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Reaction mechanism for12C„e,e8n…11C in the continuum above the giant resonance
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Out-of-plane measurements of the angular correlations for the12C(e,e8n)11C reaction have been performed
in the continuum above the giant resonance. The cross sections were directly separated into the longitudinal
and transverse, longitudinal-transverse, and transverse-transverse components. Recent random-phase approxi-
mation ~RPA! predictions reproduce fairly well the angular correlations of both the12C(e,e8n0,1) and
12C(e,e8p0) reactions, but the Hartree-Fock predictions fail to reproduce that of (e,e8n0,1). It suggests that
RPA correlations are crucial for the interpretation of the (e,e8n0,1) reaction in the observed excitation energy
region.
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The reaction mechanisms for the photon- or electr
nucleon emission reaction have been studied extensiv
Most studies have been done in the giant dipole resona
~GDR! region, where the reaction mechanism is quite w
understood. In the continuum above the GDR, experime
data are rather scarce and the reaction mechanism is no
clear.

Recently, Ryckebuschet al. @1# have performed a self
consistent random-phase approximation~RPA! calculation
with a Skyrme-type effective interaction for the16O(g,N)
cross sections and angular distributions with a decompos
into three different dynamical effects: First, the contributi
from a direct reaction mechanism, which is calculated
using the one-body current. Second, the contribution of
exchange current in the direct reaction matrix element. Th
the contribution coming from a coupling of the initial an
final states to the giant resonance~correlation!. The calcu-
lated angular distributions for the16O(g,p0) and 16O(g,n0)
reactions atEg523 and 80 MeV indicate that the reactio
mechanism changes completely with increasing photon e
gies. In the giant resonance region the main contribution
the cross section comes from correlation effects, the di
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reaction mechanism contribution being small. On the ot
hand, the RPA calculations at 80 MeV reveal that the (g,p0)
and (g,n0) cross sections are of the same order of mag
tude, but the reaction mechanism is quite different; the dir
contribution constitutes an important part of thep0 angular
contribution and determines essentially the form of it, but
then0 one the correlation effects are dominant and the dir
contribution is negligible.

Based on the above calculations for the photoreaction
is important to compare the (e,e8p) and (e,e8n) reactions in
order to understand the reaction mechanism for (e,e8n).
Out-of-plane measurements of protons from the12C(e,e8p)
reaction have recently been carried out at an energy tran
of 40 MeV and momentum transfer of 0.35 fm21. The
longitudinal-transverse interference term, as well as the n
interference term of the (e,e8p0) angular correlation has
been obtained@2#. The angular correlations were well repro
duced by the RPA calculations@3#. A few studies for the
(e,e8n) reaction in the giant resonance region have be
performed@4#, but there are no measurements in the co
tinuum above the giant resonance. The reaction mechan
of the (e,e8n) reaction in the continuum has not yet be
clarified. It is to be expected that in this reaction the qua
free knockout~QFK! process is very small in contrast to th
(e,e8p) reaction. In previous papers on the12C(e,e8n) ex-
periments including out-of-plane measurements@5,6#, we re-
ported that the cross section at the peak of the GDR
found to be almost totally longitudinal, and its angular co
relation indicated a strong forward-backward asymmetry t
was reproduced by the multipole expansion withE0 andE2
components in addition toE1. The present paper reports o
out-of-plane measurements of the angular correlations of
12C(e,e8n0,1) reaction in the continuum above the giant res
nance, and compares the results with those of
12C(e,e8p0) reaction and the RPA predictions. Prelimina
results have been presented in Ref.@7#.
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The experiment was performed using the continuous e
tron beam from the 150-MeV Tohoku University puls
stretcher ring@8#. A natural carbon target of thickness 10
mg/cm2 was bombarded with electrons of energy 129 Me
The scattered electrons were detected atue530° by a mag-
netic spectrometer that has a solid angle of 5 msr an
momentum resolution of 0.05% within an accepted mom
tum bite of 5.3%. The emitted neutrons were detected us
ten NE213 liquid scintillator neutron detectors.

Six detectors were placed in the electron scattering pl
(f5180°) atun50°, 30°, 60°, 90°, 180°, and 210°, thre
detectors were placed out of the scattering planef
5135°) atun530°, 60°, 90°, and one detector was plac
out of plane (f590°) at un530°, whereun is measured
from the momentum-transfer vector. Each detector w
placed 1.0 m from the center of the scattering chamber
lowing the neutron energy to be determined by a time-
flight method. The neutron detectors were shielded with le
paraffin, and concrete, and lead collimators were place
front of 4-cm-thick bismuth plates to absorb scattered e
trons and softg rays from the target. The neutron detecto
were calibrated usingg rays from 22Na, 137Cs, 60Co, and
Am-Be sources. The Compton edge of the88Y g ray ~1.61
MeV! was utilized to set the detection threshold. The neut
efficiency for the detectors was determined using a252Cf
source and a Monte Carlo code. The details of electron
data acquisition, and detection efficiency are described e
where@9#.

The angular correlations and cross sections have b
measured mainly at 45 MeV and less accurately at excita
energies of 30–55 MeV. The missing energy spectrum
the 12C(e,e8n)11C reaction is shown in Fig. 1. The peak
19 MeV corresponds to the ground state transition of 1
MeV. But as the energy resolution is not adequate, we reg
this peak as the yield from population of both the ground a
first-excited states. The angular correlation at 45 MeV
shown in Fig. 2. The in-plane angular correlation indicate

FIG. 1. Missing energy spectrum for the12C(e,e8n)11C reaction
at 45 MeV.
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sharper forward peak asymmetry than that of the giant re
nance in12C @5,6#. A large difference was observed betwe
the cross sections atf5180° andf590°, which indicates
the existence of a longitudinal-transverse interference c
ponent.

Separation of the interference and noninterference te
has been done by the following method. If we represent
noninterference, longitudinal-transverse, and transve
transverse components withA, B, and C, respectively, the
cross section can be written as

s~f!5A1B cosf1C cos 2f. ~1!

FIG. 3. Comparison of the12C(e,e8n0,1)
11C cross section with

cross sections for other reactions. Symbols are as follows:d for
(e,e8n0,1); s for (e,e8p0,1) Ref. @10#; m for (g,n0,1) Ref. @12#; and
n for (g,p0,1) Ref. @13#. Dashed line is a Lorentz shape normaliz
to the 12C(g,n) cross section of Ref.@14# at the peak of the GDR.

FIG. 2. Angular correlations for the12C(e,e8n0,1)
11C reaction at

ue530°, e i5129 MeV, andv545 MeV. The solid circles, open
squares, and open triangles represent in-plane (f5180°), out-of-
plane (f5135°), and out-of-plane (f590°) measurements
respectively.
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REACTION MECHANISM FOR12C(e,e8n)11C IN THE . . . PHYSICAL REVIEW C 66, 014605 ~2002!
From the measurements atf5180°, 135°, and 90°,A, B,
andC are obtained as

A5@s~180°!2&s~135°!1s~90°!#/~22& !,

B5@s~180°!22s~135°!1s~90°!#/~&21!, ~2!

C5@s~180°!2&s~135°!1~&21!s~90°!#/~22& !.

Using the cross sections atun530° in Fig. 2, the noninter-
ference, longitudinal-transverse, and transverse-transv
components were obtained as 2.961.2, 21.562.1, and 0.2
61.6 nb/sr2 MeV, respectively. Compared the correspondi
values of 26.466.1, 0.1610.5, and21.365.3 nb/sr2 MeV
measured in the giant resonance@6#, the noninterference
component decreases by about one order of magnitude.

Figure 3 shows the excitation energy dependence of
12C(e,e8n0,1) cross section compared with other reacti
cross sections. The12C(e,e8n0,1) cross sections were ob
tained from each angular correlation measured at excita
energies of 35, 40, 45, 50, and 55 MeV. The12C(e,e8p0,1)
cross sections measured ate i5122 MeV andue556° @10#
have been transformed into those at the present momen
transfer using the Goldhaber-Teller model@11# under an as-

FIG. 4. Ratio of out-of-plane to in-plane cross sections at
MeV as a function of scattering angle for the12C(e,e8n0,1)

11C re-
action. The dashed, dot, and dot-dashed lines are calculation
the CEP, QFK and GDR, respectively.
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sumption of E1 excitation, which is larger than th
(e,e8n0,1) cross section by one order of magnitude. T
transformed12C(g,n0,1) @12# and12C(g,p0,1) @13# cross sec-
tions agree well, but they are larger than the (e,e8n0,1) cross
section in the excitation energy range of 40–55 MeV. T
dashed line indicates a Lorentz shape that is normalize
the 12C(g,n) cross section@14# at the peak of the GDR. Eac
cross section of the (e,e8n0,1), (e,e8p0,1), (g,n0,1), and
(g,p0,1) reactions at 45 MeV is larger than the tail of th
GDR. This suggests that there might be reaction mechani
besides the GDR~correlation!.

In Fig. 4 the out-of-plane data are compared with sim
calculations based on the assumptions of three types of
reactions: the GDR, QFK, and charge exchange proc
~CEP!. For the GDR, the coincidence cross section given
Kleppinger and Walecka@15# was used. The cross section fo
the QFK process was deduced from the equation for the

5

for
FIG. 5. Comparison of the 12C(e,e8n0,1)

11C and
12C(e,e8p0)11B ~Ref. @2#! angular correlations with the HF~dashed
line! and RPA~solid line! predictions@2,3#. The cross section for
(e,e8p0) is that for the noninterference component. The calcu
tions have been performed forv540 MeV at e i5129 MeV and
ue530°. The calculated values of HF for (e,e8n0,1) are scaled up
by a factor of 10. Those for both HF and RPA for (e,e8p0) are
scaled down by a factor of 0.89.
5-3
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K. TAKAHISA et al. PHYSICAL REVIEW C 66, 014605 ~2002!
ementary electron-nucleon interaction in the nucleus in
plane wave impulse approximation~PWIA! @16#. In this ex-
pression, the cross section has no longitudinal-transverse
transverse-transverse terms since there are no contribu
stemming from the convection current and the charge den
operators. Thus the angular correlation has nof dependence
In the CEP, the shape of the angular correlation was assu
to be the same as those for the12C(e,e8p0)11B reaction cal-
culated in the PWIA@16#. The cross section ratios ofs(fn
5135°)/s(fn5180°) are compared with three kinds of th
calculations in Fig. 4~a!. From the figure, experimental da
differ from the QFK prediction, but it is not able to distin
guish between the GDR and CEP as a favorable mecha
within the experimental error. In Fig. 4~b! the cross section
ratio s(fn590°)/s(fn5180°) is compared with three
kinds of the calculations similar to Fig. 4~a!. It seems that
the GDR mechanism is consistent with the data. Howe
the (e,e8n0,1) cross section at 45 MeV cannot be explain
only in terms of the tail of the GDR cross section as sho
in Fig. 3.

The angular correlation for the12C(e,e8n0,1) reaction is
compared with that for the12C(e,e8p0) reaction and the pre
dictions in Fig. 5. The cross section for (e,e8p0) in the figure
is that for the noninterference component. Both the ang
correlations show a sharp forward peak, but the backw
component is less for (e,e8p0). Hartree-Fock~HF! and RPA
calculations have been performed by Ryckebusch@2,3# for
both the12C(e,e8n0) and 12C(e,e8p0) reactions, for an ex-
citation energy ofv540 MeV at an incident energy ofe i
5129 MeV and a scattering angle ofue530°. The HF ap-
proach corresponds to a QFK reaction mechanism and
predictions are uniquely determined by the single-part
properties of the target nucleus. On the other hand, the
tribution from initial and final state correlations is account
for through the RPA. In the RPA calculation, the mean-fie
parameters are determined through a HF procedure wi
SkE2 effective interaction@3#. All natural and unnatural par
ity strengths up toJ55 are included in the calculation. Th
spectroscopic factor for the12C(e,e8p0) transition is taken to
be 1.82, which was obtained from the quasielastic (e,e8p0)
experiment performed at NIKHEF@17#. In the (e,e8n0,1) cal-
culations the same parameters as those for (e,e8p0) are used
l
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except for the total 1p spectroscopic factor of 2.23. Figur
5~a! shows a comparison of the12C(e,e8n0,1) angular corre-
lation with the predictions. The HF prediction is one order
magnitude smaller than the RPA prediction. The RPA pred
tion reproduces the experimental angular correlations w
including backward components. On the other hand, in
(e,e8p0) reaction the HF and RPA predictions are almo
identical as shown in Fig. 5~b!. These predictions reproduc
the experimental angular correlations well although the c
culated values are scaled down by 0.89. The RPA predict
reproduce the angular correlations of both the12C(e,e8n0,1)
and12C(e,e8p0) reactions fairly well, but the HF prediction
fail to reproduce that of (e,e8n0,1). It suggests that long-
range correlations of the RPA type and multistep proces
which it induces are crucial for the (e,e8n0,1) reaction in the
continuum above the giant resonance. This result is con
tent with the calculated angular distribution at 80 MeV f
the 16O(g,p0) and 16O(g,n0) reactions@1#.

In summary, we have performed out-of-plane measu
ments of the angular correlations for the12C(e,e8n)11C re-
action in the continuum above the giant resonance at a
mentum transfer of 0.35 fm21. The angular correlations wer
separated into the longitudinal and transverse, longitudin
transverse, and transverse-transverse components. The
of the longitudinal-transverse and transverse-transvers
the noninterference component suggest that the GDR an
the CEP play a role in the reaction mechanism for
12C(e,e8n0,1)

11C reaction. Both the (e,e8n0,1) and (e,e8p0)
angular correlations were compared with recent HF and R
predictions. The RPA predictions reproduce the angular c
relations of both the12C(e,e8n0,1) and 12C(e,e8p0) reac-
tions fairly well, but the HF predictions fail to reproduce th
of (e,e8n0,1). This suggests that RPA correlations are cruc
for the interpretation of the (e,e8n0,1) reaction. This result is
consistent with the observations made from the calcula
angular distributions for the photoreaction.
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