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Measurement of the angular correlations for the 16O„e,e8n…15O reaction
in the giant resonance region
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Angular correlations have been measured for the16O(e,e8n0) and 16O(e,e8n3) reactions in the energy
regionv520–31 MeV at a momentum transfer of 0.33 fm21. They indicate dominance of the giant dipole
resonance. The data are compared with a random-phase approximation calculation. A predicted backward-
peaked angular correlation in the neutron decay, due to interference between theT50 andT51 resonances,
was not observed. Legendre coefficients extracted from the angular correlation data suggest the existence of a
broadE2 resonance over the giant dipole resonance region. The opposite signs of the correlation parametersb1

andb3 for the 16O(e,e8n0) and 16O(e,e8p0) reactions suggest that theE2 resonance below about 22 MeV is
isoscalar. Above about 22 MeV, large positive values forb1 andb2 in 16O(e,e8p0) compared to small ones in
(e,e8n0) reflect the contribution resulting from the direct-knockout process in (e,e8p0). The angular correla-
tions for 16O(e,e8n3) and 12C(e,e8n0) were confirmed to be similar as expected from the similarity of their
particle-hole configurations. The good agreement including the fine structure between the form factors for
16O(e,e8n0) and 16O(g,n0) confirmed the dominance of the giant dipole resonance in this energy region.
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I. INTRODUCTION

The giant dipole resonance~GDR! region of 16O has been
extensively studied. Much effort has been made to inve
gate multipole resonances other than dipole. This has b
done using various probes. The isoscalar giant quadru
resonance~IS-GQR! which has a centroid energy of about 2
MeV has been observed in the16O(a,a8) @1,2#,
16O(a,a8a) @3#, and 16O(e,e8a) @4# reactions. On the othe
hand,E2 strength above the IS-GQR has also been obse
in the 16O(g,n0) @5# and 15N(pW ,g0)16O @6,7# reactions.
However, these reactions are sensitive to both isoscalar
isovector~IV ! excitations, so that it is possible that the IV
GQR strength might be present in the higher-energy reg
of the GDR. In reality there is still significant ambiguity as
the magnitude and distribution of the IV-GQR strength b
cause of the low momentum transfer in experiments us
real photons.
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The (e,e8p) and (e,e8n) coincidence reactions migh
provide information on the IS-GQR and IV-GQR. Recen
Cavinato et al. reported a random-phase approximati
~RPA! calculation for the16O(e,e8x) reaction@8–10#. They
showed that as a result of interference between the IV-G
and IS-GQR, the angular correlations for the (e,e8p0) and
(e,e8n0) reactions were quite different atv521 MeV,
while the correlations were similar atv530 MeV because of
interference between the same IV-GDR and IV-GQR. Th
information on the IV-GQR may be obtained from compa
son of the (e,e8p0) and (e,e8n0) angular correlations. Al-
though (e,e8p) coincidence experiments have been exte
sively performed, there are only a few (e,e8n) experiments
@11–18# because of the experimental difficulties associa
with the hugeg-ray background in electron scattering. Th
16O(e,e8p)15O angular correlations have been measured
Dmitriev et al. at Novosibirsk@19# and by Zimmermann a
Mainz @20#, but no data for the16O(e,e8n) reaction are
available. The present paper reports a measurement o
angular correlations for the16O(e,e8n0) and 16O(e,e8n3)
reactions in the giant resonance region and compares
results with those of the16O(e,e8p0) and 16O(g,n) reac-
tions and the RPA predictions.

II. EXPERIMENTAL PROCEDURE

The experiment was performed using the 129-MeV co
tinuous electron beam from the 150-MeV Tohoku Univers
pulse stretcher ring@21#. The duty factor and beam curren
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K. KINO et al. PHYSICAL REVIEW C 65 024604
were ;80% and;100 nA, respectively. A disk of 100.6
mg/cm2 natural Li2O ~92.5% 7Li and 99.8%16O) was used
as the target. In order to take into account the contamina
due to Li, several measurements using a natural Li target~90
mg/cm2) were done under the same experimental conditio

The scattered electrons were detected and momen
analyzed by a double-focusing magnetic spectrometer
scattering angle of 30°. The spectrometer has a solid ang
5 msr and a momentum resolution of 0.05% within an
cepted momentum bite of 5.3%. After passing a magn
field, electrons were detected by a vertical drift cham
~VDC! which was located on the focal plane to provide p
sition and momentum information for each electron. Th
layers of plastic scintillators of thicknesses 5, 5, and 8 m
located behind the VDC produced fast signals, and their
incident signals were used as a trigger for the electron a

Neutrons were detected using ten liquid-scintillati
counters placed in the scattering plane around the targ
the distance of 1.05 m. The angles of these detectors w
49.4°, 69.5°, 89.7°, 112.2°, 133.1°, 155.6°, 208.6
228.9°, 249.5°, and 269.8° to the beam direction. Each
tector consisted of 2.54l of NE213 and a 5-in. photomulti
plier. The detectors were shielded from the hugeg-ray and
neutron backgrounds by lead, paraffin, and concrete blo
The scattered electrons andg rays from the target were ab
sorbed by 4- or 6-cm-thick209Bi plates, which were set in
front of each detector.209Bi is a superior absorbing materia
because of its high attenuation for electrons andg rays, and
its low and energy-insensitive neutron-absorption coefficie
In order to removeg-ray events we used pulse shape d
criminator ~PSD! modules and the charge comparis
method. Figure 1 shows that they worked well. The neut
energy was determined from the time of flight~TOF! be-
tween the target and each neutron detector.

The detection threshold of the neutron detectors was c
sen to be 3/4 of the pulse hight of the137Cs g-ray Compton
edge, which corresponds to a 1.27 MeV neutron. The neu
detection efficiency was obtained by a combination of t
methods. The energy dependence of the efficiency n
threshold was determined by measuring neutrons from
252Cf source. The relative efficiency as a function of t
neutron energy in the higher-energy region and the abso
efficiency were calculated by a codeTOTEFF@22#. The result-
ing efficiency increases from the threshold and reache

FIG. 1. n/g discrimination by the~a! PSD module and~b!
charge comparison method. The horizontal axis in~b! is the charge
in the pulse tail.
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maximum of 0.36 at about 3 MeV. It varies between 0.29
0.36 depending on the neutron energy, up to 15 MeV
detailed description of the neutron efficiency is presented
Ref. @23#.

III. RESULTS AND DATA ANALYSIS

A. Missing energy spectrum

The experiment was done in the excitation energy ra
from 20 to 31 MeV at a momentum transfer of 0.33 fm21.
This covers the entire GDR region of16O. Figure 2 shows a
typical missing energy spectrum for the16O(e,e8n) reaction.
The contribution from Li was subtracted using the missi
energy spectra obtained by theNATLi( e,e8n) reaction taken
under the same experimental conditions. There are two pe
at 15.7 and 21.8 MeV in the spectrum. The lower one cor
sponds to neutron decay to the ground state of the15O re-
sidual nucleus. The higher one is considered to correspon
neutron decay to the third excited state (Jp53/22), which is
known to be a 1p3/2 neutron-hole state based on the16O
ground state. The dominance of these two decay chan
might imply that the giant resonances in light nuclei tend
decay directly from coherent one-particle–one-hole~1p-1h!
excitations. No obvious peaks are seen that correspond to
first, second, or fourth excited states, which have posit
parity. This feature is very similar to the situation fo
16O(e,e8p) experiment@19#, which also shows the main de
cays to the ground and third excited states. The16O(g,pg8)
and 16O(g,ng8) reactions@24# also show dominant decay t
the third excited state in each residual nucleus.

B. Angular correlations

1. Data analysis

The angular correlations for the16O(e,e8n0) and
16O(e,e8n3) reactions are shown in Figs. 3 and 4, resp
tively. The data were fitted with Legendre polynomials
described below.

FIG. 2. Missing energy spectrum for the16O(e,e8n)15O reac-
tion atun569.5°. Arrows corresponding to then0 , n1 , n2 , n3, and
n4 transitions are indicated. The peaks forn1 , n2, andn4 were not
seen obviously. Neutrons with lower energies than 2.5 MeV
excluded because of the low detection efficiency.
4-2
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FIG. 3. Angular correlations for the
16O(e,e8n0) reaction. The neutron angles ar
relative to the momentum transfer direction. Th
solid lines arex2 fits to the data by Legendre
polynomials.
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The (e,e8x) reaction cross section is represented as
lows @25#:

d3s

dvVeVx
5sMott$VLWL1VTWT1VLTWLT cos~f!

1VTTWTT cos~2f!%, ~3.1!

where ‘‘L’’ and ‘‘T’’ stand for the terms contributed by the
longitudinal- and transverse-polarized virtual photons,
spectively. The kinematical factorsVi are defined by the in-
cident and scattered electrons, andWi are the nuclear struc

FIG. 4. Angular correlations for the16O(e,e8n3) reaction. The
solid lines are the same as in Fig. 3.
02460
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ture functions. The anglef between the scattering an
reaction planes has an effect on the interference te
VLTWLT andVTTWTT , and isp in the present experiment.

First, we assumed that the main contribution to the cr
section isE1, and the other excitations can be observed
the angular correlation through interference withE1. This
E1 dominance has been studied experimentally by elec
scattering measurements@26#. Each termVLWL , VTWT ,
VLTWLT , and VTTWTT can be expanded assuming a ma
mum excitation multipolarity of 2@27#:

VLWL1VTWT5(
l 50

3

bl Pl~x!,

VLTWLT5(
l 51

3

cl Pl
1~x!, ~3.2!

VTTWTT5(
l 52

3

dl Pl
2~x!, ~3.3!

x5cos~ux!. ~3.4!

Here, Pl(x), Pl
1(x), and Pl

2(x) are Legendre polynomials
and their associated functions, andbl , cl , and dl are fit
parameters which reflect the transition matrix elements. T
ratio of the reduced matrix elements for transverse transiti
to longitudinal ones is estimated from Siegert’s theorem@28#
to be 0.5 and 0.43 forE1 andE2, respectively. The kine-
matical factorsVT andVTT are smaller thanVL or VLT under
the present experimental conditions, so that the ra
VTWT /VLWL and VTTWTT /VLWL become of the order o
4-3
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K. KINO et al. PHYSICAL REVIEW C 65 024604
0.1–0.2, and we ignored them. We also regardedc1 andc3 as
terms small enough to be ignored, because they areE1-E0
or E2 interference terms in which at least one of theE1 or
E2 transition is transverse. ForWLT the following relation
betweenc2 andb2 results from Siegert’s theorem@28# in the
long-wavelength limit approximation forE1:

c252
v

q
b2 . ~3.5!

Finally, including the kinematical factorsVi in the redefined
parameters, we get the following representation for the
gular correlation:

d3s

dvVeVx
5A0H 11b1P1~x!1b2P2~x!1b3P3~x!

1
VLT

VL

v

q
b2P2

1~x!J ,

x5cos~ux!. ~3.6!

Here, 4pA0 represents the total cross section. The solid lin
in Figs. 3 and 4 are the results of least-squares fits using
above equation.

2. 16O(e,e8n0) and 16O(e,e8n3) angular correlations

The angular correlations for the16O(e,e8n0) and
16O(e,e8n3) reactions as shown in Figs. 3 and 4 have f
ward and backward peaks. This correlation indicates that
GDR is the main process and is reproduced by theb2P2(x)
term in Eq. ~3.6!. There is a small forward and backwa
asymmetry. This is due to interference between the GDR
other excitations with even parity. This asymmetry is rep
duced by theb1P1(x) andb3P3(x) terms in Eq.~3.6!. These
peaks shift towards larger angles from the momentum tra
fer direction or antidirection, respectively. This is caus
by interference between the strong longitudinal and w
transverse transitions, which is reproduced by
(VLT /VL)(v/q)b2P2

1(x) term in Eq.~3.6!.
Figure 5 shows the fit parameters for the16O(e,e8n0) and

16O(e,e8n3) angular correlations together with those f
16O(e,e8p0). Then0 form factor shown in Fig. 5~a! has two
peaks at 22 and 24 MeV, which agrees with the typical str
ture of the 16O GDR. Then3 strength obtained above 2
MeV is similar to that ofn0. The parameterb2 reflects the
particle-hole configurations of the GDR. The (s1/2,1p1/2

21) and
(d3/2,1p1/2

21) configurations are assigned for then0 transition.
The observedb2 value ;0.5 can be reproduced by mixin
the main (d3/2,1p1/2

21) longitudinal transition providing a 1
11.0P2(x) correlation pattern with a weak (d3/2,1p1/2

21)
transverse component providing a 121.0P2(x) or
(s1/2,1p1/2

21) transition which is isotropic. The case ofn3 is
more complicated. Configurations of (s1/2,1p3/2

21),
(d5/2,1p3/2

21), and (d3/2,1p3/2
21) are assigned for then3 transi-

tion. The observedb2 value;0.5 for n3 can be reproduced
by mixing the main (d5/2,1p3/2

21) longitudinal transition pro-
02460
n-

s
he

-
e

d
-

s-

k
e

-

viding a 110.8P2(x) correlation pattern with weak trans
tions similar to those ofn0.

The peak at 24 MeV has been historically assigned
result mainly from the (d3/2,1p3/2

21) configuration using the
shell model approach@29#. But from the analysis of
11B(pW ,g0)12C @30#, it has been stated that the main config
ration is (d5/2,1p3/2

21) and the spin-flip (d3/2,1p3/2
21) component

is small. The shift of the peaks in the present angular co
lations, described before, is well reproduced by t
longitudinal-transverse term, which indicates that the sp
flip component is not dominant for16O(e,e8n3), either.

The parameterb3 indicates interference betweenE1 and
E2 resonances. The nonzerob3 value represents the exis
tence of theE2 strength. Theb3 value forn0 remains almost
constant up to near 28 MeV, which suggests that theE2
strength is broadly distributed. This is consistent with theE2
strength obtained by the15N(pW ,g0)O16 reaction@6,7#.

IV. DISCUSSION

A. Comparison of the angular correlation with the theory

In a previous paper@15#, we compared the angular corre
lation for the 12C(e,e8n0) reaction in the giant resonanc
region with the predictions by Cavinatoet al. @25#. In their
calculation, the (e,e8n0) angular correlation shows a beha
ior that is nearly symmetric aboutun590°. On the other
hand, the (e,e8p0) displays a strong forward-backwar
asymmetry as a result of interference between the 12 and 01

FIG. 5. Comparison of the form factor and angular correlat
coefficientsbi for the 16O(e,e8n0) reaction ~solid circles! with
those for the16O(e,e8n3) ~solid triangles! and 16O(e,e8p0) ~open
circles! @19# reactions. The open diamonds are the extracted con
bution of the direct-knockout process for (e,e8p0) @19#.
4-4



d
x

.

nt
al

p

e

IV

w
a

el
la

r

en

p

s
nc
gn

i

ong

R
to
m

is

be-

ally

the
the

ther

22
the
re

ey

ri-

ard

ght
the

d-
tum
gh

ular

e
m

i-
fer

as

ttrib-

ro-
the

it

th
er
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modes, where the latter is calculated to be strongly excite
(e,e8p0). However, the predictions fail to reproduce the e
perimental angular correlations for both (e,e8n0) and
(e,e8p0); predicting the opposite pattern to that observed

Similarly Cavinatoet al. have calculated the16O(e,e8n0)
and 16O(e,e8p0) angular correlations in a self-consiste
RPA model with a SK3 interaction for similar kinematic
conditions to the present experiment@8#. They show a differ-
ence between the (e,e8n0) and (e,e8p0) angular correlations
depending on the isospin quantum number of the GQR. S
cifically the (e,e8p0) and (e,e8n0) angular correlations are
quite different atv521 MeV due to interference between th
IV-GDR and IS-GQR, while they are similar atv
530 MeV because of interference between the same
GDR and IV-GQR.

Figure 6 compares the measured angular correlations
the calculations. The dashed and solid lines in the figure
the calculations and Legendre polynomial fits, respectiv
The single-particle energy predicted by the HF-SK3 calcu
tion is about 2 MeV lower than the experimental value@9#,
so the calculations are compared with the experimental
sults at an energy about 2 MeV higher. In Figs. 6~a! and 6~b!,
a strong backward peak in (e,e8n0) and a strong forward
peak in (e,e8p0) were predicted due to interference betwe
the GDR and IS-GQR. In Figs. 6~a! and 6~b! the calculated
values have been scaled down by factors 0.5 and 0.1, res
tively. The forward shape is well reproduced in the (e,e8n0)
reaction in Fig. 6~a!. The unique correlation with three peak
of the theoretical curve may be the effect of the interfere
term P3(x) in Eq. ~3.6!. This peak shape means that the si
of theP3(x) term—namely, the sign of theb3 parameter—is
negative, which is consistent with our result as shown

FIG. 6. Comparison of the experimental angular correlation w
calculations. The solid circles in~a! and~c! are the present (e,e8n0)
data and those in~b! and~d! are (e,e8p0) data@19#. The solid lines
in ~a! and ~c! are the same as in Fig. 3. The dashed lines are
predictions by a self-consistent RPA calculation with a SK3 int
action @8#. The calculations in~a! and ~b! are done atv
521 MeV and those in~c! and~d! are done atv530 MeV. Scal-
ing factors 0.5, 0.1, 3.0, and 1.3 have been applied for~a!, ~b!, ~c!,
and ~d!, respectively.
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Fig. 5. However, the present result does not have a str
backward peak which has been theoretically predicted.

One of the reasons of the disagreement for the (e,e8n0)
reaction might be excessively strong excitation of the GQ
in the calculations. This RPA calculation does not take in
account the spreading width of the IS-GQR, resulting fro
more complicated particle-hole configurations than 1p-1h.
Some RPA calculations including 2p-2h @31,32# have shown
broadening of the IS-GQR in16O. Another possibility might
be the effect that thea-decay channel is not included in th
calculation. According to Faessleret al. @33#, decay by alpha
emission might be favored because of the large overlap
tween the IS-GQR in16O and the12C1a channel. The frac-
tion of decay by proton emission has been experiment
found to be very small from the16O(a,a8p) measurement
@3#. And recent theoretical calculations have shown that
12C1a decay channel even modifies the structure of
GQR for the (e,e8p0) and (e,e8p3) reactions@34#. These
suggest the same situation for neutron decay. On the o
hand, the asymmetry of thep0 channel in Fig. 6~b! seems to
be reproduced well, but it changes drastically around
MeV as mentioned in the next section. This change in
(e,e8p0) angular correlation makes it difficult to compa
with the theory.

In Figs. 6~c! and 6~d!, the calculations for (e,e8n0) and
(e,e8p0) are scaled up by 3.0 and 1.3, respectively. Th
predict a similar correlation for (e,e8n0) and (e,e8p0) due
to interference between the GDR and IV-GQR. The expe
mental forward-backward asymmetry of (e,e8n0) is repro-
duced well. On the other hand, the correlation for (e,e8p0) is
in agreement at forward angles but is poor at backw
angles. The momentum transfer for the (e,e8p0) data is
higher than that in the calculation. This disagreement mi
be due to the direct-knockout process as discussed in
following section. The predicted character of the forwar
backward asymmetry, which depends on the isospin quan
number of the GQR, was not clearly observed throu
E1-E2 interference which was seen in the present ang
correlations.

B. Comparison with the 16O„e,e8p0… reaction

The form factor andb1 , b2, and b3 parameters for the
16O(e,e8p0) reaction@19# are shown together with (e,e8n0)
in Fig. 5. The (e,e8p0) form factor shows two peaks in th
GDR, which is dominant even at the higher momentu
transfer ofq;0.53 fm21 than that in the present exper
ment. Above 22 MeV the peak at the momentum trans
direction in the (e,e8p0) reaction has been interpreted
being due to the direct-knockout process@19#. Its estimated
contribution is shown by open diamonds in Fig. 5~a!. The
large increase in that process above 22 MeV has been a
uted to suppression at lower energies as a result ofa clus-
tering @19#. On the other hand, the present parametersb1 and
b2, which lead to forward peaking, are small compared top0.
This is consistent with the fact that the direct-knockout p
cess for neutrons is much smaller than for protons in
present scattering conditions where longitudinal~charge!
transitions are dominant.
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Below 22 MeV theb2 values are similar but theb1 andb3
values are of opposite sign, with nearly the same amplitu
for both reactions. Although the (e,e8p0) data have poor
statistics, the trend is supported by good-quality data fr
Mainz @20#. This might be explained by interference betwe
the GDR and IS-GQR, which was pointed out by Saruis@10#
as follows.

The longitudinal transition amplitude for a decay partic
with isospint3i is related to that of the resonance with is
spin T @10#:

LJ
c~t3i !5 (

T50,1
S 1

2

1

2
t3i 2t3i u T 0DLJ

c~T!.

~4.1!

Here,c represents a reaction channel andJ is the total angu-
lar momentum of a resonance. The structure function of
longitudinal transitionWL is proportional to the product o
LJ

c(t3i)* LJ8
c (t3i)1LJ

c(t3i)LJ8
c (t3i)* and the Legendre func

tion Pl(x). The observed opposite signs for theb1 and b3
terms for (e,e8p0) and (e,e8n0) as a result of interferenc
between the IV-GDR and IS-GQR can be easily derived. I
macroscopic view, this effect reflects the out-of-phase vib
tions of the proton and neutron groups for the IV-GDR, wh
these are in phase for the IS-GQR. TheE0 excitation which
can also contribute to theb1 parameter in16O has not yet
been experimentally confirmed in the present energy reg

C. Comparison between the16O„e,e8n3… and 12C„e,e8n0…

reactions

A comparison between the16O(e,e8n3) and 12C(e,e8n0)
reactions is interesting as they have the same particle-
configuration: namely, a 1p3/2 neutron hole. The fit param
eters obtained from the measurements under the same ex
mental condition are compared in Fig. 7. The GDR in12C
has two peaks at 22.5 and 25.5 MeV similar to16O. The
form factor for 16O(e,e8n3) is a little smaller than that for
12C(e,e8n0) in the overlapping region of the excitation e
ergy. The parametersbi for both reactions agree well in bot
value and trend. Theb2 values for 16O(e,e8p3) and
12C(e,e8p0) @35# are very similar to the present valu
around 26 MeV.

The 12C(e,e8n0) reaction has a strong forward peak
the GDR@15,17#, and the possibility of anE0 resonance ha
been shown by multipole expansion analysis@17#. The
12C(e,e8p0) experiment @36# has a localized monopol
strength near 20.3 MeV resulting from a large negativeb1
value. A recent12C(a,a8) experiment@37# has obtained an
E0 peak near the same energy. The largeb1 value for
12C(e,e8n0), which may reflect thisE0 state, reduces as th
excitation energy goes up and connects smoothly to theb1
data of 16O(e,e8n3). On the other hand, theb1 value for
16O(e,e8n0) shown in Fig. 5 looks smooth at lower energie
which suggests a different interference from12C(e,e8n0).
The b3 parameters for16O(e,e8n3) and 12C(e,e8n0) are in
agreement and seem to be negative. This may imply a c
tribution of E2 strength in both reactions.
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D. Comparison with the photoneutron reaction

The cross section for the photoneutron reaction@24,38#
has been transformed into the form factor by the us
method@14#, which assumes that the photoneutron cross s
tion is completely anE1 transition. They are compared wit
the present data in Figs. 8~a! and 9. Both16O(e,e8n0) and
16O(g,n0) form factors agree well not only in strength b
also regarding the GDR fine structure. This implies that
(e,e8n0) strength is almost exhausted by the GDR. On
other hand, the form factor for (e,e8n3) is about twice as
large as that for (g,ng38) in the overlap region. Even if the
(g,ng1,28 ) and (g,ng48) form factors add to (g,ng38), the
form factor for electron scattering is still a little larger tha
that for the photoreaction.

The angular correlation parametersa1 , a2, anda3 used in
the photoreaction analysis can be related to the parame
b1 , b2, andb3 for coincidence electron scattering@27#. The
a2 parameter can be transformed directly tob2 if only E1 is
excited. The transformations fora1 anda3 to b1 andb3 can
be achieved through interference betweenE1 andE2 asE0
does not contribute in the photoreaction. Using Siege
theorem@28#, the transverse transition matrix element w
transformed into the longitudinal one at the same momen
transfer. The momentum transfer dependencesj 1(qR) and
j 2(qR) (R is the nuclear radius! were assumed forE1 and
E2 form factors from the Goldhaber-Teller@39# and Tassie
@40# models, respectively. Using them, the transition mat
element was transformed into one atq50.33 fm21 from the
photon point. Consequently, for the present (e,e8n) experi-

FIG. 7. Comparison of the form factor and angular correlat
coefficients bi for the 16O(e,e8n3) reaction with those for the
12C(e,e8n0) reaction under the same experimental conditions.
4-6
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ment, the following relation was obtained for an excitati
energyv and a momentum transferq:

b15
4

3

q

v
a1 , ~4.2!

b2522a2 , ~4.3!

b3522
q

v
a3 . ~4.4!

The comparison of the parameters between16O(e,e8n0) and
16O(g,n0) is shown in Figs. 8~b!–8~d!. The b2 values for
both reactions agree fairly well. This implies a similarity f
the E1 excitation and the decay mechanism for both re
tions as indicated in the form factors. One of the interfere
parametersb1 is in good agreement for both reactions, b
for b3 the fluctuation in (g,n0) was not observed in
(e,e8n0). A smooth b3 behavior is observed for th
16O(e,e8p0) @19# and 15N(pW ,g0) @41# reactions, which sup-
ports the present data.

V. SUMMARY

The angular correlations for the16O(e,e8n0) and
16O(e,e8n3) reactions were measured in the excitation e

FIG. 8. Comparison of the form factor and angular correlat
coefficients bi for the 16O(e,e8n0) reaction with those for the
16O(g,n0) reaction@38#. The (g,n0) data have been extrapolated
the presentq value by the method described in the text.
02460
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ergy range of 20–31 MeV at a momentum transfer of 0
fm21. These angular correlations were fitted with a series
Legendre polynomials in order to compare with other re
tions. These angular correlations, which are very similar,
dicate the dominance of the GDR. From an analysis of theb2

values forn0 andn3 transitions, their main configurations ar
assigned to be (d3/2,1p1/2

21) and (d5/2,1p3/2
21), respectively.

The interference parametersb1 andb3 suggest the presenc
of E2 strength up to 28 MeV. A predicted backward-peak
angular correlation in the neutron decay due to interfere
between theT51 GDR andT50 GQR was not observed
The isoscalar nature of theE2 resonance for the
16O(e,e8n0) and 16O(e,e8p0) reactions below about 22
MeV is suggested by the opposite signs of the parameterb1
andb3. Above about 22 MeV, large positive values ofb1 and
b2 in (e,e8p0) compared with small ones in (e,e8n0) reflect
a contribution due to the direct-knockout process
(e,e8p0). The 16O(e,e8n3) and 12C(e,e8n0) angular corre-
lations were confirmed to be similar as expected from
similarity of their particle-hole configurations. Good agre
ment including the fine structure for both16O(e,e8n0) and
16O(g,n0) form factors, confirmed GDR dominance in th
energy region. Theb1 andb2 parameters for both reaction
agree well, but the behavior ofb3 is quite different.
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FIG. 9. Comparison of the present16O(e,e8n3) strength with
~a! 16O(g,ng1,28 ), ~b! (g,ng38), and~c! (g,ng48) reactions@24#. The
extrapolation for the photoreaction data is the same as in Fig.
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@1# K. T. Knöpfle, G. J. Wagner, H. Breuer, M. Rogge, and
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