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The reaction 16O( g * , p 2 p) was studied with high energy resolution in the region of the D resonance at the
AmPS facility of NIKHEF. Photoproduction cross sections were extracted for 1 p 1/2 and 1p 3/2 neutrons in 16O
and the resulting pion and proton angular distributions are compared to model calculations by Lee, Wright, and
Bennhold. The proton angular distributions are well described by the nonlocal version of the model and allow
one to extract rms radii and spectroscopic factors for the 1p 1/2 and 1p 3/2 neutron shells. The same calculations
are in fair agreement with the pion angular distributions.
@S0556-2813~98!05812-9#
PACS number~s!: 25.20.2x, 21.60.2n, 27.20.1n

I. INTRODUCTION

Many experiments and theoretical calculations in subatomic physics have yielded a good understanding of the
nucleon-nucleon interaction. However, the interaction between a nucleon and the D, which is a S5 23 , T5 23 baryon
resonance at an invariant mass of 1232 MeV, is less well
known. Studies of the nucleon-D interaction are rather difficult because the D is not a stable particle. The best way to
study it experimentally is by comparing D production on a
nucleon to D production in a nucleus, and observe the subsequent decay into a pion and a nucleon.
In the past pion-induced D production on the free nucleon
has been extensively studied, followed by experiments on
selected nuclei @1#. However, pion scattering experiments
mainly probe the surface region of the nucleus. In order to
study the high density region inside the nucleus ~virtual!
photons of a few hundred MeV should be used, thus avoiding the strong initial state interactions of the incoming pions.
Lee, Wright, and Bennhold have developed a model describing the elementary process of photoproduction of a pion
and a proton on a nucleus in the region of the D resonance
@2#. By comparing their model to previous experiments they
have shown that at backward pion angles the production and
propagation of the D in a nucleus can be treated adequately
in the distorted wave impulse approximation ~DWIA!. However, at backward angles with respect to the incoming photon
the photoproduction cross section exhibits little sensitivity to
D propagation effects, whereas an enhanced sensitivity is
expected at forward pion angles. Hence, a systematic study
of possible medium effects requires the comparison of experimental results in both kinematic regimes with calculations using the same quasifree approach. Possible effects of
the nuclear medium can be mimicked in the calculations by
changing the mass or width of the D, or by a change in the
E2/M 1 ratio describing the excitation of the D. Previous
0556-2813/98/58~6!/3462~7!/$15.00
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experiments were unable to draw solid conclusions on this
topic, because they did not probe the kinematic region where
the D contribution is largest ~at forward pion angles! or because of low statistics.
In this paper new experimental results are presented for
electroproduction of p 2 p pairs on 16O in the region of the D
resonance. Photoproduction cross sections for the reaction
16
O( g , p 2 p) were extracted using virtual photon theory. The
experiment was carried out with the AmPS facility at
NIKHEF. We measured both the proton angular distribution,
which gives information on the reaction mechanism and
probes the neutron wave functions in 16O, and the pion angular distribution, which is aimed at studying D-propagation
effects inside the nucleus. The high resolution instrumentation developed for this experiment has been described in
detail elsewhere @3#. In this paper the subject is introduced
by providing an outline of the theoretical framework that is
used for the description of the ( g , p 2 p) reaction ~Sec. II!
and a review of earlier experiments ~Sec. III!. In Sec. IV we
describe the present experiment and in Sec. V a comparison
of the measured angular distributions to calculations in the
model of Lee, Wright, and Bennhold is given. Section VI
concludes the paper.

II. THEORETICAL FRAMEWORK

The propagation and possible modification of the D resonance in a nucleus involve the excitation of a D using—in
our case—an incident virtual photon beam. As the lifetime of
the D is too short to detect it directly ~10223 s; i.e., it will
propagate on average 3 fm before it decays!, two decay products are detected instead. In the present experiment the decay
channel of the D, leading to a negatively charged pion and a
proton, is examined by detecting a pion and a proton in coincidence.
3462
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A. Kinematics

In a relativistic description of the photoproduction reaction ( g , p 2 p) energy and momentum conservation requires
that
E g 5T p 1 ~ T p 1m p ! 1T 15O1E x 1Q,

~1!

pW g 5pW p 1pW p 1pW 15O ,

~2!

where the quantities T, pW , and m(M ) denote the kinetic energies, momenta, and rest masses of the proton ( p), the pion
~p!, and the recoil nucleus ( 15O), respectively. The quantity
E x denotes the excitation energy of the recoil nucleus and the
Q value is defined as M 15O1m p 2M 16O , which is closely
related to the binding energy E b of the neutron in 16O, i.e.,
E b 5Q1m n 2m p 'Q. In these equations E g is the energy of
the photon and pW g its momentum vector (E g 5 u pW g u ).
The relevant kinematic observables of the reaction are the
missing energy E m , which is defined as
E m 5E g 2T p 2 ~ T p 1m p ! 2T 15O ,

~3!

and the missing momentum p m , which is defined as the
negative of the recoil momentum:
pW m 5pW p 1pW p 2pW g 52pW 15O .

~4!

In the present experiment we are mainly interested in
transitions leading to the ground state and first strongly excited state of 15O. The ground state transition corresponds to
p 2 p photoproduction on a neutron in the 1 p 1/2 shell. In this
case the missing energy E m will be equal to the Q value of
the reaction ~14.365 MeV!. The transition to the first strongly
excited state at 6.176 MeV corresponds to p 2 p photoproduction on a neutron in the 1 p 3/2 shell and results in E m
520.541 MeV. The central kinematics for the reaction was
set such that both transitions were covered by the experimental energy acceptance. Excitation of the non-natural parity
doublet at 5.2 MeV in 15O is expected to be negligibly small
within the present experimental accuracy since the spectroscopic factors for the isobaric analog transitions in the reaction 16O(e,e 8 p) 15N are a factor of 20 smaller @10# than that
for the strong 1p 3/2 transition.

FIG. 1. Born terms in the pion production amplitude.

In this equation x 2( * ) is the distorted wave of the outgoing
proton or pion and f l the wave function of the neutron, with
orbital momentum quantum number l.
The D-production cross section s gc.m.
n→ p p includes, apart
from processes in which a D is excited, also processes where
a pion and a proton emerge from the nucleus without an
intermediate D being produced, the ‘‘Born terms’’ ~see Fig.
1!. The seagull term is required to maintain gauge invariance
when pseudovector coupling is used at the NN p vertex.
The relative contribution of the D term and the Born terms
depends on the chosen kinematics. Especially the pion angle
with respect to the incoming photon is important. While at
backward pion angles the Born terms dominate, the D and
Born terms are of equal size at forward pion angles. This is
demonstrated in Fig. 2. Therefore, possible modifications of
the D in the nucleus are best studied at forward pion angles.
The factorized approach @i.e., Eq. ~5!# is based on the
assumption that the D-production mechanism and the finalstate interaction are decoupled. In general this assumption
cannot be justified a priori, and the D-production operator
should be included in the integral of Eq. ~6!. For this reason
more recent DWIA calculations are not based on the factorization ansatz anymore. Our data are compared to such a
calculation, i.e., the work of Lee, Wright, and Bennhold @2#.
The ingredients of this calculation can be identified using the
quantities defined in Eqs. ~5! and ~6!.
~i! The full Blomqvist-Laget pion photoproduction operator @6,7# was used @analogous to s gc.m.
n→ p p in Eq. ~5!#.
~ii! The pion optical potential of Carr, McManus, and
Stricker @8# was used for the evaluation of the pion distorted
2
wave function, i.e., x p 2 in Eq. ~6!.

B. „ g , p 2 p… cross section

For a description of the cross section often the factorized
DWIA formalism is used, as first developed for the ( g , p 2 p)
reaction by Laget @4#. In this formalism the cross section is
written as @5#
d 5s
D 2
5k s gc.m.
n→ p p u F l u ,
dT p dV p dV p

~5!

in which k is a kinematic constant including a recoil term,
s gc.m.
n→ p p the elementary D-production cross section on a free
neutron in the center-of-mass framework, and F D
l the distorted momentum distribution of the neutron:
FD
l 5

Ex

2 ~ ! 2 ~ ! ikW g •rW
*
*e
f l ~ rW ! drW .
p2 x p

~6!

FIG. 2. Total cross section and the relative contributions of the
Born and D terms as a function of the pion angle, evaluated in a
factorized DWIA calculation using a modified version of the code
THREEDEE @5#.
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~iii! The global phenomenological optical potential of
Schwandt et al. @9# was used for the evaluation of the proton
distorted wave function x 2
p in Eq. ~6!.
~iv! Harmonic oscillator wave functions were used for the
bound-state wave function f l . The normalization of f l was
chosen so as to correspond to the observed reduction of proton spectroscopic factors found in the reaction 16O(e,e 8 p)
@10#. It is assumed that NN correlations cause a similar reduction of spectroscopic factors compared to independentparticle shell-model ~IPSM! values for neutrons as for protons.
In the calculation possible medium modifications are neglected, and only free production amplitudes are used. The
cross sections for the reaction ( g , p 2 p) were computed in
both the local and nonlocal formalisms @2#. In the nonlocal
model the momenta of the various particles enter the
Blomqvist-Laget photoproduction operator, resulting in a
six-dimensional integral in momentum space. In the local
model the photoproduction operator is approximated by a
local form that does not depend on the momenta of the various particles, but only on their relative coordinates, resulting
in a conventional three-dimensional integral in r space.
In the past, D-hole model calculations were used to describe pion-production experiments. The D-hole model treats
the D excitation as the dominant process in the reaction. In
the propagator of the D ~and its associated hole! medium
effects can be introduced. This model was first applied to
photoabsorption reactions by Koch, Moniz, and Ohtsuka
@11#, and recent applications to the ( g , p 2 p) reaction were
published by Sato and Takaki @12#. These calculations
showed that the D-hole effects are rather small for the
( g , p 2 p) reaction at 360 MeV. For that reason calculations
in the D-hole model were not considered for the interpretation of the present data.
III. PREVIOUS EXPERIMENTS

Two experiments similar to the one presented in this paper were performed in the past. The first experiment studied
the reaction 12C( g , p 2 p) at the Tomsk synchrotron @13#. In
this experiment the photon energy was 380 MeV, and the
experiment was limited to one angular setting. The pion
angle was fixed at a backward angle of 120° and the proton
angle at 20°. The large range of proton energies that were
included in the acceptance enabled the extraction of the cross
sections for removal of both p- and s-shell neutrons. The two
p states could not be separated because of a lack of energy
resolution.
Comparison of the Tomsk data to calculations in the local
DWIA framework presented above showed a reasonable
agreement, while the full nonlocal calculation describes the
data even better ~see Ref. @2#!. As the cross section at backward pion angles is largely driven by Born terms, it is concluded that both the Born terms and the final-state interaction
are well treated in the DWIA approach.
The second experiment was performed at MIT Bates @14#.
Here the out-of-plane cross section distribution was measured at pion angles of 64° and 120°, such that a possible
modification of the D-production and propagation mechanism might be observed. The proton detector, placed under
40° and 20°, respectively, consisted of five DE-E scintilla-
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tors, which were placed in a vertical array covering out-ofplane angles from 222° to 122° with respect to the photonpion scattering plane. Low pion-proton coincidence counting
rates made it necessary to integrate over a wide range of pion
energies. This makes comparison to other exclusive
( g , p 2 p) experiments rather difficult and calculations rather
laborious. Calculations in the best ~nonlocal! framework
were therefore not performed.
At the backward pion angle of 120° the local calculation
of the cross section shows a fair agreement with the data ~see
Ref. @2#!. At the forward pion angle no agreement between
the data and the calculation is found, as the calculation overestimates the data by about a factor of 4. An ad hoc reduction of the in-medium D mass by 5% brings the calculation
much closer to the data @2#. Such a modification of the D
mass can be employed to include some D-medium effects in
a purely phenomenological way, but it does not have a physical meaning by itself. One of the key issues to be addressed
in the present experiment is the verification ~or falsification!
of this observation, especially in view of the large systematic
~30%! and statistical ~50%! uncertainties of the MIT experiment. In this respect one has to realize that a ( g , p 2 p) coincidence experiment at a low duty factor beam, using a
nonmagnetic detector ~as used at MIT!, is at the edge of
possibilities in view of the high single count rates involved.
IV. EXPERIMENTAL TECHNIQUE

The experiment was performed in the EMIN experimental
area at NIKHEF. An almost continuous electron beam was
created by injecting 369 MeV electrons from the linear electron accelerator MEA into the pulse stretcher ring AmPS
@15#, which were subsequently extracted and guided to the
target. The resulting average electron current was 7 mA, the
macroscopic duty factor about 70%.
Instead of using a tagger magnet in order to create a pure
real photon beam, the target was exposed to an electron
beam. In such a case, both real and virtual photons are created in the target itself. Tiator and Wright @16# have described a formalism to extract photoproduction cross sections
from such electroproduction data using virtual photon
theory. A correction ~of 4.7%! has been applied for the
amount of real photons contributing to the cross section ~see
Ref. @17#!. The corresponding number of virtual photons in
the top 10 MeV is 331012 photons/s at a beam energy of
369 MeV and a current of 7 mA. This number is more than
four orders of magnitude larger than available at a typical
photon-tagging facility. Because the shape of the virtual photon spectrum is well known, the ( g , p 2 p) cross sections can
be extracted accurately from end-point fits to the measured
yield ~see Fig. 3!. The cross section shown results from a
standard coincidence data analysis @3# that includes subtraction of accidental coincidences and weighting by the detection volume.
The particles emerging from the target were detected with
the high-resolution two-spectrometer setup in the EMIN hall
@18#. Protons were detected in the QDD spectrometer. Pions
were detected in the QDQ spectrometer, which was equipped
with an aerogel Čerenkov detector in order to discriminate
between pions and protons @3#. A correction was made for
decay of pions on their way from target to detector. Given
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TABLE II. Central kinematics for the proton angular distribution measurements.
Kinematics

u p @°#

T p @MeV#

u p @°#

T p @MeV#

p m 557 MeV/c
p m 5100 MeV/c
p m 5150 MeV/c
p m 5200 MeV/c
p m 5250 MeV/c

120.00
120.00
120.00
120.00
120.00

95.0
95.0
95.0
95.0
95.0

25.93
31.10
37.09
43.14
49.28

115.3
115.1
114.6
114.0
113.2

ing elastic electron-scattering cross-section data, which is
about 3% @10#. The total systematic error in the ( g , p 2 p)
cross sections is 6%.
The final cross sections d 5 s /dV p dV p dE p were deduced
from end-point fits to the spectra, as exemplified in Fig. 3,
using the relation
d 6s
N g ~ E e ,E g !
d 5s
dE g
5
.
dV p dV p dE p dE m
Eg
dV p dV p dE p dE m
FIG. 3. Sixfold differential cross section as a function of the
excitation energy, measured at u p 5120.0° and u p 531.1°. The
solid curve represents the end-point fit to the data.

the known flight path length of 7.64 m the fraction of pions
that reached the detector was calculated to range from 0.47
to 0.59, depending on pion momentum.
We used 16O as a target nucleus since its double closedshell structure facilitates the interpretation of the results, as
the wave functions are generally well known. A triple-foil
waterfall target was employed, which is described in more
detail in Refs. @3# and @19#. Making use of the well-known
magnetic properties of the spectrometers @18#, it was possible
to accurately determine the vertex point and thus to separate
events that have occurred in the first, middle, or last foil.
Using an energy-loss calculation for each foil separately we
achieved an overall missing-energy resolution of about 0.5
MeV. This allowed us to extract values for the cross section
of individual states in the residual nucleus 15O.
The target thickness was calibrated by measuring the
cross section for elastic electron scattering on oxygen at a
scattered electron angle of 60°. This angle was chosen because the angular dependence of the cross section is almost
flat in this region, resulting in a small error in the determination of the target thickness. The measurement resulted in a
target thickness of 205 mg/cm2. The statistical error associated with this value is rather small ~1%!. The major contribution to the systematic error is the uncertainty in the existTABLE I. Central kinematics for the pion angular distribution
measurements.

~7!

Here the quantity N g (E e ,E g ) represents the Dalitz-Yennie
distribution of virtual photons @16#, simplified for infinitely
massive recoil @17#, and dE g /dE m is a recoil factor resulting
from the integration over missing energy. The uncertainty
involved in using the Dalitz-Yennie shape of the virtual photon spectrum instead of the recoil-corrected Tiator-Wright
shape is largest for the u p 5135° measurement ~about 1%!.
Near the end point the difference is somewhat larger ~about
5%!, but as the dominant statistical weight comes from the
region between 2 and 5 MeV, where the uncertainty is 1% or
less, the overall systematic uncertainty related to the chosen
shape of the virtual photon spectrum is only 1%.
The kinematic settings of the experiment are presented in
Tables I and II, the measured cross sections in Tables III and
IV. Note that the data point at u p 5120° and p m
5100 MeV/c appears in both sets of tables.
The experiment consisted of two parts. A proton angular
distribution was measured with a fixed backward pion angle
of 120°, a kinematic domain where the cross section is well
described in the model of Lee, Wright, and Bennhold, but
with little sensitivity to the D contribution. These data serve
to verify with higher precision than before whether the quasifree D-production formalism can properly describe the
( g , p 2 p) cross section. Moreover, the precision of the
present experiment enabled us to extract information on the
TABLE III. Cross sections d 5 s /dV p dV p dE p @ m b/MeV sr2# as
a function of u p at an electron beam energy of 369.1 MeV and
p m 5100 MeV/c. The indicated errors are statistical only.

Kinematics

u p @°#

T p @MeV#

u p @°#

T p @MeV#

u p @°#

s p 1/2

s p 3/2

u p 540°
u p 560°
u p 580°
u p 5100°
u p 5120°
u p 5135°

40.00
60.00
80.00
100.00
120.00
135.00

155.0
140.0
125.0
110.0
95.0
87.5

54.32
55.02
47.94
39.37
31.10
25.93

55.1
70.1
85.1
100.1
115.1
122.6

40
60
80
100
120
135

0.16060.032
0.13560.016
0.14760.016
0.10060.018
0.12660.019
0.16760.025

0.20660.059
0.23960.043
0.28460.049
0.32260.051
0.27660.049
0.41360.049

M. A. van UDEN et al.
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TABLE IV. Cross sections d 5 s /dV p dV p dE p @ m b/MeV sr2# as
a function of u p at an electron beam energy of 369.1 MeV and
u p 5120°. The indicated errors are statistical only.

u p @°#

p m @ MeV/c #

s p 1/2

s p 3/2

25.93
31.10
37.09
43.14
49.28

57
100
150
200
250

0.05360.014
0.12660.019
0.07760.013
0.02460.009
0.01060.007

0.20160.037
0.27660.049
0.22960.034
0.11460.024
0.02260.015

neutron bound-state wave functions from these data. Hence,
the hitherto unexplored spectroscopic strength for 1p neutrons in 16O can be determined. In the second part of the
experiment a pion angular distribution was measured at a
fixed missing momentum of 100 MeV/c. The measured kinematic domain also included the forward pion angles,
where the cross section is increasingly sensitive to the contribution of the D, thus yielding information about possible
medium modifications of the D. The missing momentum was
fixed at 100 MeV/c by varying both the pion angle ~in large
steps! and the proton angle ~in relatively small steps!.
V. RESULTS
A. Proton angular distributions

In Figs. 4 and 5 the data for the proton angular distribution for the ground state and first excited state, respectively,
are shown together with plane wave impulse approximation
~PWIA!, local DWIA, and nonlocal DWIA calculations. The
harmonic oscillator range parameter used in the calculations
is b51.81 fm, corresponding to a rms radius of the neutron
1p wave function of 2.86 fm. Spectroscopic factors S a of 1.2
and 2.4 have been applied for the ground state and first excited state, respectively. The nonlocal DWIA calculations are
in good agreement with the data, confirming the validity of
the quasifree DWIA framework at a pion angle of 120°. The
difference between the local and nonlocal DWIA curves
shows the importance of accounting for nonlocal effects in
the ( g , p 2 p) reaction. From the difference between the

FIG. 4. Cross section for the proton angular distribution of the
reaction 16O( g , p 2 p) at u p 5120°, leading to the ground state in
15
O. The curves represent calculations with a rms radius of 2.86 fm
for the neutron wave function and S a 51.2.

FIG. 5. As in Fig. 4, but for the 6.176 MeV state and S a 52.4.

PWIA and DWIA curves it is deduced that the final-state
interaction reduces the cross section by a factor of 2 in these
kinematics.
An improved description of the data was obtained by fitting the spectroscopic factor and the radius of the boundstate wave function. The results of this fit are displayed in
Figs. 6 and 7. For both the 1p 1/2 shell and the 1 p 3/2 shell a
good description of the data is obtained. The numerical results for the rms radii of the neutrons and the corresponding
spectroscopic factors are shown in Table V, where they are
compared to the rms radii and spectroscopic factors for 1p
protons in 16O derived from high resolution 16O(e,e 8 p) data
@10#. The errors listed in Table V for the proton results represent the full range of possible values for the rms radii and
spectroscopic factors that was obtained by using different
potentials to describe the final-state interaction. The errors
for the ( g , p 2 p) results are statistical only. Thus far no systematic study of the uncertainty related to the optical potentials used in the ( g , p 2 p) calculation has been performed.
The rms radii of the neutron wave functions extracted
from the ( g , p 2 p) data using the nonlocal DWIA formalism
are in good agreement with the values for the proton wave
functions. The local DWIA values are about 15% higher than
the proton values.

FIG. 6. Cross sections for the proton angular distribution of the
reaction 16O( g , p 2 p), leading to the ground state in 15O. The
curves are fitted to the data, with the rms radius of the neutron
bound-state wave function and the spectroscopic factor treated as
free parameters.
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FIG. 7. As in Fig. 6, but for the 6.176 MeV state.

The neutron spectroscopic factors derived from the
( g , p 2 p) data are consistent with those derived for the proton from the reaction (e,e 8 p). The value for the 1 p 1/2 neutron shell is somewhat low but not inconsistent with the corresponding proton result. It should be noted that the value
quoted for the 1 p 3/2 shell includes all 1 p 3/2 strength between
excitation energies from 6 to 11 MeV. The 1 p 3/2 proton
strength is known to be fragmented ~see Ref. @10#! in this
domain, but as all this strength is effectively included in the
( g , p 2 p) end-point fit, the contribution of all states observed
in this domain in the reaction (e,e 8 p) has to be summed for
a proper comparison. The spectroscopic factors evaluated using the local DWIA calculation are significantly below the
proton values, showing once more the importance of nonlocality effects in the reaction ( g , p 2 p).
The present results for the spectroscopic strengths of neutrons in a complex nucleus are the first ones obtained via an
electromagnetically induced reaction. Such results can also
be obtained with the quasifree reaction (e,e 8 n). However,
this type of experiment is much more laborious to perform
because of the difficulty to achieve the required high resolution and to detect neutral particles in a hostile electron beam
environment. In the present experiment this difficulty was
circumvented by detecting charged particles in high resoluTABLE V. Fit values of rms radius and spectroscopic factor for
the 1p 1/2 and 1p 3/2 neutron shells in 16O, determined from the
present 16O( g , p 2 p) data. The corresponding proton results derived
from (e,e 8 p) data @10# are also listed. The errors in the (e,e 8 p)
results include model uncertainties, while the errors in the ( g , p 2 p)
results are statistical only.

(e,e 8 p)
1 p 1/2
1p 3/2

2.9060.07
2.7460.06
(e,e 8 p)

1 p 1/2
1p 3/2

1.2560.03
2.6560.22

FIG. 8. Cross section for the pion angular distribution of the
reaction 16O( g , p 2 p), leading to the ground state in 15O. The solid
and dotted curves are evaluated using an rms radius of 2.86 fm and
a spectroscopic factor of 1.2, while the dashed curve was evaluated
using the values displayed in Table V.

tion magnetic spectrometers. Obviously, the reaction mechanism for the reaction ( g , p 2 p) is less well known than that
of the reaction (e,e 8 n), but the good description of our experimental cross sections lends support to the conclusion that
the deduced neutron spectroscopic factors are accurate to
within 20%. The established values demonstrate for the first
time that the observed @10# large depletion of proton valence
shells in 16O ~which was also observed for a large number of
other nuclei @20#! is also present for the neutron valence
shells in 16O. This confirms the explanation for such a depletion that was given @21# in terms of long- and short-range
correlations, which are expected to affect both neutron and
proton wave functions in a similar way.
B. Pion angular distributions

In Figs. 8 and 9 the results for the pion angular distribution are displayed. The nonlocal and local DWIA calculations have been evaluated using a neutron rms radius of 2.86
fm and spectroscopic factors of 1.2 and 2.4 for the 1p 1/2 and
1 p 3/2 states, respectively. Also shown is a nonlocal calculation using the rms radii and spectroscopic factors extracted
from the proton angular distribution, as listed in Table V. It
should be noted that the dashed curves in Figs. 8 and 9 are
uncertain by 20% due to the errors quoted in Table V.

rms radius @fm#
( g , p 2 p)
Nonlocal
Local
2.8660.17
2.8060.13
Sa

3.4060.33
3.1460.19

( g , p 2 p)

Nonlocal

Local

0.9660.19
2.8160.43

0.4960.11
1.5660.24
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FIG. 9. Same as in Fig. 8 but for the 6.176 MeV state.
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At backward pion angles the calculations are in good
agreement with the data for both states. This confirms the
expectation that at backward pion angles—where the Born
terms dominate over the D term—the cross section can be
well described using a quasifree reaction mechanism.
For the 1p 1/2 shell all calculations essentially agree with
the data. The curve based on the fitted S a value is somewhat
low, but still consistent with the data, if the aforementioned
20% uncertainty is considered.
For the 1p 3/2 shell the nonlocal calculations overestimate
the data at forward pion angles. In fact, the calculation based
on the experimentally determined rms radius and spectroscopic factor overestimates the 1p 3/2 data by 50% for u p
560°. In this domain similar calculations overestimated the
MIT data by a factor of 4. On the other hand, a recent
12
C( g , p 1 n) experiment @22# did not reveal any discrepancy
between DWIA calculations and the data. This experiment
was performed at Mainz with real photons at incident photon
energies close to the ones of the present experiment. However, the energy resolution of the Mainz experiment ~8 MeV!
and the photon energy binning ~40 MeV! may have washed
out any discrepancy. Moreover, the data were not compared
to the same type of nonlocal DWIA calculations as used
here.
The seemingly different behavior of the 1p 1/2 and 1 p 3/2
transitions is difficult to understand because most ingredients
of the DWIA ( g , p 2 p) calculations are not—or only
mildly—spin dependent. Moreover, an explanation in terms
of a medium modification of the D is unlikely, as there are no
calculations predicting a large influence of medium effects
on the 1p 3/2 shell that are absent on the 1p 1/2 shell. On the
other hand, in Ref. @2# it was shown that the E2/M 1 ratio
influences the pion angular distribution. The E2/M 1 ratio
represents the contribution from the transverse quadrupole
component of the D, which gives rise to a small d-state component. This ratio ranges from 0 to 25 % depending on the
theoretical approach involved. A variation of the E2 contribution within this range has only little influence on the cross
section @2#. This influence is peaked around a pion angle of

80° and is also large at backward pion angles (>120°). A
reduction of the E2/M 1 ratio enhances the cross section
around 80° and reduces it at backward pion angles, and vice
versa. Hence, in order to explain the different behavior of the
pion angular distributions the E2/M 1 ratio must be different
for the two transitions: the p 1/2 distribution should favor a
larger E2/M 1 ratio and the p 3/2 a smaller one. We do not
know any calculations that predict such an effect.
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VI. CONCLUSIONS

We have presented the results of a high resolution p 2 p
electroproduction experiment on 16O in which it was possible to separate the ground state and first excited state in
15
O. From the data photoproduction cross sections were deduced as a function of both proton and pion angle.
The proton angular distributions are well reproduced by
DWIA calculations, thus confirming the quasifree nature of
the ( g , p 2 p) reaction in the present kinematic domain. The
results demonstrate that the ( g , p 2 p) reaction at backward
pion angles is well understood and can be used to study the
dynamics of neutrons in complex nuclei. The data have been
used to determine the rms radius and spectroscopic factors of
the 1 p 1/2 and 1 p 3/2 neutron wave functions in 16O. The results are in remarkable agreement with those derived from
16
O(e,e 8 p) data for the corresponding proton orbitals @10#.
Therefore, they further corroborate the explanation given for
the large depletion of valence nucleon shells in terms of
long- and short-range correlations @21#.
At backward angles the measured pion angular distributions and calculations are in fair agreement. At forward pion
angles they revealed a slightly different behavior for the
1 p 1/2 and 1 p 3/2 shells, which was not expected. However, it
has been argued that it is unlikely that this difference is related to modifications of the D inside a nucleus.
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