 MeV 9) was not resolved in our experiment. The charge tran-
sition density of the 4 j state is fairly well described by the one for the 4^ state in the IBP
model without any renormalisation. The neutron part, however, had to be multiplied by
-1 to reproduce the magnitude of the (p,p') cross section. The description does not well
describe the data (see fig.9). It was noted that the IBP calculation gives proton and neu-
tron transition densities with an opposite sign at the nuclear surface. This does not seem
realistic as one expects that isovector states are pushed more upward in excitation energy.
The need for a change in sign to describe the proton data, together with the fact that the
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current transition density is
not so well reproduced by the
IBP model, indicates that the
4 states cannot be well
understood within this model.

6.4. The
4.366 MeV

state at

0 2 0 4 0 6 0
6C M (DEGREES)

Fig.9. Measured angular distribution for the 4 t state at 4.882
MeV and the microscopic description.

This state has a dominant

proton Ogptf'1^"1)
configuration9). The charge
and current densities arc very
well described by the IBP
model calculation after apply-
ing a renormalisation for both
protons and neutrons of 0.75.
If one uses a two broken-pair
ground state55), where one
proton pair and one neutron
pair are broken, instead of the

number-projected BCS ground state, one needs a reduction factor of 0.88. This suggests
that a substantial part of the quenching is due to ground state correlations.

Unfortunately, the neighbouring state at 4.351 MeV could not be resolved form the
7" state. We assumed that the contribution of the state at 4.351 MeV to the measured
cross section is at most 20 % as indicated by the proton scattering data at 25 MeV16)
where these states could be resolved. The calculated angular distribution, see fig. 10,
compares well with the experimental data in shape, but is a factor of 1.5 too small. The
nuclear structure of this state seems sufficiently well under control: the proton part is con-
strained by the measured charge transition density, while only a modest change of the
(small) neutron part can be allowed, if one wants to keep the good description of the
measured current transition density. Because the main contribution comes from the
spin-orbit-interaction (dotted curve in fig.10), it may be concluded that the spin-orbit
interaction is slightly too weak and should be stronger by a factor 1.15 or more. As the
spin-orbit interaction becomes stronger in the nuclear medium42), this might indicate a
too small density-dependence.
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Fig.10. Measured angular distribution for the 7" state at
4.366 MeV excitation energy. The microscopic description is
shown by the full curve, while the separate contributions from
the central (dashed), spin-orbit (dotted) and tensor interaction
(dash-dotted) are indicated.

6.5. The 7 + state at 5.105 MeV

This state could not be separated experimentally from the 2" state at 5.123 MeV. We
assume, however, that around the peak cross section of the 7 + state the contribution of
the 2" state can be neglected (see fig. 11). The cross section for 2" slate has been calcu-
lated using the wave function from ref.9). The 7 state is a member of the neutron
(2d5y2,lg9/2"

1) multiplet. From the spectroscopic factors of 0.84 and 0.65 obtained in the
(p,d) and (d,p) reactions on 88Sr 56) to the 9/2+ and 5/2+ ground states of 87Sr and 89Sr, we
expect a spectroscopic amplitude of 0.74 for the neutron lg9/2->2d5fl transition. The
analysis of the electron scattering data for this state yielded a spectroscopic amplitude of
0.62, assuming a pure single-particle transition. This amplitude becomes 0.72, if we take
into account the configuration mixing, as given by the IBP model, as the added
configurations lower the calculated form factor. This is in good agreement with the
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10 88Sr(p,p')ED= 201.5 MeV

SUM
7* 5105 MeV
2" 5.123 MaV

number obtained from the
transfer reactions. The calculated
(p,p') angular distributions for
the pure single-particle transition
and for the one including
configuration mixing give identi-
cal peak cross sections, while the
second maximum is somewhat
larger in the last case. The calcu-
lated angular distribution is
somewhat shifted to smaller
angles compared with the data
and slightly overpredicts them,
see fig.ll. The contributions
from the spin-orbit and tensor
terms give the main contributions
to the cross section. This makes it
very difficult to draw any firm
conclusions on the origin of the
observed discrepancy with the
data. In any case it does not

seem likely that (p,d)(d,p) two-step processes, which are important in the description of
the 7 + state in the 90Zr(p,p') reaction at E =25 MeV 57), are important here. Firstly, the
contribution of this process to the cross section is already rather small at a projectile
energy of 65 MeV,57) and secondly, the eflfective interaction, calculated in nuclear matter
with intermediate states in the continuum, includes these processes.

10" 20 40
O c m (degrees)

60

Fig.ll . Measured angular distribution for the 7 + state at
5.105 MeV excitation energy and the 2 ' state at 5.123 MeV,
which could not be resolved. The microscopic description
of the sum (full), of the 7 + (dashed) and of the 2 ' (dotted)
state is shown.

6.6. The state at 7.338 MeV

The level density at this excitation energy is high, so that it was not possible to
resolve this state. The data at the forward angles (see fig. 12) are probably due to an L=3
transition. For comparison, the cross section for a 3" state is also shown. If we compare
the data at larger angles with those for the 7" and 7 states, see figs. 10 and 11, we can
conclude that the state at 7.338 MeV is excited by an angular-momentum transfer larger
than seven.

In the ^Zrfoe') reaction a high-spin state was observed at 7.36 MeV, which was
interpreted as a 10" state with a stretched neutron ( H i , , ^ ! ^ 1 ) configuration43). From
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Fig. 12. Measured angular distribution for the sum of the
states at 7.338 MeV and 7.380 MeV excitation energy. The
microscopic description of the sum of the assumed 10"
(dashed) and 3" (dotted) states is shown as the full curve.

compares well with the value from the transfer reactions
needed in the ̂ ZrCe.e') reaction.

the energies of the 9/2 state in
87Sr, with a (p,d) spectroscopic
factor of 0.84, and the 11/2"
state in 89Sr, with a (d,p) spec-
troscopic factor of 0.28 56), we
would expect the 10" state at an
energy of about 7.5 MeV. The
character of the 11/2 state in
89Sr is a mixed lhu / 2 single-
particle and particle-core cou-

P l e d < 3 " x 2 d 5/2W state56).
The spectroscopic factors in the
transfer reactions imply a spec-
troscopic amplitude of 0.48 for
the neutron lg9/2->lh]1/2 transi-
tion of the 10" state. Com-
parison of the calculated cross
section, assuming a pure neu-
tron lg9/2">lh11/2 transition,
with the data gives a spectros-
copic amplitude of 0.54, which
as well as with the value of 0.51

The calculated angular distribution, see fig. 12, peaks at too forward angles, how-
ever. As this state is excited by an L=9 transfer and the spin-orbit and tensor terms con-
tributions give the same shape, it is not very likely that the discrepancy in shape is due to
the interaction. Further, the same results were obtained with the density-independent
interaction of Franey and Love58). Two-step contributions due to the (3"x7 )
configuration can be safely neglected, because the 7 state is only weakly excited. Also
core polarisation contributions are generally assumed to be of minor importance for such
high spin states.

A good description is obtained, if one uses a Woods-Saxon well with a radius
parameter ro=1.2Ofm instead of r0=l-20fm. The rms radii of the single-particle
wavefunctions then also compare very well with those used in the analysis of the 10"
state in the ̂ r f o e ' ) reaction. In this context it should be noted that in electron scatter-
ing it has been found that the radius for magnetic scattering is always smaller than for
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charge scattering 59~62). A similar observation was made for inelastic proton scattering to
unnatural and natural-parity states44).

7. Discussion and conclusions

First we like to note that most microscopic calculations give a fairly good descrip-
tion of the present data, not only of the magnitude but also of the shape. Let us recall
what we have assumed in arriving at this result. We used a density-dependent interaction
and a phenomenological optical potential that was inspired by a microscopic calculation
with the same interaction. The proton density-matrix elements from a IBP model were
calibrated to (e,e') data, while the neutron part was corrected to reproduce the first max-
imum in our cross section data. The used correction factors have been summarised in
table V.

The central part of the interaction had to be renormalised by a factor of 0.84 to
reproduce the neutron transition probabilities for the 2. and 3j states, which seem to be
well determined as different sources give about the same values. The data on the collec-
tive states indicate that the spin-orbit interaction should not be strongly renormalised. (It
should be noted that we have lost the advocated consistency between the interaction for
the inelastic excitations and that for the optical potential, by only renormalising the
effective interaction in the inelastic channel. It is not clear, however, to what extent the
resulting effective interaction violates the consistency relation with the optical potential
we actually used.)

With this calibrated interaction a good account could be given for the other natural-
parity states, except for the 7" state. The description of this state is mainly sensitive to
the strength of the spin-orbit interaction. Because the nuclear structure seems to be
sufficiently well fixed, our analysis indicates the need for a stronger spin-orbit interac-
tion, or a stronger density dependence.

The results on the unnatural parity states indicate that the strength of the tensor
interaction is of the right magnitude. The nuclear structure we used was in agreement
with (e,e') data and also with data from transfer reactions.

The shape of the calculated angular distributions for the unnatural parity states,
however, compared less well with the data. In this context it seems appropriate to give a
short discussion on the choice of the Woods-Saxon radius as used in this paper. The used
radius of 1.29 fm should be compared with the radius of 1.25 fin, which is needed to
reproduce the measured ground-state charge rms radius. Even for nuclei with a large
neutron excess, the ground-state neutron rms radius is close to the one for protons. A
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radius of 1.20 fm for the neutrons gives a neutron rms radius slightly larger than that for
the protons. The value of 1.20 fm compares well with the value which was obtained
from magnetic elastic electron scattering from ^Sr39). The large difference between the
Woods-Saxon radii for protons and neutrons needed to describe the ground-state distribu-
tions suggests that also the effective radii, used to describe the transition densities, might
be different.

From a macroscopic analysis of the data for the collective states one can obtain reli-
able values for the neutron deformation length, provided one takes into account the range
and the density dependence of the underlying NN interaction. It is suggested by the
phenomenological analysis of the elastic data and the inelastic data for the collective
states that the description of these data, using a folding model with some effective NN
interaction, is to a large extent insensitive to this interaction as long as the elastic data are
well described. This insensitivity is due to a relatively strong absorption and makes the
study of collective states less suitable for obtaining detailed information on the density
dependence of the NN interaction.

The combination of proton and electron scattering data and also data from transfer
reactions to obtain information on the effective NN interaction and on the nuclear struc-
ture has been shown to be a powerful method. Further combined analyses of (p,p') and
(e,e') data on selected target nuclei and with different proton energies are highly desired
in order to obtain an accurately calibrated effective NN interaction. Such an interaction
can be used to obtain nuclear structure information that cannot be obtained from electron
scattering and may also provide clues for a better theoretical understanding of the many-
body aspects of theoretical effective NN interactions.

We like to thank Dr. F.W. Hersman for providing the proton-scattering data taken at
IUCF before publication and Dr. W. Hengeveld and Dr. A. van Egmond for performing
the broken-pair calculations. We also thank Dr. L. Rikus for calculating the microscopic
optical potential and Prof. H.V. von Geramb for providing the effective interaction.
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Appendix
Macroscopic analysis and the mass deformation length

In this appendix we derive a relation between the optical-potential deformation
length $L(U), as is commonly determined in a macroscopic analysis of inelastic-
scattering data, and the corresponding mass deformation length 8L(m), which can be
compared with e.g. the proton deformation length extracted from electromagnetic transi-
tion rates. In ref.63) this relation was obtained for a real, isoscalar and density-
independent NN interaction. Density dependence of the effective interaction was taken
into account in ref.64). We extend this relation to include complex non-isoscalar and
density-dependent interactions and spin-orbit interactions.

In the usual macroscopic analysis of inelastic scattering one takes for the radial tran-
sition potential

UL(r) = 5L{U)^-, (A.I)
ar

where L is the transferred angular momentum and U (r) the central part of the (complex)
optical potential.

In a folding-model approach the transition potential, which we will indicate by
VL (r), is obtained from folding the nuclear transition density p/,(r) with the correspond-
ing multipole of the effective NN interaction. For the present analysis we restrict our-
selves to transition densities of the form

pL(r) = 8L(m)&, (A.2)

where p is the ground-state density, and for the moment we do not discriminate between
protons and neutrons. The effective interaction is taken to be of the form
v (fif ')=g( 17*-?*' I) d (pfr*')), where p is the ground-state mass density, and d (p) deter-
mines the density dependence, with d(0) = l. One then gets, including the density-
dependent correction term of ref.47-48)

VL(r) = 4njgL (r ,r')HL (p(r' ))r'2dr' (A.3)

with

HL(p) = (.d+p^-)pL(r). (A.4)
dp

The corresponding optical potential, given by
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U(r) = 47tjg 0(r / )H (p(,' ))r'2dr' (A.5)

with

//(p) = rf(p)p, (A.6)

is assumed to be equal to the one used in the macroscopic analysis.

We now derive a relation between 8^ (m) and 8^ (U) of the form 8^ (m )=Ni 8L(U).

It was shown in ref.63) that NL depends on the range of the interaction, with NL=\ for a

zero-range interaction.

In general the transition potentials UL(r) and VL(r) are not identical because
different multipoles of g are involved. As in a macroscopic analysis one usually deter-
mines the deformation length 8^(LO by comparing the calculated and measured cross
sections in the first maximum of the angular distribution, we establish the relation
between 8^ (w) in VL and 8̂ , (U) in Ui by requiring that both descriptions give the same
cross section in the first maximum, which is given by

crm=/:l7-(emax)l2, (A.7)

where T(0) is the transition-matrix and k a kinematical factor. It was shown in ref.65)
that in case of strong absorption and a density-independent interaction the transition
matrix can be written as

(A.8)

with

JL(X) = AnjrL+2X(r)dr (A.9)

and KL (6max) independent of the parameters of the interaction. Hence the maximum
cross-section can be well approximated by

\2°m=CLUL(pL)\

In case of a density-dependent interaction we have effectively pL replaced by
see eqs.(A.3) and (A.5), so we obtain

vm=CL\JL{HL)\2. (A.

Using Satchler's theorem on multipole moments 66), i.e.,
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(A. 12)

we obtain

om=CLUL(VL)/J0(g)\2- (A. 13)

If one uses the macroscopic model, the transition potential is UL, so in that case one can

write (see A.I)

om=CL\JL(UL)IJ0(g)\2. (A.14)

We now find the relation between bL (m), which occurs in HL, and 8^ (U), which occurs

in UL, by equating (A.I 1) and (A.14) and eliminating J0(g) with the help of the relation

JQ(U) =J0(g )JQ(H). This leads to

\JL(HL)/JQ(H)\ = \JL(UL)IJ0(U)\. (A.15)

Inserting the defining relations eqs.(A.l) and (A.6) and applying a partial integration we
arrive at

8L(m)=NL5L(U) (A.16)

with

where the reduced moments are defined by

MLQi)=JL{X)IJ0(X). (A.18)

This result for iVL reduces to that of ref.63) for a density-independent real interaction.

In order to determine A^ in practice we assume a simple linear density dependence
d(p) = 1-ccp/po and a matter density p(r) = p , / ( r , R , a) with f(r,R,a)a Fermi func-
tion with radius .R and diffuseness a. For the quantity Jn(H) we then obtain, using the
relation (f (r ) - l ) / (r) = a d/ /dr and a partial integration,

Ja(H) = (l-a)Jn (p)+(2+« )owJn_1(p). (A. 19)

This gives

ML_]iH) = ML_l(p)IDL(p) (A.20)

with
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l+2yRt(0)

where

Y=(-~-)(-^-) (A.22)

and

p). (A.23)

If we use the approximation t(n) = (n+3)/[/?(n+2)], which holds for a Woods-Saxon
function provided alR is small, we obtain

The expression for A^ now reads

Nowhere did we assume that the occurring quantities are real, e.g. the density depen-
dence characterised by d (p) is allowed to be a complex function. The value of NL is
completely specified by the optical potential U and the ground-state density p as well as
by the density dependence of the interaction, which is contained in DL.

In general DL will reduce the value of NL especially for large L values. This is a
welcome feature, because, assuming no density dependence, it was observed63) that for
L larger than four, the NL -values were invariably too large when a-scattering results
were compared with electromagnetic transition rates.

Thus far we have not distinguished between protons and neutrons. If we assume
proportional proton and neutron transition densities with deformation lengths 8/, (p) and
8L («) and equal density dependence, we readily obtain the expression

\gpZSL(p)+gnN8L(n)\ = \gpZ+gnN \NL6L(U) (A.26)

with gp(gn) the projectile-proton (neutron) interaction strength. In general gP(n) is com-
plex, which implies that eq. (A.26) is not linear in the deformation lengths. For almost
isoscalar transitions and interactions one obtains

(A.27)
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= [\+(N/Z)Re(gn/gp)]-1.

For epin-1/2 particles the optical and transition potentials will contain a spin-orbit
term. The spin-orbit (SO) deformation length is often treated as a free parameter to yield
a better fit to the scattering data. However, if one assumes an underlying NN interaction,
the deformation length for the SO term will, in a similar way as for the central part, also
be determined by the proton and neutron deformation lengths. Using a density-
independent two-body SO interaction with zero range and applying the exchange
approximation,51) one obtains an effective SO interaction with a proton-proton term
twice as strong as the proton-neutron term. This implies that for inelastic proton scatter-
ing the SO deformation-length is given by

ILN ' (A-28)
which in general is larger than the corresponding deformation-length 8L(U) for the cen-
tral part of the transition potential. This is in agreement with most phenomenological
fits67). The relations given by eqs. (A.27) and (A.28) can be used to obtain the neutron
deformation length from inelastic scattering, when the proton deformation length is
known. Extensions of theses equations, like refining the assumed density-dependence or
using different forms for the proton and neutron densities, are probably not very useful,
as e.g. eq.(A.8) involves aheady a major approximation. In such cases a full microscopic
approach is more appropriate.

The density-dependence determined by y , see eq.(A.22), can be obtained from
fitting <2(p) to a known density-dependent interaction or from the range of the interaction
by using the relation

M2(l/) = M2(s)+(l+2yW2(p), (A.29)

which follows66) from M2{U) = M2{g)+M2{H). For the analysis in sect.5 we used the
Fermi ground-state density with rQ= 1.079 fm, a =0.5 fm and the density-dependence
parameter y= 0.042. This last parameter was determined by the density dependence,
characterised by a = 0.287, of the effective Paris potential29) using the asymptotic
exchange approximation51). For this interaction we find for the ratio of the strengths of
the proton-neutron and proton-proton interactions Re (gn/gp) = 1.38.
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CHAPTER IV

Microscopic analysis of the 88Sr(p,p') reaction at E =64.8 MeV

1. Introduction

Inelastic proton-nucleus scattering at 65 MeV bridges the gap between low and
intermediate energy proton scattering. Compared with scattering at lower energies the
reaction mechanism is simpler and the nucleus is more transparent!), while, compared
with scattering at higher energies, the optical model seems to be relatively well deter-
mined. Further at 65 MeV a better absolute energy resolution can be obtained than e.g. at
200 MeV.

If one wants to obtain nuclear structure information from a microscopic analysis of
the experimental data, one needs an effective nucleon-nucleon interaction that is well
tested and calibrated. However, in many cases where a microscopic analysis of experi-
mental data was performed, it was just assumed that the used effective interaction, e.g.
the popular M3Y interaction2-3), is well determined. Studies that explicitly test the
effective interaction are rather scarce. Reliable tests of effective interactions require that
the nuclear structure of the excited states involved is well known.

Tests of effective interactions at incident energies of about 65 MeV have been
confined mainly to the excitation of low-lying collective states of low multipolarity in
(p,p') reactions4-5). A correction to the tensor part of the M3Y interaction was proposed
in ref.6), which clearly needs an independent test. The CTX part was investigated in (p,n)
reactions7-8).

The need for further investigations of the effective interactions is also indicated by
the failure of microscopic calculations of inelastic scattering to reproduce the experimen-
tal analysing-power data for energies below 100 MeV 4-9). It is not clear whether this
failure should be ascribed to the effective interaction or to an insufficient knowledge of
the nuclear structure. In this context it should be noted that macroscopic descriptions of
collective transitions at 65 MeV generally give a good account of the analysing
power10).

We have studied the 88Sr(p,p') reaction at E = 64.8 MeV to investigate the effective
interaction at this energy. For the reasons mentioned above, also asymmetries were
measured. There are several reasons for the choice of 88Sr as target nucleus. The most
important are: i) the variety of generally well separated states, both of natural and unna-
tural parity, with spins ranging from 1 to 10, ii) the availability of high-resolution
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88Sr(e,e') data over a large momentum range n ) and iii) the fact that this nucleus has been
studied by proton inelastic scattering at 25 and 31 MeV n-13), at 200 MeV14>15), and by
HMeV neutron scattering16-17). Furthermore, wave functions from one broken-pair
(IBP) model calculations in a large model space18) are available, which in general need
only slight corrections to account for both the (e,e') data11) and the 200 MeV (p,p')
data15). Because the nuclear structure seems to be well under control the 88Sr(p,p') reac-
tion is a good case to study the effective nucleon-nucleon interaction.

The paper is organized as follows. In sect. 2 we describe the experimental set-up
and data analysis. The results of a phenomenological optical-model study are given in
sect. 3. In sect. 4 a macroscopic analysis of the lowest collective states is presented. The
results thereof will be of some help in the interpretation of the microscopic analysis,
which is presented in sect. 5. The results obtained are summarised and discussed in
sect. 6.

2. Experimental set-up and data analysis.

The experiment was carried out with a polarised proton beam of 64.8 MeV from the
AVF cyclotron at the Research Center for Nuclear Physics in Osaka. The proton beam
was energy analyzed by a tandem monochromator system and deflected by a cleaning
magnet before entering the scattering chamber. The scattered protons were momentum
analysed by the spectrograph RAIDEN19).

During the experiment the beam polarisation was periodically monitored with a
polarimeter20) by measuring the C(p,p) analysing power at a scattering angle of 47.5°.
A beam polarisation of 75-80% was obtained with a beam current of up to 60 nA on tar-
get. The spin of the proton was reversed every second to minimise systematic uncertain-
ties 21). As target we used a self-supporting 88Sr foil, enriched to 99.84 %, with a thick-

2
ness of 2.8 mg/cm .

The scattered protons were detected by a counter array consisting of a two-
dimensional position-sensitive proportional counter with a length of 1.5 m, two AE gas
proportional counters and a plastic scintillator E-counter. The position information of the
protons along the focal plane was obtained by the charge-division method, while the vert-
ical position was determined by measuring the drift time of the electrons liberated in the
ionization22-23)

Data for the excitation-energy range 3.0-8.0 MeV were taken from 6° to 90° in steps
of about 3° with a solid angle of 3.2 msr and a horizontal acceptance of 20 mr. Separate
data for elastic scattering and for states up to 4.5 MeV were measured in the same
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Fig.l. Spectra from the 88Sr(p\p') reaction at E = 64.8 MeV at a scattering angle of 30° for a) spin up and

b) spin down.
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Table I.
Levels observed in the 88Sr(p,p') reaction at E =64.8 MeV.

1.836

2.734

3.151

3.218

3.486

3.585

3.949

4.035

4.170

4.227

4.298

4.366

4.414

4.441

4.516

4.622

4.770

4.848

4.882

4.989

5.105

5.123

5.170

5.262

5.327

5.415

5.484

2 +

3"

0 +

2 +

1 +

5"

4"

2 +

5"

3 '

4 +

r

4 +

(2+)

(2+)

4 +

7 +

2"

(3)

Eex

5.590

5.649

5.692

5.762

5.800

5.856

5.957

6.002

6.049

6.133

6.264 e

6.344 e

6.442

6.508 e

6.572

6.622 e

6.698 e

6.746 e

6.840 e

6.947 e

7.001

7.154 e

7.215 e

7.338

7.380

7.544 e

7.600 e

jTCb)

8+

3

4

r

3

3,4

(10")

(3)

a) Excitation energies (MeV) were taken from
refs."'12'1 ), except those indicated by e, which were

nt.
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angular range. The consistency between the two data sets for the states between 3.0 and
4.5 MeV was better than 2%.

All data were taken in list mode and stored on magnetic tape. The final position
spectra were obtained from an off-line analysis with gates in the AE and E-spectra for
particle identification and a gate in the vertical position spectrum for background reduc-
tion. Spectra at 30° are shown in fig. 1. The energy resolution is about 25 keV.

The spin-up and spin-down spectra were analysed with the automatic peak-search
and peak-fitting code SPECFIT24). From the peak areas, integrated current, target thick-
ness, solid angle and beam polarisation we determined the cross sections and analysing
powers. Because the target thickness was known from the manufacturing process with an
accuracy of only 20%, the absolute cross-section normalisation was obtained from an
optical-model analysis (see sect.3).

Known levels in 12C, 16O and 88Sr were used to determine the focal-plane calibration
of the spectrograph. In this way excitation energies were determined with an uncertainty
ranging from 3 keV at 3.5 MeV to 10 keV at 7.5 MeV excitation energy. The observed
levels are listed in table I.

3. Optical-model analysis

Elastic scattering data taken from 10° to 90° were analysed with the code
ECIS79 26). The form of the phenomenological optical potential is given by

(4.1)

where *,- = (r-Ri)laLRi =riA
m (i=V,W,S,SO,WSO,C) and / \ x ) = df (x)ldr , with

f(x) the standard Woods-Saxon function. Vc(rjic) is the Coulomb potential of a
homogeneously charged sphere with radius Re • In the calculations we used relativistic
kinematics as well as the relativistic correction factor for the central potential27).

In the fits we treated the normalisation of the cross section as a free parameter,
because from the manufacturing process the target thickness was only approximately
known. As starting values we used the parameter set for '"Zr of ref.28). In the fitting pro-
cedure we found that the imaginary potential, which is the sum of a volume and a surface
term, is well determined around the nuclear surface, but not in the nuclear interior. We
therefore made three fits with the strength parameter of the volume imaginary potential
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kept fixed at 8.0, 12.0 and 16.0 MeV, respectively. The resulting parameter sets are
given in table II. No indication was found for a non-zero imaginary spin-orbit potential.
The differences in the quality of the fits mainly come from the backward angles. This
suggests that the volume imaginary term will be better fixed, if there are more backward
data points available. It should be noted, however, that this is also the region, where cou-
pled channels effects may start to become non-negligible. The description of the data
with the best fit potential, i.e., set II, is shown in fig.2. The different sets give slightly
different normalisations. We estimate the normalisation error of the cross section at 5 %.

For comparison with other nuclei and/or energies we also give in table II the volume
integrals and radial moments of the real and imaginary parts of the optical potential, plus
the absolute value I Jo I of the volume-integral per nucleon of the potential and the abso-
lute reduced moments \Mn(U)\ defined by Mn{U)=Jn{U)IJ0{U) with

/„(£/) =— j l / (r)r2 + ndr, where U is the (complex) central potential and A the mass
A

number. It turns out that these quantities are somewhat better determined by the data
than the separate real and imaginary parts. At 200 MeV15) a similar phenomenon was
observed, except that there the volume integral was less well determined by the data,
which could be understood from a strong-absorption picture. At 65 MeV also the volume
integral is well determined, which invalidates a strong absorption assumption.

t

60
-1.0

90 0
0cm( degrees)

1 1

30 60 9 0

Fig.2. Measured elastic cross section and analysing power for 64.8 MeV protons on 88Sr and the optical-
model description with set II. The error bars are smaller than the data points.
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Table II.
Optical-model parameters for the 88Sr(p,p) reaction at E =64.8 MeV.

parameter

V

r

a

W

rW
a w

WS
rS
as
vso
rso
aso
x2(<*)b)

X2(A ) C )

N(o)d>

J0(V)e)

J0(W)e)

U ,e)
IJ0
MjCV)^

I M 2 | f l

IM4I°
IMfil°

I

33.96

1.2089

0.7019

8.0

0.9838

0.4772

5.843

1.2226

0.5865

4.925

1.1016

0.6371

66

38

1.008

1165

293

96

309

24.14

27.54

24.49

841

37400

set

n
32.62

1.2145

0.6973

12.0

0.9155

0.6906

4.767

1.2424

0.5725

4.923

1.0848

0.6473

34

44

1.023

1163

285

99

302

24.23

26.19

24.44

839

37200

III

31.57

1.2201

0.6928

16.0

0.8465

0.9226

3.721

1.2613

0.5420

4.930

1.0755

0.6533

39

62

1.051

1180

279

102

297

24.30

26.11

24?52

849

38300

a) Potentials in MeV, reduced radii and
diffusenesses in fm and cross sections in mb.
b) Total x for the cross-section data (27
points).
c) As b), but for analysing power.
d) Normalisation factor.
e) Volume integral per nucleon of the central
potential in MeV fm3.
f> The n-ih reduced radial moment Mn of the
central potential, see text.
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This can also be seen from the absolute values of the S-matrix elements 1Sy I for small
values of / , which are about 0.22 at 65 MeV and 0.08 at 200 MeV.

4. Macroscopic analysis

We performed a macroscopic DWBA analysis for the lowest 2+ , 3", 4 and 5" states
at 1.836, 2.734, 4.298 and 3.585 MeV e:xitation energy, respectively, using the first-
order vibration model. For these calculations we used the code ECIS7926). In the
interpretation of the results obtained with this macroscopic model, which is assumed to
be valid for sufficiently collective states, one should keep in mind that of these states only
the 3" state is a good collective state: the B(EL) values for these states are 7.7, 20.1, 1.2
and 8.0 Wu, respectively n ) .

In the analysis we first assumed the same deformation length 5 t =p t _,-/?; for each
part (i=V, W, S, SO, C) of the potential. The resulting deformation lengths (see table III)
and the angular distributions, both of cross section and analysing power, were essentially
independent of which optical potential (see table II) we used. The angular distributions
obtained with set II, which gave the best fit to the elastic-scattering data, are compared
with the experimental data in fig.3 (solid curve). The data for the 2 + and 3" states are
well described, and only the description of the analysing powers deteriorates at backward
angles. The experimental data for the 4 + and 5" states, especially the analysing power,

Table III.
Results of the macroscopic analysis.

2+

3"

4 +

5'

1.836

2.734

4.298

3.585

0.495

0.745

0.192

0.260

0.481

0.717

0.181

0.232

*/>

0.62+.01

O.97±.O2

0.22±.01

• O.51±.O3

V°
O.53±.O2

0.96±.06

0.32+.03

0.40+..05

v > .
0.42 +.05

0.87+11

-

-

*v g )

O.38+.O3

0.75+.06

0.25±.03

0.29±.07

a) Potential deformation length in fm. The uncertainties due to the dependence on the opt-
ical model are smaller than 2%.
b) As b) but with 8SCJ8V = 1.3 for the 2+,3" and 4 + states and 1.7 for the 5" state.
c) Proton deformation length, see ref.11).
d) Neutron deformation length determined from this experiment with the model from
ref.15).)
e) Neutron deformation length determined from low-energy proton12) and neutron16'17)
scattering, for details see ref. 5).
f) Neutron deformation length determined from 200 MeV proton scattering15).
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10 1.0

7*1.0

7*1.0

t

7* 1.0

100 30 60 90
-1.0

30 60 90
0 r m (degrees)'cm

Fig.3. Measured angular distributions for the lowest-lying 2 + , 3", 4 + and 5" states and the macroscopic

description with different ratios of the deformation lengths of the spin-orbit and central potential terms as

indicated. If no error bars are shown, they are smaller then the data points.
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are less well described. This may be due to the fact that these states are not very collec-
tive.

In general one expects a spin-orbit deformation length that, especially for large
angular-momentum transfer, is larger than the deformation length for the central poten-
tial 15). This is due to the fact that the range of the central part of the underlying
nucleon-nucleon interaction is larger than for the spin-orbit part. In rig.3 also the results
of an analysis with a larger spin-orbit deformation length are shown (dashed curves).
The corresponding deformation lengths for the central potential are given in table III. If
we compare both descriptions with the data we can conclude that for the 2 + state the ratio
8S0 /8[/ could be somewhat larger than 1. The description of the cross section and analys-
ing power for the 3" state improves, when taking a ratio of about 1.3. The 4 + state is not
improved by taking a larger spin-orbit deformation, whereas the cross section for the 5"
state suggests an even larger spin-orbit deformation length, although the description of
the analysing power remains poor.

From a macroscopic description one likes to obtain from the measured potential
deformation length the matter deformation length or even the neutron deformation
length, if the proton deformation length is known. For this we used the relation between
the potential deformation length and the corresponding matter deformation length from

the model of ref.15), which takes
into account the finite range and
density dependence of the under-
lying nucleon-nucleon interac-
tion. As shown in table III the
resultant neutron deformation
lengths are larger than the values
obtained from other experiments
or nuclear models for all states.
It should be noted here that the
linear density dependence, as
assumed in the model, though not
very realistic at 65 MeV, is prob-
ably not the cause of the
observed discrepancy. Rather
strong variations of the density
dependence hardly affected the
resulting neutron deformation

-2.Q

Fig.4. Imaginary part of the transition potential for the
different sets.
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lengths. The discrepancy in the neutron-deformation lengths deduced from this experi-
ment with those from other sources is not so surprising since the assumption of strong
absorption, used in the model of ref.15), which leads to the r behaviour of the scattering
operator, is not fulfilled at 65 MeV 29).

For the microscopic analysis it is useful to investigate the sensitivity of the calcu-
lated angular distributions to details of the used distorting and transition potentials. This
will be done for the 3" state. Results obtained for the other states are similar.

It was already noted above that the shape of the calculated angular distribution was not
very sensitive to the optical potential that was used. This may seem somewhat surprising
as the imaginary transition potentials are substantially different in the nuclear interior
(see fig. 4), while it was shown in ref.]) that at 65 MeV the proton sensitively probes the
interior of the nucleus. The stronger imaginary transition potential in the interior of the
nucleus is probably counteracted by the stronger absorption of the corresponding distort-
ing potential. In order to investigate this we performed some "inconsistent" calculations
by using diagonal and off-diagonal potentials from different sets. For the potential sets I
and III (see table II) the results of the "consistent" and "inconsistent" calculations are
shown in fig. 5. The cross sections are normalised to reproduce the experimental data in
the first maximum. The shapes of the calculated cross sections differ especially at the
second maximum and the transition potential from set III gives, irrespective of the dis-
torting potential, a larger cross section. The analysing power is only globally affected by
an inconsistent treatment. This example clearly shows the sensitivity of the cross section
to details of the transition potential in the nuclear interior in agreement with ref.1).

If we interpret these results in terms of a folding model, where the optical and tran-
sition potentials are obtained by folding some effective interaction with the ground-state
and transition densities, we can state the following. It is important to use the effective
nucleon-nucleon interaction in a consistent way, i.e., to use the same interaction for both
the diagonal and off-diagonal potentials. Further, different effective nucleon-nucleon
interactions that give a good description of the elastic scattering data, yield, at least for
collective transitions, essentially identical results. Consequently, one cannot unambigu-
ously determine the effective nucleon-nucleon interaction from the analysis of elastic
scattering and inelastic scattering data to collective states.

It is also instructive, and will be useful in the microscopic analysis, to investigate
the contribution of different parts of the transition potential to the calculated angular dis-
tributions. If we neglect the spin-orbit deformation, we obtain the dashed curves in fig. 6.
The cross section and analysing power are now badly described, although it can be seen
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Fig.5. Comparison of "consistent" and "inconsistent" calculations for the 3" state. The different combina-
tions of optical potential (OMP) and transition potential (TR) are indicated.
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— • e c m ( degrees)

90

Fig.6. Comparison of the full calculation (full curve) for the 3" state with a calculation that neglects the
spin-orbit deformation (dashed curve) and with a calculation that neglects the deformation of the imaginary
potential (dotted curve).



65

that the gross features of the analysing power are determined by the distorted waves. The
dotted curves in fig. 6 are obtained if we neglect the deformation of the imaginary parts.
The angular distributions do not have enough structure. This indicates that the transition
potential, like the diagonal potential, has to contain an imaginary part, i.e., both elastic
and inelastic scattering point to a complex underlying effective interaction30). In the
microscopic analysis we will come back to this point.

5. Microscopic analysis

The ingredients in a microscopic DWBA calculation of inelastic nucleon-nucleus
scattering are an effective nucleon-nucleon interaction, an optical potential that generates
the distorted waves, and, for each state of interest, density-matrix elements from a
microscopic nuclear model. We first describe these ingredients as used in our calcula-
tions. All calculations were performed with the code DWBA8231), which explicitly cal-
culates the exchange contributions.

In most microscopic calculations M3Y interactions 2>3) have been used. These
interactions are density independent and real, whereas it is known that a realistic effective
interaction should be density dependent and complex. There are at present two complex,
density dependent interactions available, which are both parameterised in terms of
Yukawa functions as needed in the code DWBA8231): the effective Hamada-Johnston
(HJ) interaction32-33) and the effective Paris interaction34), each based on the
corresponding bare interaction35-36). Unfortunately, the effective Paris interaction is not
yet reliable for incident energies below 100 MeV5). The HJ interaction has only scarcely
been used in inelastic scattering calculations. We will in most cases use the HJ interac-
tion. Because this interaction lacks a tensor part, we added the tensor part of the M3YP
interaction from ref.3), which is based on the Paris potential.

It was discussed in the previous section that the optical potential and transition
potential should be consistent in order to obtain reliable results for the calculated angular
distributions. Therefore we should use a microscopic optical potential generated with the
HJ interaction. However, the ground-state neutron distribution of 88Sr is not known and it
was shown in ref.37) that the microscopic optical potential sensitively depends on the
assumed proton and neutron ground-state densities. For this reason we chose for the opt-
ical model the phenomenological optical potential of set I, see table III, which is most
consistent with the HJ interaction: at a nuclear matter density of 0.17 ftrf the HJ interac-
tion gives real and imaginary potentials of -36 and -7.6 MeV respectively, which com-
pare well with the values of the phenomenological potential I in the centre of the nucleus.
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Not only the strength of the optical and transition potentials should be consistent,
but also the nonlocality 38-39), which, for a local eflFective interaction, is due to exchange
effects. The nonlocality of the transition potential is exactly taken into account because
we performed calculations with full exchange. The nonlocality of the optical potential is
approximately determined by the k-mass40). We first calculated the k-mass m ,(p) for
the HJ interaction in nuclear matter with density p. We then calculated the k-mass in 88Sr
in the local density approximation using a Fermi density distribution p = p(r) with a
reduced radius /*o=1.079 fm and diffuseness a =0.50 fm. The final result for the k-mass
could b . parameterised as m i(r) = m t(p(r))= m [l+af{r)Yx with a=0.3Q a n d / ( r ) a
Fermi distribution with ro=l.O9 fm and a=Q.5$ fm.

Further, it was shown in ref.41) that the effective interaction v(p) for the off-
diagonal channels and the effective interaction v (p) for the diagonal channel are related
by

v(p)=(l+p^~)v(p). (5.1)
dp

We will use this correction in all calculations. In one example the influence of neglecting
it will be shown.

Because M3Y-type interactions are widely used in the microscopic analysis of
inelastic-scattering data, we will also compare with calculations using the M3YP interac-
tion3).

In a few cases also the JLM-interaction42), which is quite successful in describing
elastic scattering, will be used. This interaction has the advantage that exchange effects
are already included, which makes microscopic DWBA calculations for transitions that
involve a large number of single-particle transitions simple and relatively fast. In order
to obtain consistency with the strength of the phenomenological optical potential of set I
in the nuclear interior we multiplied the real and imaginary parts of the JLM interaction
by 0.82 and 1.04. (The correction of the real part is relatively large as one generally finds
corrections smaller than 10% in fitting elastic data with the JLM optical potential.) The
correction of eq. (5.1) will be used.

Because the HJ and JLM interactions are calculated in nuclear matter for different
densities, one needs some prescription to apply these interactions to finite nuclei. We
used the local-density approximation from ref.43) with the same Fermi density distribu-
tion as used to determine the radial dependence of the nonlocality correction. Other
prescriptions for the local-density approximation give essentially identical results.
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The density-matrix elements were taken from IBP model calculations18) with the
following corrections. For natural-parity states the proton transition densities from the
IBP model were scaled to reproduce the (e,e') data u ) . These proton transition densities
were used in the analysis of the (p,pf) data at 200 MeV15), from which similar scaling
factors for the neutron transition densities were determined. For the unnatural-parity
states only overall scaling factors, i.e., the same for protons and neutrons, were applied in
order to reproduce the form factors as measured in (e,e') scattering. In this way generally
a good description was obtained of both the electron and proton scattering data. For
details about this procedure, see ref.15).

In the following subsections we give the results of our analysis for a number of
excited states.

5.1. The low-lying collective states

In this subsection we present the analysis for the 2+ , 3", 4 + and 5" states at 1.836,
2.734, 4.298 and 3.585 MeV excitation energy. We first studied the effect of using
different effective interactions. We give the results for the 3" state. Those for the other
states lead to similar conclusions.

Sr(p|p')Ep.64.8 MeV
2.734 M«v
3"

-1.0
90

0cm( degrees)

Fig.7. Description of the 3" slate with the HJ interaction
(full curve), with the HJ interaction, where the spin-orbit in-
teraction is multiplied by 1.4 (dashed curve), with the HJ
interaction without the correction from eq.(5.1) (dotted
curve) and with the HJ interaction taken at a density of 0.06
fin" (dash-dotted curve).
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The description of the experimental data with the HJ interaction is given in fig. 7 by
the full curve. It should be emphasized that we did not use any adjustable parameter in
the calculation. The nuclear structure is fixed by the (e,e') data and (p,p') data at
200 MeV, while the consistency requirements fix the strength, density dependence and
nonlocality of the diagonal and off-diagonal potentials once the effective nucleon-nucleon
interaction is chosen. The absolute magnitude of the cross section compares very well
with the data. The angular distribution is slightly shifted to forward angles and has rather
pronounced minima. The analysing power reproduces the main features of the data, but is
too small for angles larger than 35 degrees. The pronounced minima might indicate (see
the results of the macroscopic analysis) that the imaginary part of the central interaction
is too strong or that the spin-orbit interaction is too weak. The strength of the imaginary
part of the interaction is consistent with the imaginary part of the optical potential in the
nuclear interior, however. The volume integral of the spin-orbit potential from the
phenomenological optical potential is about a factor 1.4 stronger than that obtained from
the HJ interaction using the exchange approximation44). Increasing the HJ spin-orbit
interaction by this factor gives a somewhat better description, see fig. 7. The effect on
the other states, like the 5 state, is more pronounced, see later. In all further applications
of the HJ interaction we will use this stronger spin-orbit interaction.

If we neglect the density-dependence correction, see eq.(5.1), for the off-diagonal
interaction, we obtain a better description of the data, see fig. 7 (dotted curves). Because
the correction given by eq.(5.1) makes the density dependence of the effective interaction
stronger this might indicate a too strong density dependence of the used effective interac-
tion. However, a longer range of the effective interaction results, just as a stronger den-
sity dependence, in a transition potential that is pushed more outwards and, as a conse-
quence, the cross section is shifted to more forward angles. We will return to this later.

If we completely neglect the density dependence of the interaction we obtain the
description as given by the dash-dotted curves in fig. 7. The description of the experi-
mental data is clearly worse than that obtained with the density-dependent interaction and
indicates the need for a density dependence. It is surprising that the magnitude of the cal-
culated cross section is hardly effected by the density dependence of the interaction,
because the density-independent interaction is stronger than the density-dependent
interaction. A similar observation was made at lower energies13) and is not well under-
stood. It suggests that the explicit density dependence of the effective interaction is
counteracted by the implicit density dependence due to the exchange terms.

If we use the M3YP interaction 3) and multiply the spin-orbit part, which is essen-
tially equal in strength and momentum dependence to the spin-orbit part of the HJ
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Fig.8. Description of the 3" state with the M3YP interaction
(full curve), with the hybrid model, where the imaginary
part of the macroscopic transition potential is added (see
text) (dashed curve), with the JLM interaction (dotted
curve) and with the M3YC interaction (dash-dotted curve).

interaction, also by a factor 1.4, we obtain the full curves in fig. 8. The cross section is
well described in magnitude, but not in shape. This behaviour resembles that obtained in
the macroscopic analysis, when we left out the imaginary transition potential. Therefore
we used a hybrid model30), where we add in the calculation with the M3YP interaction
the imaginary transition potential as used in the macroscopic analysis. In order to repro-
duce the magnitude of the cross section, we multiplied the central part of the M3YP
interaction by a factor of 0.81. This factor corrects for the inclusion of the imaginary
term in the interaction, keeping the absolute strength of the total interaction at the nuclear
surface approximately constant. The resulting angular distributions, see the dashed
curves in fig. 8, compare very well with the experimental data. This shows again the
importance of an imaginary part in the effective interaction for obtaining a good descrip-
tion of the data.

Recall that in the description with the HJ interaction, we found that one clearly
needs a density dependent interaction. The M3Y interaction is density independent, so
the result with the hybrid model suggests that the density dependence of the real part of

Because the imaginary transition potential is local, we calculated the scattering matrix for the ima-
ginary part without a nnnlocality conection and added Ihe the scattering matrix calculated with the M3Y in-
teraction to obtain the total scattering matrix. See ref.39).
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the interaction is less important than that of the imaginary part. The importance of the
density dependence of the imaginary part was emphasized in ref.5).

Because of the good description obtained with this hybrid model, we like to have a
prescription for the imaginary part of the interaction that can be used also for non-
collective transitions, for which it is not realistic to use a macroscopic transition poten-
tial. Therefore we supplemented the M3YP interaction with the imaginary part of the
JLM interaction, while the central part of the M3YP interaction is multiplied by a factor

*
0.81. This hybrid interaction will be denoted by M3YC . The resulting description is
shown in fig. 8 by the dash-dotted curves. The magnitude of the cross section is in agree-
ment with the data, but the shape of the cross section and analysing power clearly devi-
ates from the calculation with the macroscopic imaginary transition potential. This
difference is completely due to the use of a microscopic description of the imaginary part
for the transition potential instead of a macroscopic one.

Using the JLM interaction we obtain the dotted curves in fig. 8. Here we have taken
the spin-orbit part from the M3YP interaction (multiplied by 1.4) and used the exchange
approximation from ref.44). The reproduction of the absolute magnitude of the cross sec-
tion data is an aposteriori justification of the renormalisation factor we used for the JLM
interaction. The calculated angular distributions reproduce the main characteristics of the
data. In this case the calculated angular distributions are not shifted to forward angles as
is the case for the HJ interaction, see fig. 7. In nuclear matter the JLM and HJ interac-
tions compare very well in strength and density dependence. Hence they can only differ
in the form factor, i.e. the range. The range of the HJ and JLM interactions is 1.86 fm
and 1.47 fm, respectively. Consequently the difference obtained with the HJ and JLM
interactions might be ascribed to this difference in range and suggests that the range of
the HJ interaction is too large. It should be noted, however, that this argument neglects
the influence of the exchange approximation implicit in the use of the JLM interaction.

Using the HJ and M3YC interactions we got the descriptions for the 2+ , 3", 4 + and
5" states as shown in fig. 9. The absolute cross sections are very well reproduced by both
interactions, except for the 2 state, where we had to multiply the neutron part by a factor
of 1.16. The reason for the discrepancy in the case of the 2 + state is not understood, as
this is the only case where we needed such an extra factor. Also the maxima and minima
of the angular distributions are well reproduced. The description with the HJ interaction
generally gives a better account of the shape of the cross section data than the M3YC
interaction, which gives too flat angular distributions at backward angles. This

See footer on the previous page.
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Fig.9. Description of the 2j\ 3j,4^ and 5 j states at 1.836, 2.734,4.298 and 3.585 MeV excitation energy
with the HJ interaction (full curves) and with the M3YC interaction (dashed curves).
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discrepancy is probably due to the imaginary part of the JLM interaction, because a
somewhat better description was obtained for the 3" state, when we used the imaginary
part of the macroscopic transition potential. The HJ interaction reproduces the analysing
power data at forward angles slightly better than the M3YC, whereas at backward angles
both interactions fail to describe details of data. In total, however, one should call the
agreement with the data excellent, realising that there are no free parameters in the calcu-
lations.

It should be noted that the description of the 5" state is much better than the one
obtained in the macroscopic description, especially for the analysing power. This indi-
cates that the microscopic transition potential is essentially different from the macros-
copic one. Further this state is most sensitive to the strength of the spin-orbit interaction.
Without the renormalisation of the spin-orbit part of the HJ (and M3YP) interaction by a
factor of 1.4 we obtained a description that neither reproduced the strength nor the shape
of the cross section.

5.2. The 2y 3'2,4^ and 5^ states.

The 2^, 3'2,4g and 5^ states at 3.218,4.227, 4.882 and 4.170 MeV excitation energy
are interesting candidates to investigate the effective interaction further. (The 42 state at
4.441 MeV will not be discussed here, because it is probably an intruder state u ) . ) This
is because the measured charge transition densitiesn) differ in shape of those for the col-
lective states, which are dominantly surface peaked. This also holds for the neutron tran-
sition densities as predicted by the IBP model. Especially for the it state the proton45)
and neutron15) transition densities have a relatively large lobe in the interior of the
nucleus. Also, the cross sections for this 2 state, obtained in this study as well as in
(p,p') reactions at other energies12iI3>15), are quite different from the ones for the 2,
state. Though less prominent, this also holds for the 3" and 5" states as excited in this
experiment and in low-energy proton scattering12).

A rather good description is obtained for all these states with the HJ and M3YC
interactions as shown in fig. 10 by the full and dashed curves, respectively. Both the
strength and shape of the cross sections are well reproduced, as well as the main features
of the analysing power data. Recall, that we have not introduced any parameters to
obtain a good description of the data: the interactions are the same as used for the
description of the collective states, while the nuclear structure is the same as used in the
description of the 200 MeV (p,p') data and the (e,e') data. Especially the 2- state is
worth attention. The cross section data between 40° to 60° and the analysing power data
differ substantially from those of the 2~t state. This is nicely reproduced by the
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Fig.10. As fig. 9, but for the 2^, 3j , 4j and 5j states at 3.218, 4.227,4.882 and 4.170 MeV. The separate
contributions from protons (dotted curves) and neutrons (dash-dotted curves), as calculated with the HJ in-
teraction, are indicated.
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calculations. In the region from 40° and 60° the proton contribution to the cross section
is dominant, see fig. 10. At forward angles the neutron contribution is dominant and at
backward angles the contributions of protons and neutrons are about equal, although the
shape is determined by the neutron part of the transition. Both the 31 and 5~ states,
which could not be separated at 200 MeV, are well described. The analysing power data
for the 4o state are not well reproduced, but this is probably due to the poorly understood
nuclear structure of this state n< 15).

In general the contribution to the cross section from the protons shows less structure
than that from the neutrons. This is due to the fact that the proton-proton part of the
spin-orbit interaction is stronger than the proton-neutron part and the fact that the
proton-proton part of the imaginary central interaction is weaker, compared with the real
interaction, than that of the proton-neutron part. (The influence of the spin-orbit and ima-
ginary interaction on the shape of the cross section was discussed in connection with the
macroscopic analysis.)

5.3. The 7'state at 4.366 MeV.

The 7" state has a dominant proton (Igg^.lfs/j1) configuration11). Because of the
high spin and the relatively simple nuclear structure, which is well fixed by the electron
scattering data, this state, which is mainly excited via the spin-orbit interaction, is well
suited to give an independent test of the strength of the spin-orbit interaction. With our
resolution of 25 keV, the 7" state could not be separated from a state at 4.351 MeV exci-
tation energy. At 25 MeV incident energy, where these states could be separated12), the
cross section of the 4.351 MeV state is at most 20 % of the one for the 7" state. Because
of this and the fact that at 65 MeV no broadening of the 4.366 MeV peak was observed,
we assume that the contribution of the state at 4.351 MeV to the cross section of the 7"
state is at most 20 % at 65 MeV.

We first calculated the angular distributions with the HJ interaction. The results
(dashed curves) are compared with the data in fig. 11. The shape of the cross section is
well reproduced but the strength is slightly underestimated. Assuming that this underes-
timate is mainly due to the state at 4.351 MeV, we can conclude that the strength of the
spin-orbit interaction is of the right magnitude. The general features of the analysing
power are reproduced.

It is of interest to investigate the influence of some nuclear structure aspects for this
state. First we performed a calculation where we assumed a pure proton lf5/2—>lg9/2

single-particle transition with a spectroscopic amplitude of 0.85 to reproduce the
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Fig. 12. Description of the 7' state at 4.366 MeV excitation energy with the HJ (full curves) and the M3YC
interaction (dashed curves), both with the correction on the tensor term.
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measured charge transition density. The calculated cross section (dash-dotted curve) is
comparable to the full calculation, but the analysing power is substantially different. The
influence of ground-state correlations is shown by the results of a calculation, in which
forward and backward spectroscopic amplitudes of 0.76 and -0.09, respectively, are used
(see the dotted curve). This small change in spectroscopic amplitudes already gives a
clear change in the calculated analysing power, whereas the cross section is hardly
affected. By comparing the dotted curve with the dashed one, it is seen that addition of
the other spectroscopic amplitudes from the full wave function, which constitute only 4%
(in amplitude squared), markedly change the calculated analysing power, giving much
better agreement with the data. This shows that the analysing power is very sensitive to
details of the microscopic nuclear structure, much more than the cross section.

We also found, in contrast to the situation for the natural-parity states discussed so
far, that the analysing power for this state is sensitive to the strength of the tensor interac-
tion. In ref.6) it was proposed that the tensor part vrx should be reduced at larger
momentum transfers. If we take this correction into account we obtain the full curves in
rig. 11. The cross section is hardly affected by this correction, but the analysing power is
substantially changed at larger momentum transfer. Due to the possible contribution of
the state at 4.351 MeV to the data no definite conclusion about this correction can be
drawn.

In fig. 12 we show the calculations with the HJ and M3YC interactions, both with
the correction on the tensor interaction. The description of the analysing power with the
M3YC interaction fails to describe the analysing power at forward angles, which might
be due to the lack of imaginary spin-dependent terms, as it was found that the GX part of
the interaction has a strong influence on the analysing power at forward angles.

5.4. The 1 + state at 3.486 MeV.

This state has been intensively studied in (e,e')n>46) and (p,p')14) reactions because
of the problem of the quenching of Ml transition strength. The IBP model calculation
suggests that the main contributions to the excitation of this state are a proton
2p3/2<->2p]y2 and a small neutron lg9/2->lg7/2 transition. The B(M1) value calculated
from the IBP model, as well as the calculated cross sections at low momentum transfer
for the (e,e') reaction and the (p,p') reaction at 200 MeV, overestimate the experimental
data by about a factor of two. It was shown47) that A-hole excitations and meson
exchange currents might play a role in explaining the (e,e') data. The influence of
A-hole excitations on hadronic excitations has not been studied thus far. Also ground-
state correlations might be stronger than calculated in the IBP model. This could reduce
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the B(M1) value and the cross sections at forward angles.

The calculated cross section at 65 MeV, reduced by an overall factor of two, is
shown in fig. 13. At low momentum transfer the calculated cross section shows some
agreement with the data, but at higher momentum transfer the description is very bad.
The analysing-power data are not even qualitatively reproduced. No improvement is
obtained if we take into account the correction on the tensor term.

This discrepancy is rather surprising in view of the good to excellent descriptions
that were found for all other states. Calculations with the M3YP interaction gives essen-
tially the same results. In ref.14) it was suggested that the contribution from a recoupling
of a proton in the 2p3/2 shell might be important. Such a contribution can not occur in the
IBP model calculation. Adding such an admixture to the full IBP density-matrix did not
essentially change the calculated analysing power. Furthermore, 2BP model calcula-
tions48), where such a contribution can occur, yielded spectroscopic amplitudes well
below the 1 % level. It does not seem likely that the IBP model density matrix elements
are too far off since the (e,e') data are fairly well described if one takes the reduction fac-
tor into account We cannot rule out the possibility that the observed discrepancy is due
to the effective interaction, although in other nuclei the cross section for 1 states is rela-
tively well described49). This suggests that two-step excitation might be important,
although the most collective low-lying states are not strongly excited.
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5.5. The 4 ' state at 3.949 MeV.

The excitation of this state is dominated by a proton 2p3/2->lg9/2 transition n ) . The
IBP model calculation gives a fair account of the (e,e') form factor if the density-matrix
elements are multiplied by a factor of 0.64 n ) . This strong quenching might be due to an
underestimate of ground-state correlations and/or to 2BP configuration mixing. With this
renormalisation factor we obtain the angular distributions shown in fig. 14 for the HJ
interaction with (full curves) and without (dashed, curves) the correction oh the tensor
interaction. The absolute magnitude of the cross section is not so well reproduced. The
global features of the cross section and analysing power are reproduced. The quality of
the description is not good enough to draw any conclusions on the viability of the tensor
correction.

5.6. The state at 7.338 MeV excitation energy.

In ref.15) a spin-parity assignment of Jn =10" was proposed for a state at
7.338 MeV. It was assumed that this state is excited by a neutron lg9/2->lh,1/2 transition
with a spectroscopic amplitude of about 0.54. Comparison with the result of the90Zr(e,e')
reaction50), where a similar state was observed at 7.36 MeV excitation energy, gives a
comparable spectroscopic amplitude. The neutron single-particle wave functions were
calculated in a Woods-Saxon well with a reduced radius of ro= 1.20 fm instead of
1.29 fm to reproduce the location of the maximum of the measured cross section. For
further details see ref.15).
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excitation energy, using the HJ interaction with (full curves)
and without (dotted curves) the tensor correction for a
Woods-Saxon radius parameter of 1.20 fm. Also shown is
a calculation with the HJ interaction with tensor correction
for a radius parameter of 1.29 fm (dotted curves).

In the 65 MeV experiment we observed a state at 7.338 MeV, which has its max-
imum cross section at large angles. The data are shown in fig. 15 together with the
results obtained with the HJ interaction with (full curves) and without (dashed curves) the
tensor correction. In this calculation a spectroscopic amplitude of 0.54 and a radius
parameter of 1.20 fm was used. The calculation with the corrected tensor interaction
slightly overestimates the measured cross section, whereas the calculation without the
correction overestimates it by a factor of 2.5. This shows the dominant contribution of
the tensor interaction to the cross section for this state and suggests that the strength of
the proposed correction is of the right magnitude. If we use a Woods-Saxon radius of
1.29 fm, we obtain the dotted curve in fig. 15. It is clearly seen that this value can not
account for the location of the maximum of the cross section data. In all cases the ana-
lysing power data are not well reproduced. This may be due to the excitation of the other
part of the wave function, i.e. the 3"x7+ component (see ref.15) ). The 7 state is only
weakly excited so that the two-step excitation is assumed to be negligible for the calcula-
tion of the cross section, but it might influence the description of the analysing power.

5.7. Summary and discussion.

First off all, we like to emphasise that the microscopic calculations, without any
adjustable parameters, give a good to excellent description of the cross-section and
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analysing-power data for a variety of states. These results were obtained with an interac-
tion that is complex and density dependent and an optical potential that is consistent with
the used effective interaction, i.e., the strength of the optical potential in the nuclear inte-
rior agrees with the calculated optical potential in nuclear matter and the volume integral
of the spin-orbit potential agrees with that from the effective interaction. The nuclear-
structure wave functions were obtained from a IBP model calculation calibrated to repro-
duce electron scattering data and proton scattering data at 200 MeV.

We found that an imaginary part in the effective interaction and density dependence
are indispensible to obtain a good description of the experimental data, even for collec-
tive states. The HJ interaction meets both requirements, but seems to have a range that is
too large. The M3Y-type interactions are, at least for natural-parity transitions, incapable
of giving a good description. This failure could be traced back to the lack of an ima-
ginary part in these interactions. Adding the imaginary part from the JLM interaction to
the M3Y interaction yields an effective interaction that gives a good description of the
natural-parity states. This suggests that the density dependence of the real part is of less
importance than that of the imaginary part.

We used corrected effective interactions. The spin-orbit interaction was multiplied \

by a factor 1.4 to give the same volume integral for the microscopic optical potential as
for the phenomenological optical potential. The descriptions of the 5\, 52 and 7" states
indicate that the strength of the corrected spin-orbit interaction is of the right magnitude.
The strength of the tensor part vTx of the interaction at high momentum transfers was
reduced as described in ref.6). The analysis of the 10" state, which is predominantly '
excited via the tensor interaction suggests that this correction is of the right magnitude. >
The cross section and analysing power data for the 1+ state could not be described. The I
origin of this discrepancy is not understood. j

The phenomenological optical-model analysis of the elastic scattering data showed \
that the imaginary part of the potential in the interior of the nucleus is not well deter-
mined by the data. Volume integrals and radial moments, especially their absolute
values, are rather well fixed by the data, however.

The macroscopic description of the collective states is essentially insensitive to the
optical potential ambiguity as long as one uses consistent diagonal and off-diagonal
potentials. The potential deformation lengths are independent of the used optical poten-
tial. These deformation lengths cannot be simply related to the proton and neutron defor-
mation lengths, which is probably due to the transparency of the nucleus to protons at
this energy.
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Unfortunately, we could not make use of the complex, density dependent interaction
based on the Paris potential, which at the moment seems to be the most appropriate can-
didate for a realistic interaction. It is highly desirable to have this interaction available
also for energies below 100 MeV. The used interactions, i.e., the partly modified HJ and
M3YC interactions, seem to be well suited to be used in tests of microscopic nuclear
structure at a 10% level. For unnatural-parity transitions the effective interactions are
less well tested. In such tests the availability of asymmetry data is essential. The range
of 60-100 MeV seems to be well suited to investigate the microscopic nuclear structure,
as one can obtain a high absolute energy resolution and relativistic effects are probably
still small. However, one should keep in mind that at these energies weakly excited
states might get contributions from two-step processes.

We would like to thank Drs. W. Hengeveld, A. van Egmond and K. Allaart for per-
forming the IBP and 2BP calculations and Prof. H.V. von Geramb for providing the
effective interactions.
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CHAPTER V

Consistent treatment of nonlocality in inelastic scattering.

Elastic nucleon-nucleus scattering is usually described with a single-particle poten-
tial, e.g., the optical potential. This is an effective single-particle potential, which is non-
local due to its many-body origin, the anti-symmetrization between projectile and target
nucleons, and also because the underlying nucleon-nucleon interaction may be nonlocal.
For the same reasons also the transition potential for describing inelastic scattering will
be nonlocal.

In practice one often determines a local optical potential that describes the elastic
scattering data, and corrects for the assumed nonlocality by applying a Perey damping
factor *) to the distorted waves. In the macroscopic DWBA analysis of inelastic scatter-
ing this is often used in conjunction with a transition potential that is local. It will be
shown that this procedure is inconsistent and that the description of inelastic scattering
using a nonlocal optical potential and a corresponding nonlocal transition potential can
be converted into an equivalent description with local optical and transition potentials
without the need for a nonlocality correction. In ref.2) this was investigated in a poten-
tial formulation of the problem. Herer we generalise this to a formulation, in which the
connection with the nuclear densities is made explicit.

The elastic scattering is described by a Schrodinger equation of the form

(T + U-E)X¥ = O, (1)

where T is the kinetic-energy operator, U the optical-potential operator, which in general
will be nonlocal, and E the projectile energy. The optical-potential operator U will
depend on the target density p and the corresponding transition-potential operator can be
written3-4) as

8U=8p-^-U (2)

with 8p the transition density. The corresponding DWBA transition matrix is given by

¥i>, (3)

where *F; and *Py are the initial and final-channel distorted waves determined by eq.(l)
with the appropriate energies and boundary conditions.
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Equation (1) can be cast into an equivalent local form

( r + v - £ ) < | > = 0 (4.a)

with v now a local-potential operator, if there exists an operator F such that

F (T + U -E)F=T+v-E (4.b)

with

T = F<)) (4.c)

and <))( r*) —> *P( r*) for r -» °° . In a simple case where U is given by
(£/*?)( r5) = [ f/o(r) ~ ^U^r).^ ]*P( ?*), it is easily shown that the operator F exists and
is given by the function F(r) = [ 1 + 2mU\(r) ]"1 / 2 . The term 'local' only applies to the
spin-independent part of the potential v. Nonlocal spin-dependent terms, e.g. the spin-
orbit potential, cannot be transformed away. Following again refs.3'4) the transition
potential corresponding to (4.a) is

8 v = 5 p ^ - v , (5)
dp

with the DWBA transition matrix given by

Tv
WB/1 = <(t)/l5vl())J>, (6)

in a notation equivalent to eq.(3).

In principle 8v is nonlocal because the operator 5p^— contains the mixed ground-
dp

state density p(r*,T*') and the mixed transition density 8p(f,r"). In the standard macros-
copic analysis, however, one assumes that Sv is a local operator. In order to show that
this is approximately correct, we use the Slater approximation ?) for the mixed ground-
state density

p(f,r') = p(i?)S(kFs) # (7.a)

with S(x) = [3j1(x)Vx , I? = (f+7")I2, t = t-r" , kF =kp$) the Fermi momentum
corresponding with the density p(/f), and j n a spherical Bessel function. Further the

Fermi-surface approximation5) is taken for the mixed transition density

(7.b)

Making use of the properties of the spherical Bessel functions s) it can be shown that
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-~-(pS(kFs))=j0(kFs). (8)
dp

Using equations (7) and (8) one obtains

which makes the transition potential of eq.(5) local. We emphasize that relation (9) is
exact in infinite nuclear matter.

Now we prove that in the adiabatic limit the DWBA transition matrix elements of
eq.(2) and eq.(5) are identical. Inserting the defining relation (4,b) into eq. (6) one
obtains

p < |» (10)

with FD=Sp——F . In the adiabatic limit, where E=Ef=E;, only the second term on theK op '
r.h.s. of eq.(10) survives and we get

(Note that this identity does not depend on the validity of eq.(9)). Deviations from
eq.(ll) due to violation of the adiabatic limit are found to be very small for low-lying
excited states, if one takes the simple example as given above with U j proportional to Uo

such that F(0)=0.7 and assumes a collective model. For charge-exchange reactions,
where the Q-value can be relatively large, the adiabatic limit is too strongly violated and
one has to use a nonlocal description 7).

As a result the equations (1-3) and (4-6) are different representations for the same
physical problem, giving an identical description of elastic and inelastic scattering.
Equation (11) implies that in a consistent treatment, in the sense of ref.3-4), of the diago-
nal and off-diagonal parts of the nucleon-nucleus potential, i.e., the optical and transition
potentials, one should not use an ad hoc nonlocality correction for the distorted waves.
In other words, if the 'true' nonlocality of U is effectively removed by using a local
(equivalent) optical potential v , one should forget about nonlocality corrections in the
description of inelastic scattering.

In ref.2) Satchler arrived at the same conclusion starting from a potential formula-
tion, i.e., without referring to the nuclear densities. In that approach it is not clear,
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however, how the deformation prescriptions for the nonlocal and local-equivalent formu-
lations are related. In the treatment given above this relation can be readily obtained. If

we assume a transition density of the form 8p = 8D——, which gives the relation
y ar

8 p — = 8p — , it follows immediately that the deformation length 5p factors from the

DWBA matrix elements of eqs. (3) and (6). Hence, the same deformation length should
be used in the nonlocal and in the equivalent local description. It should be realised,
however, that the potential deformation length and the mass deformation length Sp are
not identical. This is due to the finite range and density dependence of the nucleon-
nucleon interaction.

It is instructive to see how the deformation parameters of the nonlocal and local
descriptions are related. We take again the simple example given above with U j propor-
tional to Uo and U0(r) = U0(0)f (r,Ru,a), where/(r , R, a) is a Woods-Saxon shape.

' For the equivalent local potential we obtain v = F2U0 + (l-F2)E +vcorr, where vcorr

only contains derivatives of F. The local potential can be written in the form
v(r) = v(0) / (r ,R v ,a) , if we neglect the small correction term vcorr. The radius of the
local potential is given by Rv =Ry - 2a inF (0). The deformation parameters P y and (!„
are related by the common deformation length 8p = pyfly = $VRV- Thus we obtain the
relation Pv =(RU/RV)$(J < Py, because F(0)< 1. In ref.7) explicit calculations for
(p,p') and (n,n') reactions with nonlocal and equivalent local potentials showed that the
cross sections obtained with the equivalent local description were invariably larger than
for the nonlocal description. This discrepancy can, at least partly, be understood from our
discussion, as the cross section scales with the square of the deformation parameter.

We conclude that inelastic scattering, just as elastic scattering, is essentially blind
for the nonlocal character of the nucleon-nucleus interaction. Of course this result only
holds in case the approximation implied by eq.(9), which makes all spin-independent
potentials local, is applicable. This is probably valid for sufficiently collective transitions,
for which e.g. current-current and spin-current terms can be neglected8-9). The conse-
quence is that if one wants to investigate the nonlocality of the optical potential in inelas-
tic scattering, one should study non-collective transitions, which, however, are generally
less well understood. Other reactions, e.g. knock-out reactions like (e,e'p), might give
independent information on the nonlocality of the optical potential.
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CHAPTER VI

THE ONE-BODY CURRENT OPERATOR AND CHARGE CONSERVATION

L.R. KOUW and H.P. BLOK
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The free electromagnetic current operator doe.s nut conserve charge when applied to particles moving in a non-locjl potential
wirh a spin-orhil lerm. We deri\e a charge-conserving current from a lagrangun formalism. The consequences of using this
current are discussed.

In calculations of electromagnetic transitions with
nuclear models generally the free-nucleon current
operator (sometimes with effective coupling constants)
is used. It has been known for a long time that this is
not correct, when e.g. the potential, in which single-
particle wave functions are calculated, contains a
spin-orbit term [1]. In general the free current does
not obey the continuity equation if the effective inter-
action used in model calculations contains momentum
dependent terms, as is the case when it is derived from
a realistic nucleon-nucleon interaction.

In this paper we derive a current operator that is
consistent with the equation of motion, i.e. it obeys
the continuity equation, from a lagrangian formalism.
We restrict ourselves to particles .noving independent-
ly in a potential well with a spin-orbit term and a
radius-dependent effective mass (which is equivalent
to a non-locality correction), as is obtained, for in-
stance, in Hartree-Fock calculations.

We use a non-relativistic description as almost all
nuclear model calculations thusfar are non-relativistic
and the connection between a relativistic description
and the non-relativistic one is not straightforward.
There is a close similarity between our results and
those derived from a relativistic Hartree model [2].
After deriving the formulas we will discuss through
numerical examples some consequences of using a

conserved current instead of a free current.
In deriving conserved quantities consistenl with the

equation of motion, i.e. the wave equation, it is ad-
vantageous to use a lagrangian formalism [3 | . The
equations of motion are the Euler-Lagrange equations
[3] and according to Noether's theorem [4] there is a
conservation law for every gauge invariance, i.e. con-
tinuous symmetry, exhibited by the lagrangian.

The standard Schrodinger equation for a single par-
ticle given by

l-(h2l2m)A + U] il/f = ifiO/aOJ'; . M)

where / = 1 (2) denotes the final (initial) slate, can be
derived from the lagrangian [3]

<:>

We can introduce the coupling with the electromag-
netic field by making the substitution

V - f l i ? - ieAlc , 3/3f -• Dt = d/dt + ieA0/c .

This makes the lagrangian invariant under local gauge
transformations of the form

(3a)

(3b)

(4a)

(4b)

A-*A'=A - VA,
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where

A = \(x. r). (5)

By Noether's theorem we find the usual forms for the
charge and current densities.

p = e\li^~, , (6a)

We can introduce an effective mass by replacing the
mass parameter in the lagrangian (2) by m ->• m*
= m*(r) = mF(r). This gives the wave equation

and

(7)

)l^i(^ - V)i£3]. (S)

Except for the absence of a spin —orbit term this wave
equation is of the same form us encountered in
Hartree-Fock calculations with a Skyrme interaction
[5], This wave equation can be rewritten in standard
form

(9a)

with

Uti( = FU + {h2l2m)[3(F'[F)2 - 2F"/F- (2/r)F'IF)

*(\-F)E, (9b)

where

<!/) = v/FO,-. (9c)

F' = dF(r)/dr. (96)

Thus the effective potential has become explicitly
energy dependent, while eq. (9c) gives the non-locality
correction. The current no longer has the standard
form of eq. (6b) but is renormalized by the radius de-
pendent factor 1/F. If we modify the kinetic term in
the lagrangian by -0?2 /2m*)(o- V\Ii |)^(«-7^,/we
get a wave equation with a spin-orbit potential of the
form

(fi//«<)2 '-1(d>"7d')«-(ipA p)\l/t, (10)

while the current now contains a term that can be
interpreted as a Dirac magnetic moment:

/ = i (c« /2m'c){0[ [^- V+i«»A(? + V)J^2}. (11)

It is seen from this formula that the Dirac magnetic

moment will be renormalized by l/F.
Finally including an explicit spin-orbit potential V

and an anomalous magnetic moment JI = JU«J we get
the lagrangian

- j V<Wmnc)2 {0 | [(V A f + r A V)-<r] i,2}

(12)

The explicit spin-orbit potential is introduced because
otherwise the effective mass and the strength of the
spin—orbit potential are coupled. An effective mass of
about O.bm would be needed to reproduce the experi-
mental spin-orbit splitting, whereas a value of 0.75 m
seems more realistic. The wave equation reads now

T.

and can be rewritten in the standard form

(13)

tff n L S = E<t>.
(14)

^LS = -{FV+ l(m^c)2l2m]F'!F} . (15)

The charge density is still of the form (6a). while the
current density is now

+ (elhc)(h!m^e)2 0 j Vf A «tf ,

(16)

We can recognize the term resulting from the explicit
spin—orbit potential, which, like the convection and
Dirac terms, is present only for charged particles. It
should be noted that the anomalous magnetic moment,
in contrast with the Dirac magnetic moment, is not
renormalized.

By construction this current satisfies the (charge)
conservation law

S?'j + dp/dt = Q, (17)

which can be checked by inserting the wave equation.
In order to show the resemblance with a relativistic

approach [6] we write down the relevant formulas for
a Dirac particle in a potential well coupled to the elec-
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tromagnetic field. We use the notation of ref. (7] and
take for convenience fi=c = \.

For the equation of motion we have

AVA)*=O (p= 1,2,3,4),

and for the current (18^

Both can be obtained from the lagrangian

+ s - i7

(20)

By eliminating the "small" components one finds the
Schrddinger equivalent wave equation

Apart from the explicit spin-orbii term this is precise-
ly the form we encountered in eq. (10) if we identify
2m' with 2m + 5 - Vo+E. For the charge and cur-
rent we find

^ - V + iVAV •4/(2m*)2]<lr, (22a)

^{V - V + i « A (V + V)]\^ . (22b)

On comparing this charge and current with those of
cq. (16) it can be seen that only the charge differs by
a relativistic term. Including also the anomalous mag-
netic moment gives additional terms not all of them
contained in the non-relativistic expressions.

We will discuss now some consequences of using
the consistent current operator that was derived. We
take as example the M1 operator, which is sufficient
to show some general features and has in addition
some special characteristics. It is not intended to give
a detailed comparison with experimental data, but to
show qualitatively some main features. Where we pre-
sent quantitative results, the single particle wave func-
tions have been obtained by solving eq. (14) with a
Saxon-Woods potential U= Vf(r) with rn = 1.27 fm,
a = 0.65 fm and a depth V chosen to yield the single-
particle spectrum. The effective mass is described by

where a is determined from F(0) = 0.75. For the ef-
fective spin-orbit potential (15) we chose the form
^LS = ^ o <V(r)/dr with Vso = 6.0 MeV.

The Ml operator resulting from the conserved cur-

rent operator (16) can be written in the form /

Ml =gt(r)l + gs{r)s+gp{r)lY2»s], (23)

with

gs(r) = 2lq/F(r) + K)~

gp(r) = qr[2mV(r)/(mncf- -

with q = 1, K = 1.793 for protons and q = 0, K =
-1.913 for neutrons. Obviously there is a difference
with the free current operator only for protons.

Calculations of single-particle magnetic moments
with this M1 operator show essentially the same fea-
tures as found in ref. [6] in the relativistic Hartree ap-
proximation. In most cases the difference with the
Schmidt values is small, which is due to the fact that K
is relatively large, plus the fact thai in most cases the
effect of m* and \'io counteract each other. The larg-
est difference is found for p^-, magnetic moments,
where the Schmidt value is small because of cancella-
tion between the orbiial and spin parts. Renormaliza-
tion of both parts according to (23) gives relatively
large effects. A striking example is '^N. where the
Schmidt value for the free current is -0.264 nm. and
for the consistent current +0.023 nm. while the ob-
served value is -0.283 nm 110]. There is also an en-
hancement ol 4O r̂ on the first maximum of the (e.e)
form factor squared. The pure s.p. form factor (calcu-
lated with the free operator) agrees well with the ex-
perimental data. This does not imply necessarily that
the free operator is correct, however, as in many cases
it has been found that e.g. configuration mixing and
core polarization, as well as meson exchange currents,
can have substantial influence. In this context it is
interesting to note that a careful analysis of ^-factors
in the ,4 = 208 region [10] has indicated that the
proton gi-factor is larger than the free value by about
&%. This has been interpreted as an indication for a
reduced effective mass of the nucleon.

An interesting consequence of (23) is the occur-
rence o( the Y2 9 s term, which makes /-forbidden
transitions allowed. In the description with the free
operator such a term is often added to account for
core polarization and mesonic effects. A famous exam-
ple is the Ml(S]/2 "*d3/2) transition in 39K. Extensive
calculations that include such contributions by Towner
and Khanna [8] still underpredict the measured fi(MI)
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value of 0.015 nm- by a factor of about 7. The con-
sistent current operator gives a B(Ml) value of 0.011
nni- for the pure single-particle transition already,
which might explain the discrepancy. On the other
hand mechanisms like configuration mixing may play
a role. too.

Summarizing our results we can say the following:
using a lagrangian formalism we have derived a current
operator that is consistent with the equation of mo-
tion, i.e. it conserves charge (as it should). Even if it
seems at this moment that the agreement with e.g.
measured magnetic moments certainly does not im-
prove when using this current operator instead of the
free operator, this cannot be avoided. If one likes to
use the concept of a mean field, in which the particles
move in first instance independent of each other, and
this is at the basis of almost all (microscopic) nuclear
models, cms; has to use a current operator that is con-
sistent with the equation of motion. As the latter con-
tains an effective mass, as is shown by Hartree-Fock
calculations, the consistent current operator will be
different from the free one for protons. An interest-
ing point is the comparison of our current operator
with the one derived from the relativistic Hartree
model. As they resemble each other very closely which
reflects itself in the similarity of the calculated results

(e.g. our calculated magnetic form factor for 209Bi is
almost identical to the one calculated in ref. [9]), one
should be careful in interpreting differences with the
free current operator as the result of relativistic effects.

We would like to thank Dr. J. Heisenberg and Dr. J.
Dawsor. for stimulating discussions.
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Samenvatting

In de bestudering van de eigenschappen van atoomkernen gaat men er als regel van
uit dat de atoomkern is opgebouwd uit protonen en neutronen, ook wel nucleonen
genoemd, die met elkaar wisselwerken via de nucleon-nucleon wisselwerking.
Voorbeelden van eigenschappen van atoomkernen zijn de ruimtelijke verdelingen van de
protonen en neutronen in de kern en hoe deze veranderen onder invloed van uitwendige
krachten. De nucleon-nucleon wisselwerking is echter niet goed bekend en ook het
veeldeeltjesprobleem kan niet in alle detail worden opgelost. Om het
veeldeeltjesprobleem te kunnen hanteren moetenmodel benaderingen worden ingevoerd.
In zulke modellen zullen echter nog steeds een aantal aspecten van de nucleon-nucleon
wisselwerking aanwezig zijn. Om inzicht te verkrijgen in de nucleon-nucleon
wisselwerking en het veeldeeltjesprobleem moeten de voorspellingen van zulke model
benaderingen vergeleken worden met experimentele gegevens.

Verstrooiingsexperimenten, waarbij deeltjes (projectielen) op een trefplaat, die de te
onderzoeken kernen bevat, worden geschoten, hebben veel bijgedragen aan de kennis van
atoomkernen. Projectielen zijn bijvoorbeeld elektronen, (anti-) protonen, neutronen en
pionen. De projectielen kunnen door de kernen in de trefplaat worden verstrooid en de
verdeling van de verstrooide projectielen over verschillende strooihoeken, de
hoekverdeling, kan worden gemeten. De betrouwbaarheid van de eigenschappen van de
kern, die uit zulke experimenten afgeleid worden, hangt af van de betrouwbaarheid van
de wisselwerking tussen het projectiel en de nucleonen in de kern.

Algemeen wordt verondersteld dat de wisselwerking van elektronen met nucleonen,
de elektromagnetische wisselwerking, goed bekend is. Aangezien alleen protonen
elektrisch geladen zijn kan uit de gegevens verkregen met verstrooiing van elektronen op
nauwkeurige wijze de verdeling van de protonen in de kern worden bepaald.

Om ook de verdeling van de neutronen te bepalen moet een ander projectiel worden
gekozen. Het proton zelf is daarvoor een geschikte kandidaat. De wisselwerking tussen
protonen en neutronen is van vergelijkbare sterkte als of zelfs sterker dan de
wisselwerking tussen protonen onderling. De informatie over de kern die verkregen kan
worden met de verstrooiing van protonen, is dus supplementair aan die verkregen uit
verstrooiing van elektronen. Gebruik makend van de verdeling van de protonen, zoals
afgeleid uit elektronenverstrooiing, kan uit de analyse van protonenverstrooiing de
verdeling van de neutronen worden bepaald.

De nucleon-nucleon wisselwerking die hiervoor nodig is, is echter niet zo goed
bekend. Uit nucleon-nucleon strooiproeven is veel informatie over de nucleon-nucleon
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wisselwerking verkregen, maar een fundamentele theorie hiervoor ontbreekt nog. Voorts
is de nucleon-nucleon wisselwerking zo sterk, dat het projectielproton meerdere malen
met de nucleonen in de kern kan wisselwerken. Dit heeft tot gevolg, dat de schijnbare of
effectieve wisselwerking tussen het projectiel en de nucleonen in de kern anders is dan
die tussen twee vrije nucleonen. Om de effecten van de omringende nucleonen in
rekening te brengen moet een veeldeeltjesprobleem worden opgelost, hetgeen weer tot
het invoeren van benaderingen aanleiding geeft. Een belangrijke vereenvoudiging is die,
waarbij de eindige kern wordt vervangen door een oneindig uitgestrekt medium
bestaande uit uniform verdeelde nucleonen, zogenaamde kernmaterie. In dit,
hypothetische, medium kan dan de verstrooiing van een projectielnucleon aan een
nucléon uit het medium worden berekend, zij het met aanvullende benaderingen. Deze
berekening kan worden uitgevoerd voor verschillende energieën van het projectiel en
voor verschillende dichtheden van de kernmaterie. Het resultaat is een effectieve
nucleon-nucleon wisselwerking, die zowel van de dichtheid van de kernmaterie als van
de energie van het projectiel afhangt. Voor de beschrijving van de verstrooiing van
nucleonen aan een (eindige) kern wordt dan in elk punt de wisselwerking in kernmaterie
bij een dichtheid, die overeenkomt met de dichtheid van de kern in dat punt, genomen
(lokale-dichtheidsbenadering).

Aangezien de 'kale' nucleon-nucleon wisselwerking, die voor de berekening van de
effectieve wisselwerking wordt gebruikt, niet goed bekend is, evenmin als de geldigheid
van de gemaakte benaderingen, moet de effectieve nucleon-nucleon wisselwerking
worden getest.

In dit proefschrift wordt de microscopische beschrijving van inelastische
verstrooiing van protonen aan kernen met behulp van een effectieve nucleon-nucleon
wisselwerking getest voor het geval van verstrooiing aan de kern 88Sr. De keuze van 88Sr
is gebaseerd op het feit, dat voor deze kern nauwkeurige gegevens van
verstrooiingsexperimenten met elektronen beschikbaar waren voor een verscheidenheid
aan aangeslagen toestanden, evenals kernmodel berekeningen, die deze
elektronenverstrooiingsgegevens redelijk goed beschrijven. Voorts is de structuur van
deze kern van dien aard, dat een één-staps reactiemodel kan worden gebruikt. Er zijn
verschillende energieën van de protonen beschouwd, te weten 25, 31, 65 en 200 MeV,
omdat een goede beschrijving verkregen bij één energie op toeval kan berusten. Een
consistente beschrijving dient niet van de energie af te hangen. Ook is de effectieve
nucleon-nucleon wisselwerking afhankelijk van de energie van het projectiel, zodat
tevens kan worden nagegaan of deze energieafhankelijkheid goed wordt gereproduceerd.
Verder zijn de transparantie van de kern en distorsie effecten afhankelijk van de energie,
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waardoor bij verschillende energieën ook verschillende aspecten van de kernstructuur
benadrukt zouden kunnen worden.

De hoofdstukken II, III en IV zijn gewijd aan de analyse van proton verstrooiing aan
88Sr bij respectievelijk 25 en 31 MeV, 200 MeV en 65 MeV. De experimentele gegevens
bij 25 MeV zijn ontleend aan het proefschrift van E.J. Kaptein. Die bij 31 MeV zijn door
M. Pignanelli et al. gemeten bij het KVI in Groningen. De metingen bij 200 MeV zijn
verricht bij het IPN in Orsay en de 65 MeV gegevens zijn verkregen met de
gepolariseerde protonbundel van het RCNP in Osaka, waarbij ook analyserende
vermogens bepaald werden.

Bij de analyse is allereerst aandacht geschonken aan de beschrijving van de
elastische-verstrooiingsgegevens met behulp van een optische potentiaal, omdat deze
optische potentiaal gebruikt wordt in de beschrijving van de inelastische verstrooiing.
Bij 200 MeV blijkt dat een grote verscheidenheid aan optische potentialen de elastische
verstrooiingsgegevens goed kan beschrijven. Dit is een gevolg van de relatief sterke
absorptie van de protonen in het inwendige van de kern. Bij 65 MeV is de sterkte van het
imaginaire volume deel van de optische potentiaal evenmin goed vastgelegd door de
experimentele gegevens, hoewel geen sterke absorptie optreedt. De macroscopische
beschrijving van de aangeslagen laag gelegen collectieve toestanden is ongevoelig voor
deze dubbelzinnigheid in de optische potentiaal, indien de overgangspotentiaal is afgeleid
van dezelfde optische potentiaal, waarmee de gestoorde golven zijn berekend. In de
microscopische beschrijving van de proton verstrooiings gegevens is ernaar gestreefd om
zo goed mogelijk aan deze konsistentie eis voor de optische- en overgangspotentiaal te
voldoen.

Bij de microscopische analyse zijn verschillende effectieve nucleon-nucleon
wisselwerkingen getest. Helaas is geen van deze wisselwerkingen bruikbaar voor het
gehele door ons bestreken energiegebied, zodat niet getoetst kon worden of zij op
correcte wijze van de energie afhangen. Het blijkt, dat met kleine hernormeringen van
(delen) van de effectieve wisselwerking een i.h.a. goede tot uitstekende beschrijving van
de experimentele gegevens voor diverse aangeslagen toestanden verkregen wordt.
Daarbij zijn toestanden, waarbij de reactie aan het oppervlak van de kern plaatsvindt, als
ook toestanden, waarbij het binnengebied van de kern het meest bijdraagt. In dezen is het
van groot belang dat de kernstructuur, mede dankzij de elektronenverstrooiingsgegevens,
voldoende bekend was. Het blijkt essentieel, dat de effectieve wisselwerking een
imaginair deel bevat en dichtheidsafhankelijk is. Zo levert de in veel andere analyses
toegepaste M3Y wisselwerking, die niet van de dichtheid afhangt en geen imaginair deel
bevat, geen goede beschrijving, met name niet van het analyserend vermogen van de
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reactie. De laatste grootheid blijkt ook veel gevoeliger te zijn voor details van de
berekeningen dan de werkzame doorsnede. Zo hebben bijvoorbeeld
grondtoestandscorrelaties en pitpolarisatie voor de 7" toestand, waarvan de kernstructuur
relatief eenvoudig is, een grote invloed op het analyserend vermogen, maar vrijwel niet
op de werkzame doorsnede.

Samenvattend kunnen we zeggen, dat proton inelastische verstrooiing reeds nu
gebruikt kan worden als een waardevol instrument om kernstructuuronderzoek te
verrichten met een nauwkeurigheid van ongeveer 10% voor natuurlijke-pariteits
overgangen en zo'n 20% voor onnatuurlijke-pariteits overgangen.

Voor verder onderzoek is het wenselijk om de beschikking te hebben over effectieve
wisselwerkingen, gebaseerd op een en dezelfde kale wisselwerking, voor een groot
energiegebied. Andere studies, bijvoorbeeld aan de Ca en Pb isotopen, zijn nodig om
meer inzicht in de oorsprong van de benodigde calibrates van de effectieve nucleon-
nucleon wisselwerking te verkrijgen. Verder is ook theoretisch onderzoek naar de
betrouwbaarheid van de gebruikte benaderingen in de berekening en toepassing van de
effectieve nucleon-nucleon wisselwerking noodzakelijk.

In de hoofdstukken V en VI worden twee onderwerpen besproken, die aan het
bovenbeschreven werk zijn gerelateerd. In hoofdstuk V wordt beargumenteerd, dat de
niet-lokaliteit van de optische- en overgangs potentiaal in de beschrijving van
inelastische nucleon-kern verstrooiing nauw samenhangen. Als gevolg van deze
samenhang is het moeilijk om gedetailleerde informatie te verkrijgen over het niet-lokale
gedrag van de optische- en overgangspotentialen, hetgeen uit theoretisch oogpunt zeer
wenselijk zou zijn.

In hoofdstuk VI wordt de invloed van spin-baan en niet-lokale termen in de één-
deeltjes potentiaal op de elektromagnetische stroomoperator voor nucleonen besproken.
De meestal gebruikte stroomoperator - die voor een vrij nucléon - voldoet in zo'n geval
niet meer aan de wet van behoud van lading. Door gebruik te maken van een Lagrange
formalisme en de eis van ijkinvariantie op te leggen is een stroomoperator afgeleid, die
de lading wel behoudt. Het is interessant, dat deze (in een klassiek formalisme afgeleide)
stroomoperator vrijwel identiek is aan die verkregen in het relativistische Dirac-Hartree
model.
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