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Reaction mechanism for'“C(e,e’n)*!C in the continuum above the giant resonance
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Out-of-plane measurements of the angular correlations fot’®ge, e’ n)*'C 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 ]t?(é(e,e’noll) and
12C(e,e'py) reactions, but the Hartree-Fock predictions fail to reproduce thae,@f ip,1). It suggests that
RPA correlations are crucial for the interpretation of tiege(ng ) reaction in the observed excitation energy
region.
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The reaction mechanisms for the photon- or electronfeaction mechanism contribution being small. On the other
nucleon emission reaction have been studied extensiveljrand, the RPA calculations at 80 MeV reveal that thepg)
Most studies have been done in the giant dipole resonanand (y,ng) cross sections are of the same order of magni-
(GDR) region, where the reaction mechanism is quite welltude, but the reaction mechanism is quite different; the direct
understood. In the continuum above the GDR, experimentatontribution constitutes an important part of thg angular
data are rather scarce and the reaction mechanism is not y&ntribution and determines essentially the form of it, but in

clear. theng one the correlation effects are dominant and the direct
Recently, Ryckebusclet al. [1] have performed a self- ¢ontribution is negligible.
consistent random-phase approximatidRPA) calculation Based on the above calculations for the photoreaction, it

with a Skyrme-type effective in_tera_lction _for tH€O(y,N) . Isimportant to compare thes(e’p) and (g,e’n) reactions in
cross sections and angular distributions with a decompositiog,qer to understand the reaction mechanism fare(n).

into three different dynamical effects: First, the Co”tribUtionOut-of-plane measurements of protons from tfe(e, e’ p)

fro.m a direct reaction mechanism, which is C.aICL."ated byreaction have recently been carried out at an energy transfer
using the one-body current. Second, the contribution of th%f 40 MeV and momentum transfer of 0.35 T The
exchange current in the direct reaction matrix element. Th'rdrongitudinal-transverse interference term as.well és the non-

the contribution coming from a coupling of the initial and . !
9 Ping interference term of thee(e’'py) angular correlation has

final states to the giant resonan@rrelatior). The calcu- b bai h | lai I
lated angular distributions for th]éo(,y,po) and 160(y,n0) een o talnetﬂ2]. The angu ?I’ correlations Werg well repro-
duced by the RPA calculations]. A few studies for the

reactions atE,=23 and 80 MeV indicate that the reaction - - ) g
mechanism changes completely with increasing photon enek®€'n) reaction in the giant resonance region have been
gies. In the giant resonance region the main contribution t@erformed[4], but there are no measurements in the con-

the cross section comes from correlation effects, the diredinuum above the giant resonance. The reaction mechanism
of the (e,e’n) reaction in the continuum has not yet been

clarified. It is to be expected that in this reaction the quasi-
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0 5 10_ _15 2025 3035 40 FIG. 2. Angular correlations for th&C(e,e’n, ) *'C reaction at
Missing Energy (MeV) 6.=30°, =129 MeV, andw=45 MeV. The solid circles, open
squares, and open triangles represent in-plafre 180°), out-of-
FIG. 1. Missing energy spectrum for th&C(e,e'n)*C reaction  plane (5=135°), and out-of-plane &=90°) measurements,
at 45 MeV. respectively.

The experiment was performed using the continuous elec- ,
tron beam from the 150-MeV Tohoku University pulse sharper forward peak asymmetry than that of the giant reso-

stretcher ring[8]. A natural carbon target of thickness 105 hance in*’C [5,6]. A large difference was observed between
mg/cn was bombarded with electrons of energy 129 MeV.the cross sections ak=180° and¢=90°, which indicates
The scattered electrons were detectedat30° by a mag- the existence of a longitudinal-transverse interference com-
netic spectrometer that has a solid angle of 5 msr and Ronent. , _
momentum resolution of 0.05% within an accepted momen- Separation of the |nterfer¢nce and noninterference terms
tum bite of 5.3%. The emitted neutrons were detected usin§@S Peen done by the following method. If we represent the
ten NE213 liquid scintillator neutron detectors. noninterference, Iong|tud|.nal—transverse, and. transverse-
Six detectors were placed in the electron scattering planff@nsverse components with, B, and C, respectively, the
(¢=180°) atd,=0°, 30°, 60°, 90°, 180°, and 210°, three cross section can be written as
detectors were placed out of the scattering plarg (
=135°) at6,=30°, 60°, 90°, and one detector was placed
out of plane ¢=90°) at #,=30°, whereé, is measured
from the momentum-transfer vector. Each detector was
placed 1.0 m from the center of the scattering chamber al 1000 — : —— . .
lowing the neutron energy to be determined by a time-of-
flight method. The neutron detectors were shielded with lead
paraffin, and concrete, and lead collimators were placed iryy 199 L& ‘oo _
front of 4-cm-thick bismuth plates to absorb scattered elec. & N oo
trons and softy rays from the target. The neutron detectors= L v e
were calibrated using rays from ??Na, *'Cs, ®°Co, and i
Am-Be sources. The Compton edge of ¥ vy ray (1.61
MeV) was utilized to set the detection threshold. The neutror
efficiency for the detectors was determined using®4f 5
source and a Monte Carlo code. The details of electronics 1k S~ . 5
data acquisition, and detection efficiency are described else . ~. L
where[9]. I =~
The angular correlations and cross sections have bee 01 b v v l
measured mainly at 45 MeV and less accurately at excitatiol 20 30 40 50 60 70
energies of 30—55 MeV. The missing energy spectrum fol Excitation Energy (MeV)
the %C(e,e’n)!C reaction is shown in Fig. 1. The peak at
19 MeV Corresponds to the ground state transition Of 187 FIG. 3. Comparison of thézc(e'e’noyl)llc cross section with
MeV. But as the energy resolution is not adequate, we regargross sections for other reactions. Symbols are as foll@vsor
this peak as the yield from population of both the ground ande,e’n, ,); O for (e,e'po 1) Ref.[10]; A for (y,ng ) Ref.[12]; and
first-excited states. The angular correlation at 45 MeV isA for (y,p, 1) Ref.[13]. Dashed line is a Lorentz shape normalized
shown in Fig. 2. The in-plane angular correlation indicates ao the*C(y,n) cross section of Ref14] at the peak of the GDR.

o(¢p)=A+Bcos¢+ C cos 2p. (1)

10 . ®*, .

0ss Section (n
/
HEH

014605-2



REACTION MECHANISM FOR'C(e,e’'n)*'C IN THE . ..

PHYSICAL REVIEW C 66, 014605 (2002

AR S B T T 6 r
1.4 () 7 <
n r TN ] S 5t
% 1.2 C A . ‘,\'\‘ 7 ~ -
= [ ! . TN E 4
Q 1 hkor-mmrmmn- ,’_...;\4’. .......... /. Oy —g r
o/'\ -‘:\L } .[ ) '\‘ I, : \; 3 L
'} I Ny N Y S N / - L
Y‘—l 0.8 |~ ‘\\ : . % '
D : \J/ - : (})) 2
0.6 - -1 v [
RS R D B I N 8 1
0 50 100 150 200 250 300 350 6
2.5 0 30 60 90 120 150 180 210
2:_ (b) /.\ ,'/ A _E AZO AAAARALARS RALARS RALARS RAAALS RALALE RARLAN RARMML RS
N O AN > | (b)
O% L / ) ) " Vo é') [ IZC(e eup )llB ]
— - . I ,’ A ’
\6/ 1.5 - "I II I’ ‘\‘\_: (\“z 15 i 0
= s : o I s 1 o = 40MeV ]
RS R A Foveemel B .
=y AN P "« E ~10 — RPA (x 0.89)
© o05F \i\tf}" N . E“a, [ --- HF (x 0.89)
O:..l..|...,|....|....|.,..|' JJ: :\ 5 _.
0 50 100 150 200 250 300 350 '—]\6 I ]
Angle (deg)

0 30 60 90 120 150 180 210

FIG. 4. Ratio of out-of-plane to in-plane cross sections at 45

MeV as a function of scattering angle for théC(e,e’ng 1) *'C re- Angle (deg)
action. The dashed, dot, and dot-dashed lines are calculations for
the CEP, QFK and GDR, respectively. FIG. 5. Comparison of the *C(e,e'nyp*C and

12C(e,e' po) 1B (Ref.[2]) angular correlations with the Hfelashed
line) and RPA(solid line) predictions[2,3]. The cross section for
(e,e’'pp) is that for the noninterference component. The calcula-
tions have been performed fas=40 MeV at ;=129 MeV and
0.=30°. The calculated values of HF foe,ge'n, ;) are scaled up
by a factor of 10. Those for both HF and RPA fog,é'p,) are
scaled down by a factor of 0.89.

From the measurements &t=180°, 135°, and 90°A, B,

andC are obtained as

A=[0(180° —v20(135° + o(90°) ]/(2—Vv2),

B=[0(180°—20(135%+a(90°)]/(v2—1), (2
sumption of E1 excitation, which is larger than the
(e,e'ngy cross section by one order of magnitude. The
Using the cross sections a=30° in Fig. 2, the noninter- transformed"“C(y,n, 1) [12] and*?C(y,p 1) [13] cross sec-
ference, longitudinal-transverse, and transverse-transvergens agree well, but they are larger than tleee(n, ;) cross
components were obtained as 2.8.2, —1.5=2.1, and 0.2 section in the excitation energy range of 40-55 MeV. The
+1.6 nb/st MeV, respectively. Compared the correspondingdashed line indicates a Lorentz shape that is normalized to
values of 26.46.1, 0.1-10.5, and—1.3+5.3 nb/sfMeV  the'?C(y,n) cross sectiofl4] at the peak of the GDR. Each
measured in the giant resonanpgl, the noninterference cross section of thee(e'ngq), (e,e'po1), (¥,Ng1), and
component decreases by about one order of magnitude. (y,py,) reactions at 45 MeV is larger than the tail of the
Figure 3 shows the excitation energy dependence of th&DR. This suggests that there might be reaction mechanisms
2C(e,e 'ng) cross section compared with other reactionbesides the GDRcorrelation.
cross sections. Thé’C(e,e 'ng,) cross sections were ob- In Fig. 4 the out-of-plane data are compared with simple
tained from each angular correlation measured at excitationalculations based on the assumptions of three types of the
energies of 35, 40, 45, 50, and 55 MeV. T?’?@(e,e’poyj) reactions: the GDR, QFK, and charge exchange process
cross sections measured et 122 MeV and#,=56° [10] (CEP. For the GDR, the coincidence cross section given by
have been transformed into those at the present momentukieppinger and WaleckgL5] was used. The cross section for
transfer using the Goldhaber-Teller modl#l] under an as- the QFK process was deduced from the equation for the el-

C=[0(180° —v20(135%)+ (VZ—1)0(90°)]/(2—2).
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ementary electron-nucleon interaction in the nucleus in thexcept for the total o spectroscopic factor of 2.23. Figure
plane wave impulse approximatigRWIA) [16]. In this ex-  5(a) shows a comparison of th"éC(e,e’no,l) angular corre-
pression, the cross section has no longitudinal-transverse amgtion with the predictions. The HF prediction is one order of
transverse-transverse terms since there are no contributiopsagnitude smaller than the RPA prediction. The RPA predic-
stemming from the convection current and the charge densityjon reproduces the experimental angular correlations well,
operators. Thus the angular correlation hasprependence.  jncluding backward components. On the other hand, in the
In the CEP, the shape of the angular correlation was assum?g,erpo) reaction the HF and RPA predictions are almost
to be the same as those for tf?é:(e,e’po)_“B reaction cal- jgentical as shown in Fig.(6). These predictions reproduce
culated in the PWIA16]. The cross section ratios @f(¢n  the experimental angular correlations well although the cal-
=135%)/o(¢,=180°) are compared with three kinds of the ¢, 516 values are scaled down by 0.89. The RPA predictions

calculations in Fig. &). From the figure, experimental data o5 44yce the angular correlations of both tR&(e,e’ng ;)
d|ffer from the QFK prediction, but it is not able to dlstm-_ and*C(e,e’ p) reactions fairly well, but the HF prediciions
guish between the GDR and CEP as a favorable mechanisp; o reproduce that of&e’ny,). It suggests that long-

Wit_hin the e_xgg:ir?ental_elrgg; In_Fig.(u) the ((:jross_ secr:ion range correlations of the RPA type and multistep processes
ratio o(¢n=90°)/o($,=180°) is compared with three oy it induces are crucial for the(e’ n, ;) reaction in the

kr:nd(sangthe c:;:lcullatm_ns S|m|!ar to Flgr.fa)r.] Itdseema that continuum above the giant resonance. This result is consis-
the mechanism s consistent with the data. Howevet, . it the calculated angular distribution at 80 MeV for

the (e,e’ngy ) cross section at 45 MeV cannot be explained;, . 16 16 )
only(in ter?hl)s of the tail of the GDR cross section aspshownthe O(y.po) and “O(y.no) reactions{ 1]
in Fig. 3.

The angular correlation for th&C(e,e’'ng ) reaction is
compared with that for th&C(e,e’ p,) reaction and the pre-

In summary, we have performed out-of-plane measure-
ments of the angular correlations for theC(e,e’n)*'C re-
action in the continuum above the giant resonance at a mo-
LR i R ) mentum transfer of 0.35 fit. The angular correlations were
dictions in Fig. 5. The cross section fa,€'po) in the figure gonarated into the longitudinal and transverse, longitudinal-
is that for the noninterference component. Both the angulafanqyerse, and transverse-transverse components. The ratios
correlations show a sharp forward peak, but the backwargs ihe |ongitudinal-transverse and transverse-transverse to
component is less fore(e’po). Hartree-FocKHF) and RPA 6 honinterference component suggest that the GDR and/or
calculations have been performed by RyckebuszB] for  yhe CEP play a role in the reaction mechanism for the
both the'®C(e,e’ny) and *2C(e,e’py) reactions, for an ex- 120 o', )1IC reaction. Both thed,e’'ny ) and (e,e’ po)
citation energy ofw=40 MeV at an incident energy of  gngylar correlations were compared with recent HF and RPA
=129 MeV and a scattering angle 6£=30°. The HF ap-  yregictions. The RPA predictions reproduce the angular cor-
proaph_ correspond.s to a QFK rgacﬂon mechgmsm anq itSlations of both the?C(e,e'ny ;) and C(e,e’p,) reac-
predictions are uniquely determined by the single-particlgiong tajrly well, but the HF predictions fail to reproduce that

properties of the target nucleus. On the other hand, the const (g o'y ). This suggests that RPA correlations are crucial
tribution from initial and final state correlations is accountedfOr the intérpretation of thee(e'n, ;) reaction. This result is

for through the RPA. In the RPA calculation, the mean-field.,gistent with the observations made from the calculated
parameters are determmed through a HF procedure with Bngular distributions for the photoreaction.

SkE2 effective interactiof3]. All natural and unnatural par-

ity strengths up td=5 are included in the calculation. The  We wish to thank J. Ryckebusch for providing us with
spectroscopic factor for tHéC(e,e’ py) transition is taken to  calculations and helpful comments. We are grateful to M. N.
be 1.82, which was obtained from the quasielasti®@(p,) Thompson for the careful reading of the manuscript and dis-
experiment performed at NIKHER.7]. In the (e,e'ng 9 cal-  cussions. We would like to thank the linac crew of the Labo-
culations the same parameters as thosedm@’ @,) are used ratory of Nuclear Science for providing the quality beam.
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