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Preface to the CCAST-World Laboratory Series

The China Center of Advanced Science and technology (CCAST)
was established on October 17, 1986 through the strong support of
World Laboratory and the Chinese Government. lts purpose is to
introduce important frontier areas of science to China, to foster their
growth by providing a suitable environment, and to promote free ex-
change of scientific information between China and other nations.

An important component of CCAST's activities is the organiza-
tion of domestic and international* symposium/workshops. Each
academic year we hold about 20 domestic symposium/workshops
which last an average of one to two weeks each. The subjects are
carefully chosen to cover advanced areas that are of particular in-
terest to Chinese scientists. About 30-60 participants, from senior
scientists to graduate students, are selected on a nationwide basis
for each program. During each workshop these scientists hold daily
seminars and work closely with each other.

Since 1990, CCAST has also sponsored a vigorous program for
young Chinese scientists who have already made world—class con-
tributions and are currently doing research abroad. They return to
China to participate the domestic symposium /workshops, to lecture
at CCAST and to collaborate with their colleagues at home. In this
way, they can bring to China their own expertise, and when they go
back to their institutions abroad they will be able to circulate in turn
the knowledge they have acquired in China.

China is at a pivotal point in her scientific development. She is
gradually emerging as an important and dynamic force in shaping the
advanced science and technology of the future. This series is part of
the this remarkable evolution. It records the effort, dedication, and
sharing of knowledge by the Chinese scientists, at home and abroad.

T.D. Lee

* The CCAST international symposium /workshop series is published separately by
Gordon and Breach Scientific Publishers.
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Nuclear Structure derived from
Realistic Nucleon-Nucleon Interactions

H. Mither
Institut fiir Theoretische Physik,
Universitdt Tubingen, Tiibingen, Germany

August 17, 1999

Abstract

Correlations in the nuclear wave-function beyond the mean-field or Hartree-Fock
approximation are very important to describe basic properties of nuclear structure.
Attempts are made to explore details of these correlations and their sensitivity to the
underlying nucleon-nucleon interaction. Special attention is paid to the attempts to
investigate these correlations in exclusive nucleon knock-out experiments induced by
electron scattering. Another important issue of nuclear structure physics is the role of
relativistic effects as contained in phenomenological mean field models. Predictions for
these relativistic effects based on realistic meson-exchange interactions are discussed.
The sensitivity of various nuclear structure observables on these relativistic features
are investigated. The report includes the discussion of nuclear matter as well as finite

nuclei.

1 Introduction

Nuclei are a very intriguing object to explore the theory of quantum-many-body systems.
One of the reasons is that realistic wave functions of nuclear systems must exhibit strong
two-particle correlations. This can be demonstrated in a little ‘theoretical experiment’:
Assuming a realistic model for the nucleon-nucleon (NN) interaction[l, 2. 3, 4, 5], this
means an interaction which reproduces the empirical data of NN scattering below the pion
threshold, one may calculate the energy of nuclear matter within the mean field or Hartree-
Fock approximation. Results of such a calculation are listed in the fourth row of table 1,
which is labeled < E >pp. One finds that all these interactions yield a positive value for the
energy per nucleon, which means that nuclear matter as well as all nuclei would be unbound.
Only after the effects of two-body correlations are included, one obtains a value which is in
rough agreement with the empirical value of -16 MeV per nucleon. This demonstrates that
nuclear correlations are indispensable to describe the structure of nuclei.

The different interaction models all reproduce the same empirical NN scattering phase
shifts. This is true in particular for the modern NN interactions: the charge-dependent Bonn
potential (CDB)[1]. the Argonne V18 (ArgV18)[2] and the Nijmegen interaction (Nijm1)[3],
which all vield an excellent fit of the same phase shifts. Nevertheless, they predict quite
different results for the energy calculated in the mean field approximation. What is the



CDBonn ArV18 Nijml Nijm?2 A B C  Reid
<E> 1711 -15.85 -15.82 -13.93 | -16.32 -15.32 -1440 -1247
<V> 5334 -62.92 -55.08 -61.94 |-52.44 -53.03 -54.95 -61.51
<T> 3623 47.07 3926 4801 | 36.12 37.71 4055 49.04
<Vp> 9230 -40.35 -28.98 -28.97 |-12.48 -26.87 -45.74 -27.37
< E >pp 464 3034 12.08 36.871| 7.02 10.07 29.56 176.25
P %] 483 578 566 564 | 438 499 562 647

Table 1: Energies calculated for nuclear matter with Fermi momentum kr = 1.36 fm~1L.
Results are listed for the energy per nucleon calculated in BHF (< E >) and Hartree-
Fock (< E >yr) approximation. Furthermore the expectation value for the NN interaction
< V >, the kinetic energy < Tk;, > and the one-pion-exchange term < Vi > are listed. For
completeness we also give the D-state probability calculated for the deuteron Pp. Results
are presented for the charge-dependent Bonn (CDBonn) [1], the Argonne V18 (ArV18) (2]
and two Nijmegen (Nijml, Nijm2) [3] interactions. For a comparison results are also given
for three older versions of the Bonn interaction (A,B,C) [4] and the Reid soft core potential
(5], which is supplemented in partial waves in which it is not defined by the OBE C potential.
All energies are given in MeV per nucleon.

origin of this difference? In order to answer this question we will discuss in the very first
part of this lecture some differences in these modern version of realistic NN interactions in
the first section after this introduction. We will pay special attention to the role of non-
localities in the NN interactions and demonstrate that the neglect of non-local contributions
has some non-negligible effects even for the description of the deuteron.

In the third section we will discuss some main features of correlations in nuclear matter.
This includes a short introduction into Brueckner theory, the Brueckner-Hartree-Fock (BHF)
approach and an analysis of the differences derived from the various interactions. After we
have established the importance of nuclear correlations within the theoretical framework.
we will discuss possibilities to establish their effects in experiments. A lot of effort has
been made to investigate the effects of nuclear correlations in exclusive nucleon knock-out
experiments induced by inelastic electron scattering. A status report on these efforts will
be presented in section 4.

Including the effects of correlations into the calculation yields a significant improvement
in the calculation of binding properties of nuclear matter. However, a typical discrepancy
remains for the study of nuclear matter. This is a very old problem and has been called
the problem of the “Coester band” of nuclear matter [6]: Realistic NN interactions which
essentially reproduce the binding energy of nuclear matter lead to a saturation density which
is about twice the empirical value. Other interactions, which predict about the correct
saturation density yield, a value for the binding energy which is about a 5 MeV smaller
than the experimental value of -16 MeV per nucleon. A very similar feature is also obtained
in calculating the bulk properties of finite nuclei[7]. A possible way out of this problem is
to introduce three-nucleon forces with parameters adjusted to reproduce the experimental
data for the grounds tate[8]. The obvious disadvantage of this approach is of course that
the many-body calculation is not free of adjustable parameters as long as one cannot deduce
these many-nucleon forces from an underlying theory.

Attempts have been made to consider sub-nucleonic degrees of freedom within the many-



body theory of finite nuclei and nuclear matter. As an example we mention various inves-
tigations in which the excitations of the interacting nucleons to the A(3,3) resonance or
other excitation modes were considered explicitly. The dynamic treatment of the excitation
modes can be described in terms of an effective NN interaction which is modified in the nu-
clear medium [9] plus effective many-nucleon forces involving three and more nucleons [10).
Also the consideration of these sub-nucleonic degrees of freedom has a considerable effect
on the description of the saturation point of nuclear matter as well as on the evaluation of
bulk properties for finite nuclei. However, similar to the study of many-nucleon correlations
one observes also in this case a modification of the predicted properties essentially along
the Coester band, which means that a very similar result could be obtained by employing
a different phase-shift equivalent NN interaction rather than including these sub-nucleonic
degrees of freedom [11].

A possible solution of the long standing problem to derive ground state properties of nu-
clear systems from realistic NN forces has been shown by the Dirac-Brueckner-Hartree-Fock
(DBHF) approach applied to nuclear matter. The important ingredient of this approach.
which moves the calculated saturation point for nuclear matter off the Coester band, is
the consideration of the various components in the relativistic self energy of the nucleon in
the nuclear medium. A strong attractive part (around -300 MeV), which transforms like
a scalar under a Lorentz transformation and mainly originates from the exchange of the
scalar o meson in realistic One-Boson-Exchange (OBE) models [4] of the NN interaction, is
partly compensated by a repulsive component which transforms like a time-like component
of a Lorentz vector and reflects the repulsion due to the w meson exchange. The effects of
this two contributions cancel each other to a large extent in calculating the single-particle
energy of the nucleon, which is small (-40 MeV) on the scale of the mass of the nucleon.
Inserting the nucleon self-energy in a Dirac equation for the nucleon, however, the strong
scalar part of the self-energy yields a strong enhancement of the small component in the
Dirac spinor of the nucleon in the medium as compared to the vacuum. This modification
of the Dirac spinors in the nuclear medium leads to modified matrix elements for the OBE
interaction. It is this density dependence of the nucleon Dirac spinors and the resulting
medium dependence of the NN interaction which moves the saturation point calculated for
nuclear matter off the Coester band in such a way, that the empirical values for the energy
per nucleon and the saturation density can be reproduced without the necessity to adjust
any parameter or to introduce many-nucleon forces as we will see in section 5.

This success of the DBHF approach in nuclear matter gives rise to the hope that a DBHF
calculation for finite nuclei may also provide a satisfactory description of the ground state
properties. The self-consistency requirement of the DBHF approach is quite involved and
we will discuss some techniques to solve these problems in section 6.

The self-consistency problem of DBHF calculations for finite nuclei is of course even
more involved than for nuclear matter. It can be simplified in terms of a local density
approximation (LDA). In section 5 we will present a LDA in which the effects of correlations
are determined in nuclear matter at various densities leading to an effective meson-exchange
model with density dependent coupling constants. The density dependence of the coupling
constants reflects the density dependence of the correlation effects. Assuming that the
correlation effects in finite nuclei can be approximated by those in nuclear matter at the
same density, one obtains an approximation to the DBHF by solving Dirac-Hartree~-Fock
equations with a density-dependent meson exchange for finite nuclei. It turns out that the
results of this LDA are similar to those of a DBHF calculation for finite nuclei.



The LDA can furthermore be used to explore relativistic effects on observables beyond
the binding energy and the radius of nuclei. As examples we will discuss the spin-orbit
splitting in the single-particle spectrum, the energy dependence of the optical model for
nucleon - nucleus scattering, and the response functions for exclusive (e, €’p) reactions in
section 7. Some concluding remarks are made in the final section 8.

2 Realistic Interactions and the Deuteron

During the past few years, considerable progress has been made in constructing realistic
models for the nucleon-nucleon (NN) interaction. Several of these models describe an iden-
tical data base of NN scattering data with a x? per datum = 1 [3, 2, 1], meaning in turn that
the on-shell matrix elements of the NN transition matrix T are essentially equal. This does,
however, not imply that the models for the NN interaction underlying these descriptions
are identical. Moreover, the off-shell properties of each potential may be rather different.
All models for the NN interaction V include a one-pion exchange (OPE) term, using essen-
tially the same 7NN coupling constant, and account for the difference between the masses
of the charged (7+) and neutral (my) pion. However, even this long range part of the NN
interaction, which is believed to be well understood, is treated quite differently in these
models.

The CD-Bonn potential is based consistently upon relativistic meson field theory [1].
Meson-exchange Feynman diagrams are typically nonlocal expressions that are represented
in momentum-space in analytic form. As an example we present the expression for the
One-Pion-Exchange contribution to the NN interaction of two nucleons in the 3S; channel,
in plane wave states with momenta k and k' for the initial and final state, respectively

k'kcosf — (ExEw — M?)
N e
(K VEslk) = 4 27rM2 ELEL// dC059 A2 ) &+ m? )

where ¢* denotes the momentum transfer,

@® = (k-K)?=k*+k> -2k cosb.
E, = VE+M? (2)

and m, is the mass of the pion (note that in order to shorten the notation we ignore in these
equations the charge dependence of m, and the nucleon mass M); A stands for the cut-off
parameter, which was chosen to be A = 1.7 GeV [1]. Results for such matrix elements as a
function of k, keeping k' = 95 MeV/c fixed, are displayed in Fig. 1{12}.

If we introduce now the nonrelativistic approximation for

ELE, — M* ~ %kz + -;-k’Q, (3)

we obtain (ignoring the form factor (A2 — m2)/(A? + ¢®) and the relativistic square-root
factors)

(K'|VZs|k) =-ﬁ—1—/1 dcosf —-—m-?f——-l). (4)
ssi*/local 4w 2n M2 J_, 2(g¢2+m?2) 2
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Figure 1: Plane-wave matrix elements of the one-pion-exchange potential (OPEP) using
various approximations. As an example, the matrix elements in momentum space (k'|V]k)
are shown as functions of k for a fixed value of &' = 95 MeV /c. The left part of the figure
exhibits matrix elements for the partial waves 35;-35), while the right part shows the tensor
component in the 33,-3D; channel with k referring to the momentum in the 3D; partial

wave.

This can be viewed as the local approximation to the OPE since the matrix element depends
on the momentum transfer g2, only. It can easily be transformed into the configuration-
space representation, resulting in a Yukawa term plus a § function, which originates from
the Fourier transform of the constant 1/2 in Eq. (4). The various steps leading to this result
are shown in Fig. 1. It is obvious from this figure that all of the steps leading to the local
expression (4) are not really justified for momenta k around and above 200 MeV, a region
of relative momenta which is of importance in the deuteron wave function. This is true for
the matrix elements Vsg as well as Vgp. It is remarkable that the regularization of the
local OPE by the local Gaussian form factor introduced in the Argonne Vg potential leads
to matrix elements in the $D-channel which are close to those derived from the relativistic
expression of the Bonn potential. This is not the case in the SS channel, where the removal
of the ¢ function term is very significant. This comparison of the various approximations to
the OPE part of the NN interaction demonstrates that even this long range part of the NN
interaction is by no means settled. The local approximation and the regularization by form
factors have a significant effect.

The description of the short-range part is also different in these models. The NN potential
Nijm-II [3] is a purely local potential in the sense that it uses the local form of the OPE
potential for the long-range part and parameterizes the contributions of medium and short-
range in terms of local functions (depending only on the relative displacement between the
two interacting nucleons) multiplied by a set of spin-isospin operators. The same is true
for the Argonne Vs potential [2]. The NN potential denoted by Nijm-I [3] uses also the
local form of OPE but includes a p? term in the medium- and short-range central-force (see
Eq. (13) of Ref. [3]) which may be interpreted as a non-local contribution to the central



Pot. Ts Tp Vss Voo Vsp Pp
[MeV] [MeV] [MeV] [MeV] [MeV] [%]

CD-Bonn 9.79 3.69 477 1.34 -14.27 4.83
Argon Vg | 11.31 8.57  -3.96 077 -1894 5.78
Nijm I 9.66 791  -1.35 237 -2082 5.66
Nijm II 12.11 8.10 -5.40 059 -17.63 5.64

Table 2: Contributions to the kinetic and potential energy of the deuteron originating from
the 35, and 3D; parts of the wave function as defined in Eq. 5. Results are listed for
the charge-dependent Bonn potential (CD-Bonn [1]), the Argonne Vig (2], the Nijmegen
potentials Nijm I and Nijm II {3]. The last column of this Table shows the calculated
D-state probabilities of the deuteron.

force. The CD-Bonn potential is based consistently upon relativistic meson field theory [4].
Meson-exchange Feynman diagrams are typically nonlocal expressions that are represented
in momentum-space in analytic form. It has been shown [1] that ignoring the non-localities
in the OPE part leads to a larger tensor component in the bare potential.

By construction, all realistic NN potentials reproduce the experimental value for the
energy of the deuteron of -2.224 MeV. However, the various contributions to the total
deuteron energy originating from kinetic energy and potential energy in the 35 and 3D,
partial waves of relative motion,

E (¥s|T1¥s) + (¥pIT1¥p) + (¥s|V[¥Es) + (¥p[V[¥D) + 2(Ts|V|¥D)

= Ts+Tp+Vss+Vpp+Vsp, (5)

exhibit quite different results. This can be seen from the numbers listed in Table 2. In this
table, we display the various contributions to the deuteron binding energy employing the
four potentials introduced above.

The kinetic energies are significantly larger for the local potentials V)3 and Nijm II than
for the two interaction models CD-Bonn and Nijm I which contain non-local terms. The
corresponding differences in the S-wave functions can be seen in Fig. 2.

Comparing the contributions to the potential energy, displayed in Table 2, one finds large
differences particularly for the tensor contribution Vsp. The dominant part of this tensor
contribution should originate from the tensor component of the one-pion-exchange potential
which we discussed above.

In summary, although the modern NN potentials yield the same binding energy for
the deuteron, there are significant differences in the contributions to both the kinetic and
potential energy in the various partial waves. Speaking in general terms, these differences
can be traced back to off-shell differences between the potentials. In particular it is the
inclusion of non-local contributions in the long-rang (7 exchange) as well as short-range
part of the NN interaction, which is responsible for these differences.
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Figure 2: Wave function for the deuteron (35, and 3D;) calculated for different realistic
interactions.

3 Correlations in Nuclear Matter

The necessity to incorporate correlations beyond the Hartree-Fock approximation in the
many-body wavefunction of nuclear systems has been demonstrated already in the intro-
duction, discussing the results obtained for the binding energy of nuclear matter using the
Hartree-Fock approximation (see Table 1). One way to account for nucleon-nucleon (NN)
correlations is to employ the lowest Brueckner theory or hole-line expansion, which in lowest
order yields the Brueckner-Hartree-Fock (BHF) approach. The central equation of the BHF
approximation is the Bethe-Goldstone equation, which defines an effective interaction G for
two nucleons in nuclear matter occupying the plane wave states ¢ and j by

. . Q .
Glig >=Vl]ij > +V———""—=Glij > . 6
i |23 ei+ej—Ho|J (6)
Here and in the following V stands for the bare NN interaction. () denotes the Pauli operator,
which prevents of the interacting nucleons into intermediate states with momenta below the
Fermi momentum kr, Hy defines the spectrum of intermediate two-particle states and the
BHEF single-particle energies are defined by

L R
€ = Lo d’k; < ij|Glij >, 7
t oM o 7 ]l ‘ J ‘ ( )
as the sum of the kinetic energy of a free nucleon with mass M and momentum k; and the
potential energy. The single particle potential corresponds to the Hartree-Fock approxima-
tion but calculated in terms of the effective interaction G rather than the bare interaction
V. Also the total energy of the system is calculated in a similar way containing the kinetic



energy per nucleon of a free Fermi gas
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and the potential energy calculated in the Hartree-Fock approximation replacing V' by the
effective interaction G (For a more detailed description see e.g. [13]). This means that
the BHF approach considers a model wave function, which is just the uncorrelated wave
function of a free Fermi gas and all information about correlations are hidden in the effective
interaction G. Since this effective interaction is constructed such that G applied to the
uncorrelated two-body wave function yields the same result as the bare interaction V' acting
on the correlated wave function

Gliy >= Vlij >corr. , 9)

the comparison of this equation with (6) allows the definition of the correlated two-nucleon
wave function as
i >corr = 1i] > + Gl > (10)
This representation demonstrates that the correlated wave function contains the uncorre-
lated one plus the so-called defect function, which in this approach should drop to zero for
relative distances between the two nucleons, which are larger than the healing distance.
The BHF approach yields the total energy of the system including effects of correlations.
Since, however, it does not provide the correlated many-body wave function, one does not
obtain any information about e.g. the expectation value for the kinetic energy using this
correlated many-body state. To obtain such information one can use the Hellmann-Feynman
theorem, which may be formulated as follows: Assume that one splits the total Hamiltonian

into

H=Hy,+AV (11)
and defines a Hamiltonian depending on a parameter A by
H()) = Ho + AAV . (12)
If E, defines the eigenvalue of
H(A)|¥x >= E\[T) > (13)

the expectation value of AV calculated for the eigenstates of the original Hamiltonian H =

H(1) is given as

< Y|AVIE >= 22N . (14)
2 N N

The BHF approximation can be used to evaluate the energies E\, which also leads to the
expectation value < ¥|AV|¥ > employing this eq.(14). In the present work we are going
to apply the Hellmann-Feynman theorem to determine the expectation value of the kinetic
energy and of the one-pion-exchange term AV = V. contained in the different interactions.
First differences in the prediction of nuclear properties obtained from the modern in-
teractions are displayed in table 1 which contains various expectation values calculated for
nuclear matter at the empirical saturation density, which corresponds to a Fermi momentum
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Figure 3: Correlated wave functions [ij >corr. as defined in (10) as a function of the relative
distance for the 1S, partial wave. Results are shown for a pair of nucleons in nuclear
matter at empirical saturation density, which heal to an uncorrelated two-nucleon wave
function with momentum ¢ = 0.96 fm—1 at larger distances. The curves are labeled by the
interactions, which were considered.

kr of 1.36 fm~!. The most striking indication for the importance of nuclear correlations
beyond the mean field approximation may be obtained from the comparison of the energy
per nucleon calculated in the mean-field or Hartree-Fock (HF) approximation. All energies
per nucleon calculated in the (HF) approximation are positive. therefore far away from the
empirical value of -16 MeV. Qunly after inclusion of NN correlations in the BHF approxima-
tion results are obtained which are close to the experiment. While the HF energies range
from 4.6 MeV in the case of CDBonn to 36.9 MeV for Nijm2, rather similar results are
obtained in the BHF approximations. This demonstrates that the effect of correlations is
quite different for the different interactions considered. However it is worth noting that all
these modern interactions are much “softer” than e.g. the old Reid soft-core potential[5]
in the sense that the HF result obtained for the Reid potential (176 MeV) is much more
repulsive. ‘

Another measure for the correlations is the enhancement of the kinetic energy calculated
for the correlated wave function as compared to the mean field result which is identical to
Tra, the energy per particle of the free Fermi gas. At the empirical density this value for
Trc is 23 MeV per nucleon. One finds that correlations yield an enhancement for this by
a factor which ranges from 1.57 in the case of CDBonn to 2.09 for Nijml. It is remarkable
that the effects of correlations, measured in terms of the enhancement of the kinetic energy
or looking at the difference between the HF and BHF energies, are significantly smaller for
the interactions CDBonn and Nijml, which contain non-local terms.

The table I also lists the expectation value for the pion-exchange contribution Vi to the
two-body interaction. Here one should note that the expectation value of V; calculated in
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Figure 4: Correlated wave functions as a function of the relative distance for the 35 and
3D, partial waves. Further details see Fig. 3.

the HF approximation is about 15 MeV almost independent of the interaction considered. So
it is repulsive and completely due to the Fock exchange term. If, however, the expectation
value for V; is evaluated for the correlated wave function, one obtains rather attractive
contributions ranging from -22.30 MeV per nucleon (CDBonn) to -40.35 MeV (ArV18). This
expectation value is correlated to the strength of the tensor force or the D-state probability
Pp calculated for the deuteron (see table 1 as well). Interactions with larger Pp, like the
ArV18, yield larger values for < V; >. For a further support of this argument we also give
the results for three different version of charge-independent ‘Bonn potentials A, B and C,
defined in [4]. All this demonstrates that pionic and tensor correlations are very important
to describe the binding properties of nuclei. In fact, the gain in binding energy due to
correlations from V, alone is almost sufficient to explain the difference between the HF and
BHF energies.

Inspecting the expectation values for the kinetic energies we observe a feature very similar
to the one observed for the deuteron: the local interactions, ArV18 and Nijm2, yield larger
kinetic energies than CDBonn and Nijm1, which contain nonlocal terms. This is independent
of the density considered.

A different point of view on nuclear correlations may be obtained from inspecting the
the relative wave functions for a correlated pair |ij >corr. defined in (10). Results for such
correlated wave functions for a pair of nucleons in nuclear matter at empirical saturation
density are displayed in Figs 3 and 4. As an example we consider wave functions which “heal”
at larger relative distances to an uncorrelated two-nucleon wave function with momentum
g = 0.96 fm~! calculated at a corresponding average value for the starting energy.

Fig. 3 shows relative wave functions for the partial wave 'Sy. One observes the typical
features: a reduction of the amplitude as compared to the uncorrelated wave function for
relative smaller than 0.5 fm, reflecting the repulsive core of the NN interaction, an enhance-

10



nient for distances between a2 0.7 fm and 1.7 fm. which is due to the attractive components
at medium range, and the healing to the uncorrelated wave function at large r. One finds
that the reduction at short short distances is much weaker for the interactions CDBonn and
Nijml than for the other two. This is in agreement with the discussion of the kinetic energies
and the difference between HF and BHF energies (see table 1). The nonlocal interactions
CDBonn and Nijm1 are able to fit the NN scattering phase shifts with a softer central core
than the local interactions.

Very similar features are also observed in the 3S) partial wave displayed in the left half
of Fig. 4. For the D; partial wave, shown in the right part of Fig. 4, one observes a different
behavior: All NN interactions yield an enhancement of the correlated wave function at r =1
fm. This enhancement is due to the tensor correlations, which couples the partial waves 83,
and 3D,. This enhancement is stronger for the interactions ArV18, Nijm1 and Nijm2 than for
the CDBonn potential. Note that the former potential contain a pure nonrelativistic, local
one-pion-exchange term, while the CDBonn contains a relativistic, nonlocal pion-exchange
contribution. See also the discussion of the wavefunction for the deuteron in the preceeding

section.

4 Correlations in Nucleon Knock-out Experiments

4.1 Exclusive (e, e'p) Reactions

The uncorrelated Hartree-Fock state of nuclear matter is given as a Slater determinant of
plane waves, in which all states with momenta k smaller than the Fermi momentum kg
are occupied, while all others are completely unoccupied. Correlation in the wave function
beyond the mean field approach will lead to occupation of states with k larger than k.
Therefore correlations should be reflected in an enhancement of the momentum distribution
at high momenta. We have observed this feature already in the preceeding section, discussing
the enhancement of the kinetic energy as compared to the one of the free Fermi gas. Indeed.
microscopic calculations exhibit such an enhancement for nuclear matter as well as for finite
nuclei{15, 16]. One could try to measure this momentum distribution by means of exclusive
(e, €'p) reactions at low missing energies, such that residual nucleus remains in the ground
state or other well defined bound state. From the momentum transfer g of the scattered
electron and the momentum p of the outgoing nucleon one can calculate the momentum of
the nucleus before the absorption of the photon and therefore obtain direct information on
the momentum distribution of the nucleons inside the nucleus.

This idea, however, suffers from a little inaccuracy. To demonstrate this we write the
momentum distribution n(k) representing the ground state wave function of the target
nucleus by ¥ 4. denoting the creation (annihilation) operator for a nucleon with momentum

k by az\ (ar), as

nk) = < ¥lalag|¥ >
- / dE < ¥|al|®ar(E) >< 4oy (B)|ax]¥ >
0
= / dE S(k, E)
¢]
2
withS(k.E) = [< Wl |41 (E) >
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Figure 5: Reduced cross section for the 10(e, e’p)!*N reaction leading to the ground state
(1/27) of !3N in the kinematical conditions considered in the experiment at MAMI (Mainz)
[17]. Results for the mean-field description (HF) and the fully correlated spectral function
(Full) are presented.

In the second line of this equation we have inserted the complete set of eigenstates for the
residual nucleus with A — 1 nucleons and excitation energy E. Therefore, if one performs an
exclusive (e, ¢'p) experiment leading to the residual nucleus in its ground state, one does not
probe the momentum distribution but the spectral function at an energy £ = 0. While the
total momentum distribution-exhibits the enhancement at high momenta discussed above,
the spectral function at small energies does not have this feature{15] and the momentum
distribution extracted from such experiments is very similar to the one derived from Hartree- -

Fock wave functions.

This is demonstrated by Figure 5, which compares experimental data of (e, e'p) experi-
ments on 180 leading to the ground state of the residual nucleus !NV, which were performed
at MAMI in Mainz[17], with theoretical calculations[18]. The calculation account for the
final state interaction of the outgoing nucleon with the residual nucleus by means of a rel-
ativistic optical potential. One finds that the spectral function calculated with inclusion of
correlation yields the same shape as the corresponding Hartree-Fock approximation. The
only difference being the global normalization: the spectroscopic factor.
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