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Correlated nucleons in configuration space
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Several recent studies have dealt with the effects of short-range correlations on the momentum distribution
of nucleons in nuclei. Here we investigate the correlation effects on the density and spectral distribution in
coordinate space. A combination of experimental data and spectral functions calculated from realistic nucleon-
nucleon interactions allows us to resolve a recently uncovered discrepancy with occupation of quasiparticle
states derived fronte,e’p) data.
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Much of the understanding of atomic nuclei is based oral., provides a first direct measuremegbi6].
the assumption that nucleons move, independently from each This correlated strength has always been discusskdEn
other, in the average potential created by the interaction witlspace where(part of) it can be separated from the IP
all other nucleons. A more fundamental approach to the unstrength. In this Rapid Communication, we take an orthogo-
derstanding of nuclei has to start from the underlyingnal look at the correlated strength and discuss it in coordinate
nucleon-nucleor{N-N) interaction. Realistic models of the space(r spac¢. We address this question from both the
N-N interaction exhibit a strongly repulsive central interac-theory and experiment side.
tion at small internucleon distances and a strong tensor com- The trigger for this study lies in difficulties experienced in
ponent. These features lead to properties of nuclear wav@e past in interpreting data in terms of IP models. For ex-
functions that are beyond what is describable in terms ofmple, fits with IP wave functions of the nuclear charge den-
independent p_articlelP) motion. In particular, strong short- sity often yielded form factorgof IP-dominated transitions
range correlationéSRO are expected to occur. with incorrect q dependence. Fits with IP wave functions

The effects of the short-range correlations are known fog s, have difficulties in reproducing the total densities in the
systems where an accurate solution of the Schrodinger equgyciear interior. The origin of these difficulties: total densi-
Itilgrqtfgtrjgerie(?cl;zg?/'\tg tlg,tfrsafgfgncc? ?ngﬁit%bﬁggﬂ r\r/:;?t/er ties have contributions from correlated nucleons that do not

appear in observables dominated by quasiparticle properties.

are amongst the systems where this is feasjbled]. The ; )
corresponding calculations show that in a microscopic de:I'he correlated nucleons presumably have a different radial

scription of nuclear systems, the short-range and tensor pargéStrf']b“t'on'l  thi . deri N d
of the N-N interaction have a very important, not to say 1he goal of this paper is to derive quasipartig) an

dominating, influence, without which not even nuclear bind-correlated distributions i space using Green's-function

ing can be explained. theory. We_compare the results to.the correlated dens_|ty in
Due to these short-range correlations the momentum dig-Space which we obtain from the difference of the density—

tributions of nucleons acquire a tail extending to very highknown from elastic electron scattering—and the QP contri-

momentak, and part of the strength, located in IP descrip-butions known from(e,e’p) reactions.

tions at low excitation energ§, is moved to very high ex-  As a side product, this study also sheds light on a recently

citation energies. uncovered problem with QP occupation numbers derived
In the past, most experimental investigations were confrom (e,e’'p) experiments with low and highg,

fined to rather low momenta and energies, i.e., to the regiofespectively[7].

where the strength is dominatédut not entirely given by The evaluation of the single-particle spectral functions for

the IP properties. In this region, the consequences of short?C, the nucleus we use for our study, has been performed

range correlations are indicated primarily bylepopulation ~ within the framework of the Green’s-function meth¢8]

of states in comparison to the predictions of the IP modelgising the techniques described[B-11. The nucleon self-

(including the long-range correlations which can be de-energy (pm,pn,E) is determined in a discrete basis of

scribed by configuration mixingAccording to the calcula- Bessel functionsp,, |;(r) with appropriate boundary condi-

tions mentioned above, a depopulation on the order of 20%ions at the surface of a spherical box with radiys,. These

is expected. basis states are identified by the angular momentum quantum
From the experimental information available up to now,numberd andj and a radial quantum numbép,,, p,) refer-

the depopulation of IP strength at IdwE is established1] ring to the momentum. For a box radil,, of typically

(for a caveat see belgwMuch less is known from direct 20 fm, it turns out to be sufficient to include around 60 basis

measurement of the strength of the spectral funcBqE) states for each partial wave.

at largek andE. A recent(e,e’p) experiment, performed at The self-energy contains a Hartree-Fock contribu

high momentum transfey in parallel kinematics by Rohet  calculated in terms of a nuclear matt8rmatrix plus com-
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Results for these contributions to the point density of pro-
tons in*°C are displayed in Fig. 1. The calculation of these
densities has been performed using the CD-Bonn potential
for the N-N interaction[12]. A fraction of the proton density,
which accounts for around five protons, is described by the
QP part and the rest is covered by the correlated density.

In order to allow for a better comparison of the radial
shape of the density contributions, Fig. 1 also contains the
correlated density.,,(r) multiplied by a factor of 3. The
comparison shows quite clearly that the correlated density is
located much more in the center of the nucleus than the QP
contribution.

The correlated single-particle density is distributed over
partial wavedj including those which are unoccupied in the
IP model. A large fraction of the correlated strength, how-
ever, is contained in partial waves witkO (around 31%
andl =1 (around 37% One also should note that, contrary to
what one naively could expect, the strength in the higher
states does not contribute at langeghe corresponding large
values ofE pull the radial wave functions to lowet

For 12C an extensive set of elastic electron scattering data

FIG. 1. Comparison of QP and correlated densities fromiS available[13-16, covering the range of momentum trans-

theory.

fer between 0.13 and 3.7 fih The carbon rms radius is
precisely known from au-x-ray experimen{17].
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plex correction termsA,;, which account for the inclusion These data have been used to determine a model-
of two-particle one-hole and two-hole one-particle contribu-independent charge density using the SOG approa¢h8pf
tions. These correction terms are calculated directly for theThe procedure employed has been describe@l®). This
finite nucleus'“C, describing the intermediate particle statesyields the charge density as a functionrptogether with an

by plane waves orthogonalized with respect to the occupiedrror bar that covers both the statistical and systematic un-
hole states. This is a good approximation to describe theertainties of the data, as well as the model error.

effects of SRC; however, it tends to underestimate the spec- In order to obtain the point density, we have unfolded the
tral strength due to long-range correlations at missing enetffect of the finite size of the proton and neutron charge
gies slightly above the two-hole one-particle threshold. density. This has been done by parametrizing the point den-

The single-particle Green’s function is determined fromsity, folding it with pp(r)+pn(r), and fitting the resulting den-
this self-energys|/"+AX; by solving the Dyson equation in sty to the charge density as determined above. The contri-
the box basis described above. From the imaginary part dution of the electromagnetic spin-orbit term to the charge
this Green’s function one can calculate the spectral functiorlensity turned out to be negligible. The resulting folded den-
in this basig 11] or determine it in configuration space by the sity agrees within~1% with the one given i1fi20].
transformation The resulting point density is shown in Figs. 2 and 3. The
error bars in general are too small to be seen.

For carbon, quite an extensive set(efe’p) data is avail-
able[21-28; a compilation is discussed iir]. Part of this
data has been taken at laywith the goal to determine the
1p and s quasiparticle momentum distributions and occupa-
tion numbers. Some data have been taken at lgnyeinly
in connection with the determination of nuclear transparen-
gies for high-energy protons.

The lowq data, taken with good energy and momentum
resolution mainly at NIKHEF and Saclay, have been ana-
lyzed in the framework of a distorted wave Born approxima-
tion (DWBA) using optical potentials known from proton-
carbon scattering. The QP radial wave functions have been
parametrized using Woods-Sax¢WS) potentials. Lapikas
et al.[7] have made a coherent analysis of the entire data set.
where the integration over missing energiestarts at the The occupation of the QP orbits, obtained by summing the
threshold of two-hole one-particle configurations. We haveexperimental spectroscopic factors, turns out to be rather low
assigned the labelcorr” to the part of the single-particle in comparison to what is known for other nuclgi]; the
density, which originates from the continuum part of thesummed b plus 1s strength amounts to 3.4 protons only
spectral function to indicate that this correlated density ig56% occupation
absent in the IP model. The highg data, determined in part with moderate energy

Si(r173E) = 2 ¢ i (NS (PP E) i (1),

using the Bessel functiong, ;;(r) described above. The
spectral function can be split into the QP contributféff,
which only occurs in thes;;, and p;, partial waves, and in
the continuum contributiorsfjo”‘, which originates from the
imaginary components in the self-energy. This leads to th
single-particle density

p(r)=IZS?P(r,r)+E dES"(r,r;E)
J

li Y eonp

= PQP(r) + peon(r),
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FIG. 2. Comparison of QP and correlated densities.
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to be better understood, and is discussed in more detail be-
low. This difference also has led to speculations about
g-dependent QP occupations, for which we see no physical
basis.

A partial reason for the difference between the Iquand
high-q results is immediately clear: The logvedata cover the
region of missing momenta of typicall%180 MeV/c and
missing energyE<50 MeV, the highg data extend to
300 MeV/c. The highg data also cover a larger range in
missing energy; they are integrated up to typically 80 MeV.
In this largerk, E range, there is not only QP strength, but
also a fraction of the correlated strength is integrated over.
Before making a valid comparison, this correlated strength
needs to be removed.

In order to correct for this effect, we start from the high-
g (e,e'p) data taken in a recent JLAB experimef] in
quasielastic kinematics, which minimize final state interac-
tions (FSI and meson exchange current contributions
(MEC). This experiment yields, in agreement with the previ-
ous JLAB and SLAC experiments, 5.2 protons in the inte-
gration regionE<80 MeV, k<300 MeV/c. This number
we correct for the continuum contribution using the calcu-
lated spectral function discussed above. With this correction

and momentum resolution, were taken mainly at SLAC andpe discrepancy between the lapand highg results is sig-
JLAB. The data were summed over a large region of |n|t|a|niﬁcant|y reduced; the QP occupations now are 3.4 vs 4.5

momentumk and removal energy¥, and fitted using WS

protons for the lowg/high-q data, respectively. Given the

radial wave functions and theoretical transparencies. WheQ)ncertainties of these numbers—believed to be perhaps
using the most reliable transparencies, confirmed by othe{go,__there still is a worrisome incompatibility.

experiments, Lapikast al. found a much higher occupancy

of the QP orbits, 5.0-5.6 protoris-87% occupation
This dlscrepancy—whph is very embarrassing to thezs we judge the interpretation of these data to be safer. The

practitioners of(e,e’'p) as it sh,eds serious doubts on the |o.q data suffer from uncertainties in the treatment of the

quantitative interpretation dfe,e’p) data—obviously needs  fina| state interaction. Due to the low energies of the outgo-
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In order to proceed, we have to choose. We have decided
to use the occupation coming from the higlmeasurements,

ing proton (70 MeV for the NIKHEF data[25]) coupled-
channel effects not treated in the usual DWBA analysis
should be relevant. van der Steenhowral. [25,29 have
shown that inclusion of these effects would increase, for the
rather soft nucleu¥’C, the QP occupation by 20%. For the
kinematics of the lowg experiments, the calculations of Bo-
ffi et al. [30,3] also predict significant MEC effects that
would lead to a further increase of the QP occupation.

The value for the QP occupation deduced from the hjgh-
measurement is also compatible with the correlated strength
measured directly in the recent experiment by R[@jeThis
measurement agrees with theoretical predictions for the cor-
related strength of-20%. The summed QP strength from the
low-q (e,e’p) data(which thus includes the fragmentation
due to long-range correlatiopson the other hand, would
correspond to greater than 40% correlated strength, i.e., be
unrealistically high. Furthermore, as we will see below, our
choice of the QP occupation is confirmed by a consistency
check in our analysis.

Before proceeding to the calculation of the QP density,
one more effect of correlations must be removed from the
results of Lapikaset al. While the p- strength is located in
discrete states where no ambiguity occurs, sherength is
located in the continuum between 20 an80 MeV removal

FIG. 3. Comparison of QP and correlated densities. The crossegnergy. In this region, also the correlated strength contrib-

indicate the tail of the density obtained when using the tp@P

occupation.

utes, and affects thghapeof the fitted WS momentum dis-
tribution. The correlated strength has a momentum distribu-
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tion that falls much more slowly with increasirigthan the  the low-q experiments and, as above, the shap&@]j de-

1s QP strength; when fitting the sum with a WS parametri-termined in[7] from the fit to the world(e,e’p) data, we
zation, the resulting WS momentum distribution extendswould have obtained the tail indicated in Fig. 3 by the
somewhat too far in momentum, i.e., it would have too smallcrosses. These are obviously significantly too low. This com-
a radial extension im space. parison thus provides aaposteriorijustification of our pro-

We have used the theoreticals IQP and correlated cedure.

strength in the region used fi] for the determination of the In Figs. 2 and 3 we also show the correlated density ob-
1s momentum distribution to calculate a correction to thetained by theory. Considering the above-mentioned uncer-
WS parametrization fitted to the sum. We find that the extentainty of the experimental result, we consider the agreement
of the wave function irk space needs to be reduced by 11%.Petween theory and experiment as a good one. The size of
This modified WS shape has been confirnigd] by an in- the correlated contribution in the nuclear interior is very

dependent analysis employing the recent JLAB dat&5pf similar, the rapid_ falloff of .the correlated _density at lange
and the correlated spectral function 8] also agrees within our estimated uncertainty. The correlated

With these QP radial wave functions, and occupationsdens'ty deduced from experimental data seems to contain

renormalized to the one derived above from the Higiw- more s.pectral strength in partial waves with O than the
) L theoretical one.
periments, we can compute the QP density apace. As the

dial ¢ X fitted by Laoik | ref i The large contribution of the correlated density in the
radial wave functions fitted by Lapika al. refer to relative — ,,cjear interior shows that the neglect of this correlated con-

coordinate between the proton and the c.m. of tAe 1)  yribution in the standard IP calculatioe.qg., all the shell-
system, we need to rescale the radial coordinate by a factghodel descriptionsis not justified.
11/12, with the corresponding adjustment in height to con-  Starting from the(e,e’p) data, we have constructed the
serve the normalization. o QP density for“C in coordinate space. The difference to the
_The resulting QP density is shown in Figs. 2 and 3. Theotal density, obtained from elastic electron scattering, pro-
difference of the"*C point density and this QP density yields yides the density distribution of the correlated nucleons. We
the correlated density also shown in Figs. 2 and 3. The “errofing that it is significantly more concentrated towards the
bar” on the correlated density is not straightforward to cal-nyclear interior. We also find good agreement with the theo-
culate due to the various adjustments that had to made in th@tical calculation of the correlated density distribution.
analysis; £20% for <3 fm is probably a realistic estimate.  The large contribution of the density related to short-
The first observation one can make from Figs. 2 and 3ange N-N correlations,~30% in the nuclear interior, to-
concerns the fact that, as in the theoretical analysis of Fig. Jgether with the fact that thshapeof the correlated density
the correlated density deduced from experimental data is Sigsiffers strongly from the QP density, explains the poor per-
nificantly more concentrated towards the nuclear interiokgrmance of QP wave functions in explaining many observ-
than the QP density. One also observes that the correlatgghles. Due to the shape difference, the shortcoming of the
density in the nuclear interior gives a very significant contri-neglect of the correlated contribution also cannot satisfacto-
bution, of order 30%, of the central density, i.e., larger tharyjly pe “compensated” by using effective quantities like ef-
one could have expected from the number of 20% or so Ofective charges, etc.
correlated nucleons. This explains why attempts to explain - as a side product, our analysis provides a solution to the
the total densities in terms of QP orbitals cannot be Venpuzzle raised if7], the pronounced disagreement between
successful. QP occupations derived from the logvand highg (e,e’p)
Figure 3 shows another important feature: The experimensyperiments. We find that only the higheccupation(suit-
tal QP density at large agrees perfectly with the point den- apy corrected for the correlated contribution not considered

sity measured via elastic electron sce_attering. Such an agregy [7]), is compatible with the independent information from
ment should occur, as at large—outside the range of the g|astic electron scattering.

nuclear potential—the density is entirely given by the tail of

the least-bound QP orbit, the4, state in'°C. More deeply We would like to thank Louk Lapikas for providing the

bound states, or correlated nucleons with large removal er@P wave functions, Kai Hencken and Dirk Trautmann for

ergy, cannot contribute. elucidation of c.m. problems, and Daniela Rohe for an inde-
The good agreement between QP density and point derpendent determination of thes QP momentum distribution.

sity at larger also confirms the correctness of our choice of This work has been supported by the DEGraduiertenkol-

QP occupations. Had we used the occupation derived frorfeg Basel-Tibingenand the Schweizerische Nationalfonds.
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