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Signatures for Short-Range Correlations in16O Observed in the Reaction16Ossse, e0ppddd14C
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The reaction 16Ose, e0ppd14C has been studied at a transferred four-momentumsv, jqjd 
s210 MeV, 300 MeVycd. The differential cross sections for the transitions to the ground state and the
lowest excited states in14C were determined as a function of the momentum of the recoiling14C nucleus
and the angle between the momentum of the proton emitted in the forward direction and the momentum
transferq. A comparison of the data to the results of calculations, performed with a microscopic model,
shows clear signatures for short-range correlations in the16O ground state. [S0031-9007(98)07083-5]

PACS numbers: 21.10.Pc, 21.30.Fe, 25.30.Fj, 27.20.+n
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In recent years, studies on short-range correlatio
(SRC) in nuclei have made striking progress. Micro
scopic many-body calculations in nuclear matter [1–3
and nuclei [4–6] have shown that SRC can account f
a sizable fraction of the depletion in the occupancy o
the valence orbits, observed in (e, e0p) proton knockout
reactions [7]. Furthermore, these calculations predict
enhancement of the high-momentum components in t
nucleon wave functions. Signatures of admixtures of hig
momentum components in the nuclear ground state a
expected to be found in the (e, e0p) reaction at high
missing energies and in two-nucleon knockout (e, e0NN)
studies [8,9]. Although experimentally more involved
the latter reactions have distinct advantages as a probe
studying SRC in nuclei.

In an exclusive (e, e0NN) reaction both ejectiles are
identified and the excitation energy of the residual nucle
is determined by energy conservation. This allows th
measurement of the cross section for transitions to discr
states, as has recently been shown for the16Ose, e0ppd14C
reaction [10,11]. Furthermore, the reaction mechanis
for two-nucleon knockout by virtual photons depends o
the spin and isospin of the nucleon pair in the initial stat
This implies that complementary information on SRC ca
be extracted from (e, e0pp) and (e, e0pn) reaction studies.

In Ref. [10], we have presented the first results of a trip
coincidence16Ose, e0ppd14C experiment. The excitation
0031-9007y98y81(11)y2213(4)$15.00
ns
-
]

or
f

an
he
h-
re

,
for

us
e

ete

m
n
e.
n

le

energy spectrum up to 20 MeV of the residual nucle
14C and the corresponding missing-momentum distrib
tions were compared with calculations performed with
a simple factorization approximation of the cross sectio
In this Letter the differential cross sections are presen
as a function of the excitation energy, the missing mome
tum, and the emission angle of the forward proton. T
data are compared to the results of calculations perform
with the microscopic model, recently described in Ref. [9

The measurements were performed with the high du
factor electron beam extracted from the pulse-stretc
AmPS at NIKHEF. The measurements were perform
with 584 MeV electrons and the scattered electrons w
detected at an angle of 26±. The central values of the
energy transferv and three-momentum transferjqj were
210 MeV and300 MeVyc, respectively. Protons, with
momentap1 andp2, were detected at angles in the rang
8±–40± and 115±–155± with respect toq. The proton en-
ergy acceptances were 70–220 MeV and 44–178 Me
respectively. Details of the beam, the target, the expe
mental setup and the first stage of the analysis can be fo
in Ref. [10].

In order to present absolute cross sections, spe
attention was paid to the calibration of the experimen
equipment. For this purpose, the data were corrected
an event-by-event basis for inefficiencies in the detecto
the electronic readout and data-acquisition systems, an
© 1998 The American Physical Society 2213
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the determination of proton events. The most importa
corrections are those for the dead times of the fronte
electronics and trigger system, multiple hits in the firs
layers of the proton detectors, and multiple-scattering a
hadronic interactions in these detectors. The dead tim
of the frontends were determined using a laser/testpu
system. The corrections made for hadronic interactio
and multiple scattering effects in the proton detecto
result from simulations of the detector response perform
with the GEANT Monte-Carlo code [12].

The ninefold-differential cross sections were obtaine
by subtracting the contribution of accidental coincidence
and by normalizing the corrected yields to the total lum
nosity and the detection volume. The cross sections a
presented as a function of three variables: the excitati
energyEx of the final nucleus14C, the missing momen-
tum pm, defined asjpmj  jq 2 p1 2 p2j, and the angle
g1 between the momentum of the proton emitted in th
forward direction and the transferred momentumq. For a
particular state, thepm distribution is characterized by the
angular momentum of the center-of-mass motion of th
knocked out proton pair in the initial state, which in turn
is linked, by angular momentum conservation, to the a
gular momentum associated to the relative motion of th
two protons in the initial state. Hence, one may expect th
thepm distribution will reflect the contributions of the vari-
ous partial waves for the relative motion, notably those f
the 1S0 and3P waves [10]. The dependence of the cros
sections ong1 is expected to provide information on the
reaction mechanism, since calculations indicate that t
contributions of one- and two-body currents to the cro
section exhibit a different trend as a function ofg1.

TheEx distribution was corrected for the effects due t
radiation processes, in a way similar to that for (e, e0) data.
It was argued in Ref. [13] that an unfolding procedure fo
more than one variable in an (e, e0pp) reaction, which
is extremely complicated, is not always needed. In th
present experiment, the effects of omitting the unfolding
the cross sections as a function ofpm andg1 is negligible
in view of the resolution of the distributions in these
variables, which are7 MeVyc and 0.8±, respectively. Note
that the corrections made for theEx spectrum are also
accounted for in thepm andg1 distributions for selected
regions inEx .

The total systematic error in the cross sections, whi
is (26%, 116%) is mainly determined by the uncertainty
in the integrated luminosity (3%), the uncertainty in th
correction for hadronic interactions and multiple scatte
ing effects (5%), and the uncertainty in the determinatio
of the electronics live times (110%).

The cross sections as a function of each of the variab
Ex , pm, and g1 were obtained by summing the cros
sections for selected bins in the other two variable
(weighted with sing1 to account for the phase space) an
by dividing the resulting sum by the (weighted) numbe
of bins.
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In Fig. 1 the differential cross sections, averaged ov
the pm range from50 to 350 MeVyc and theg1 range
from 10± to 40±, are shown as a function of the excitatio
energy. The five lowest-lying states that are expected
be excited in the16Ose, e0ppd14C reaction are indicated by
their valuesJp . As argued in Ref. [10], their excitation
energies were partly taken from previous experiments a
partly estimated on the basis of calculations.

The experimental energy resolution of 3.9 MeV FWHM
does not allow the separation of the individual state
except the ground state. Consequently, the eightfo
differential cross section for the transition to a partic
lar state cannot be determined exclusively. Instead,
ninefold-differential cross section was integrated ov
three, suitably chosen, intervals of the excitation energ
The first interval ranges from24 to 4 MeV and contains
almost exclusively the strength of the ground-state tran
tion. The strength in theEx interval from 4 to 9 MeV can
be assigned predominantly to the excitation of the21

1 state,
of which the centroid excitation energy is 7.7 MeV. Th
contribution of the next state (Jp  11, Ex  11.3 MeV)
to this interval is small. Finally, the strength in the inte
val from 9 to 14 MeV can be attributed to the excitatio
of the11 and01

2 (estimated energyEx  12 MeV) states.
Because of the increasing strength of the continuu
which stems from multinucleon emission and the knoc
out of one or both emitted protons from the1s shell, it is
difficult to extract accurate information on the (e, e0pp)
process from the data forEx $ 14 MeV. Therefore, only
the cross section distributions for the three bins mention
above are considered and presented in Fig. 2 as a func
of pm andg1.

It should be noted that the recoil factor,≠E2y≠Ex , in
the expression of the eightfold-differential cross secti
has not been taken into account. This factor cannot
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FIG. 1. The ninefold-differential cross section as a functio
of the excitation energy, averaged over missing mome
between50 and350 MeVyc and overg1 between 10± and 40±

(dsydV  d9sydEe0 dVe0 dE1dV1dE2dV2). The measured
cross sections are indicated with the solid circles. The er
bars represent the statistical uncertainty. The curves corresp
to results of a microscopic calculation (see text).
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FIG. 2. The eightfold-differential cross section integrated ove
the indicated excitation-energy ranges. The upper panels sh
the cross sections as a function ofpm averaged over theg1
range from 10± to 40±. The lower panels show the cross
sections as a function ofg1 averaged over thepm ranges from
45, 60, and 70 to 300 MeVyc, for the three consecutive bins
in Ex . The curves correspond to the same calculations as
Fig. 1.

expressed uniquely in the variablesEx, pm, and g1 but
depends on the momenta of the emitted protons. Howev
for the present kinematical conditions the recoil factor
always close to unity and has only a minor effect on th
cross sections.

The curves in Figs. 1 and 2 are the results of recent m
croscopic calculations of the differential cross sections f
transitions to discrete states in the residual14C nucleus [9].
To allow a comparison with the data, the theoretical cro
sections were folded with a Gaussian distribution to a
count for the experimental energy resolution and integrat
over the same energy intervals as the experimental one

In the calculations, the transition amplitude for the
(e, e0pp) reaction contains contributions of one-body
hadronic currents, which are related to the direct knocko
of two correlated nucleons, as well as those of two-bod
currents, which involve the intermediate excitation of th
D isobar. The interaction of the outgoing protons with th
residual nucleus is treated in terms of an optical potentia
The two-proton spectral function for16O, needed to
calculate the two-proton overlap integral in the transitio
amplitude, was obtained from dressed random-pha
approximation (DRPA) calculations [14], which were
performed in a harmonic oscillator (HO) basis within a
large configuration space to account for the effects
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long-range correlations. Short-range correlations we
incorporated in the relative part of the wave function
of the proton pair by means of state-dependent def
functions [15], which were calculated using the realist
Bonn-A nucleon-nucleon potential.

In contrast to Ref. [9], where the HO wave function
for the bound states were calculated using an oscilla
length b  1.77 fm, we have takenb  2.0 fm in the
present calculations. With the latter value one obtains
better description of the quasihole wave functions calc
lated in Ref. [6] for thel  1 states in16O in the mo-
mentum range50 150 MeVyc, where they exhibit their
maxima. The largerb value is required to simulate the
effect of correlations in the wave functions presented
Ref. [6], which go beyond the limited configuration spac
employed in the DRPA calculations [14]. The HO wav
function calculated withb  2.0 fm was also found to
give the best representation of the reduced cross secti
for the ground-state transition in the16Ose, e0pd15N reac-
tion in the relevant momentum range [16].

In both figures, the theoretical cross sections for t
knockout of two protons, predominantly from the1p shell,
are represented by the solid curves. The contributio
of the one- and two-body nuclear currents are given
the dashed and dotted curves, respectively. To the
theoretical results a continuum accounting for the emissi
of one or both protons from the1s shell and for the
emission of three nucleons is added (thin line in Fig. 1
The shape of the continuum has been determined
extrapolating a fit to the data, made in the region25 #

Ex # 70 MeV, to the three-nucleon knockout threshold a
Ex  8.3 MeV. The dot-dashed curves in Figs. 1 and
correspond to the sum of the theoretical cross section a
the continuum.

The calculated cross sections of Fig. 1 appear to ag
surprisingly well with the data, given the fact that n
parameter has been adjusted to fit the data with t
exception of the continuum. Especially the cross secti
for the ground-state transition, which is separated from t
other transitions, is well reproduced by the calculation
However, the strength in the part of theEx spectrum that
predominantly stems from the excitation of the21

1 state
(4 , Ex , 9 MeV) is underestimated by the calculations
To a lesser extent this also holds for the region whe
the strength for the transitions to the11 and 01

2 resides
(9 , Ex , 14 MeV).

The missing momentum distributions for variou
excitation-energy intervals (cf. Fig. 2) are described qu
well by the calculations, both in shape and in amplitud
The shapes of the experimental as well as of the c
culated distributions for the three regions in excitatio
energy nicely reflect the characteristic features of the o
bital angular momenta associated with the center-of-ma
motion of the proton pair in the initial state. This angula
momentum is eitherL  0 or L  1 for the transitions
to the ground state and01

2 state,L  1 or L  2 for the
2215
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transitions to the21 states, andL  1 for the excitation
of the 11state. The center-of-mass angular momen
L  0 andL  2 are always associated with a1S0 wave
for the relative motion andL  1 always with a3P wave
(the minor contribution of the1D2 wave to the transition
to the 21 states is not considered here). According t
the calculations, knockout of a1S0 proton pair is mainly
induced by the one-body current. Moreover, this pa
of the transition amplitude solely originates from SRC
Hence, the observation that the missing momentum d
tribution for the ground-state transition has its maximum
at pm  0 MeVyc leads to the conclusion that this cros
section is dominated by knockout of1S0 proton pairs and
that, according to the calculations, this process is drive
by SRC. Furthermore, the calculations predict that th
contribution of one-body currents to the cross section
also dominant for the excitation of the21

1 and01
2 states,

whereas the transition to the11 state, which resides in the
interval 9 , Ex , 14 MeV, is largely driven by knock-
out of 3P pairs via two-body (D) currents. Though less
significant than for the ground-state transition, this pictur
is also reflected in the shape of the experimentalpm

distributions. Hence, these distributions already conta
a strong indication that there is substantial contribution
two-proton knockout driven by one-body currents, whic
are determined by SRC.

Further evidence for the importance of SRC in th
16Ose, e0ppd14C reaction is obtained from the dependenc
of the cross section on the proton emission angleg1 shown
in the lower panels of Fig. 2. The global trend is a gradu
decrease of the cross sections as a function ofg1, whereas
the theoretical results show a less pronouncedg1 depen-
dence. A comparison of the data with the contribution
due to one-body and two-body currents separately ind
cates that theg1 dependence of the part of the cross se
tion due to two-body currents deviates from the slope
the experimental data. On the other hand, the part of t
cross section generated by the one-body currents is m
in accordance with the data. At this point it is of interes
to note that the range of relative momenta of two proton
in the initial state probed in the (e, e0pp) reaction depends
ong1. Assuming that the virtual photon is absorbed by th
proton emitted in the forward direction, the angular depe
dence of the one-body part of the cross section direc
reflects the distribution of the relative momentum of th
strongly correlated protons.

In conclusion, the 16Ose, e0ppd reaction has been
studied at an energy transferv  210 MeV and a
three-momentum transferjqj  300 MeVyc. The cross
sections measured as a function of the excitation ener
up to 20 MeV are in satisfactory agreement with th
results of calculations performed with a parameter-fre
microscopic model. Also the cross sections measured a
2216
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function of the missing momentum and integrated over
three selected intervals in excitation energy are reprodu
quite well by the calculations. Because the calculatio
show that the major contributions to the cross sections
the transitions to the ground state and the21

1 state stem
from the one-body currents, which are driven by SRC
can be concluded that the data give clear indications
SRC in the ground state of16O. The deviations observe
between the measured and the predicted dependenc
the cross section on the emission angle of the forw
proton suggest that the contribution of SRC to the react
amplitude is underestimated by the calculations.
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