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Quasideuteron effect with a polarizedg¢ -ray beam
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The 28Si(gW ,np)X reaction has been studied using the Ladon polarized and taggedg-ray beam, in the energy
region between 50 and 75 MeV. The data have been compared with thequasideuteronmechanism. At the
highest photon energy the applied model leads to a satisfactory description of both the unpolarized cross
section and beam polarization asymmetry.@S0556-2813~96!04909-6#

PACS number~s!: 25.20.Dc, 21.30.Fe, 24.70.1s, 29.27.Hj
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I. INTRODUCTION

The quasideuteronmechanism of photon absorption i
complex nuclei in the energy regionEg 5 40–80 MeV has
been extensively investigated in the past. In this work
study for the first time the (gW ,np) reaction on an intermedi-
ate nucleus with polarized photons. The energy region ab
the giant dipole resonance is the so-calledquasideuteronre-
gion since it has been interpreted with the idea that an
coming photon is absorbed predominantly by a correla
pair of nucleons of the target nucleus, while the other nuc
ons act as spectators. The name ‘‘quasideuteron’’ stems f
the original work of Levinger@1# in 1951, where he sup-
posed the pair to be constituted by a neutron and a pro
The nuclear photoabsorption cross section was written
terms of the deuteron photodisintegration cross section
follows:

sqd~Eg!5L
NZ

A
sD~Eg!. ~1.1!

The fact that in nuclei the (g,np) process is much more
important than (g,nn) or (g,pp) reactions is based mainly
on two considerations:~i! The dominant electric dipole tran
sition is suppressed forn-n andp-p pairs and~ii ! the Pauli
exclusion principle allows only oneS-wave singlet state for
then-n or p-p systems, but four states~one singlet and three
triplet! for then-p system.

The (g,np) reaction is, of course, the privileged tool fo
the determination of the contribution of the quasideuter
mechanism. Since the dynamics of then-p pairs in nuclei is
different from that of the free ones, i.e., the deuterons, t
reaction also allows the study of the nucleon-nucleon
namical correlations in the nuclear ground state.
540556-2813/96/54~4!/1766~7!/$10.00
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After Levinger, several versions of the quasideutero
model were given in the literature@2–7#, which tried to im-
prove the model with respect to various physical aspec
~Pauli blocking, Fermi motion of the pair, binding energy
etc.!. In recent years the model has been revisited@8–10# and
emphasis has been put on the role of meson exchange c
rents~MEC’s! and on the distortion of the wave functions of
the photoemitted nucleons due to the final state interacti
~FSI!.

In this paper we present the experimental data on th
(gW ,np) reaction, collected using the Ladon@11,12# polarized
and tagged photon beam produced at the Frascati Natio
Laboratory of the Istituto Nazionale di Fisica Nucleare
~INFN!, an active target of28Si, and a series of proton and
neutron detectors. The experimental setup and the da
analysis procedure are described in Secs. II and III, respe
tively. The experimental results are presented in Sec. IV a
are interpreted in Sec. V, making use of a modified Levinge
model.

II. EXPERIMENTAL SETUP

The experimental data were collected using the Lado
@11,12# polarized and tagged photon beam produced by th
backward Compton scattering of laser light against the hig
energy electrons circulating in the storage ring ADONE a
the Frascati National Laboratory of INFN.

A. Ladon g¢ beam

One of the most interesting features of the Compton bac
scatteredgW ray beam is the polarization. Since for ultrarela
tivistic electrons helicity is a good quantum number, elec
trons cannot flip their spin during the Compton scattering
Moreover, for scattering in the backward direction there
1766 © 1996 The American Physical Society
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54 1767QUASIDEUTERON EFFECT WITH A POLARIZEDgW-RAY BEAM
not even transfer of orbital angular momentum from the ele

trons to the photons. ThereforegW rays with energy close to
the allowed maximum value~in this experiment correspond-
ing to Eg

max578.7 MeV! retain the same polarization as th
initial laser photons.

To measure the energy of thegW beam we use an interna
tagging system, where the scattered electrons are momen
analyzed by one dipole magnet and one quadrupole of
storage ring lattice. The tagging counter consists of a silic
solid-state microstrip detector composed of 96 vertical str
with a pitch of 650mm, backed by a fast plastic scintillator

The energy resolution of thegW beam depends on the en
ergy of the scattered electrons and on the energy of the e
trons circulating in the storage ring. The energy resolution
the Ladon beam is of the order ofsEg

52 MeV @12#.

The photon flux has been measured using a 25.4
325.4 cm NaI detector, with 100% efficiency.

B. Active target and detectors

The nucleus28Si was chosen as a target for the followin
reasons:~1! to study the validity of the quasideuteron mode
in a medium-heavy nucleus, since it has already been stud
in light nuclei as4He, 6Li, 9Be, 12C, and 16O @13–17# and
in a heavy nucleus as208Pb @18#, and ~2! 28Si can be built
into a solid-state detector and therefore constitutes an ac
target which provides a signal proportional to the ener
deposited in it.

The target is a cylindrical solid-state detector of 24 m
diameter and 3 mm thickness. To increase the thickness
posed to the beam, the target is rotated by an angle of
with respect to the beam direction.

The proton detectors consist of a telescope of three cy
drical silicon solid-state detectors located at an angle
53.3° with respect to the beam direction and at a distance
30 mm from the center of the target. The diameter of the
three detectors is 24 mm and their thicknesses are 2, 5, a
mm, respectively. The energy resolution of these detect
for a particles isDE.60 keV @full width at half maximum
~FWHM!# ~this result was obtained using a241Am source!.
The target and the proton detectors are in a vacuum cham
with a pressure of the order of 1023 bars.

The neutron detectors consist of five organic liquid sci
tillators ~NE213!, located at a distance from the targe
D560 cm and at anglesqn522°, 55.5°, 90°, 125°, and
157° with respect to the beam direction. Both the proton a
the neutron detectors cover a solid angle of 0.13 sr. A time
flight ~TOF! resolutionDT.1.3 ns ~FWHM! between the
target and each of the neutron detectors has been meas
using a60Co source. This value allows the determination
the neutron kinetic energy with sufficient resolution. Th
timing calibration is obtained by the comparison of the ne
tron TOF with that of the photons produced by electroma
netic ~e.m.! background reactions. Definingt̃5tg2tn the
time of flight difference between the neutron and theg, the
kinetic energy of the neutron is given by

Tn5MnSA11
D2

c2t̃ 212Dct̃
21D . ~2.1!
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The experimental setup is shown in Fig. 1. Using the d
scribed apparatus we have measured the energy distribu
of the protons emitted in the (gW ,p) reaction, the energy and
angular distributions of the neutrons emitted in the (gW ,n)
reaction, and the correlated energies and angular distri
tions as well as the angular correlationqn-p for the protons
and neutrons emitted in the (gW ,np) reaction.

III. DATA ANALYSIS

The procedure of the data analysis consists of three ste
~1! calibration of the tagging system, of the active target, a
of the proton and of the neutron detectors and determinat
of their efficiencies; ~2! analysis of the (gW ,p) and the
(gW ,n) data to determine the maximum energy correctly d
tected for the proton and the neutron, respectively; and~3!

analysis of the (gW ,np) data and determination of the polar
ized differential cross sections.

The tagging calibration is determined by using a magne
pair spectrometer in coincidence with the tagging detector.
our energy range the tagging response is represented b
linear relation, as illustrated in@11# and @12#.

The determination of the neutron detectors efficiency h
been obtained using a Monte Carlo code which takes in
account all the nuclear reactions induced by the incomi
neutron on the protons and the12C nuclei that constitute the
detector@19–21#; experimental effects due to the noise an
the nonlinearities of the electronics have also been taken i
account.

The data analysis of the (gW ,p) and (gW ,n) reactions fol-
lows two different steps:~1! rejection of the e.m. background
events and~2! identification of the (gW ,p) or (gW ,n) events. To
reject the e.m. events we make full use of the detector
sponse. For the neutrons we use the head-tail1 technique,
discussed in@22–25#. This is based on the fact that the form
of light pulse due to a hadron has a larger tail than that d
to an electron or a photon. Figure 2 shows the separat
between the nuclear and the e.m. events. The protons
tected in the solid-state silicon detectors telescope are id
tified by means of theDE-E technique, where we consider

1Head is defined as the total charge of the pulse while the tail
defined as the charge integrated after a delay of 30 ns with resp
to the pulse peak.

FIG. 1. Sketch of the experimental setup.
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1768 54D. BABUSCI et al.
the correlation between the energyDE lost by a charged
particle in the first silicon detector of the telescope and t
total detected energyE of the same particle obtained as th
sum of the energies deposited in the three detectors of
telescope. The events where the protons are detected by
telescope are clearly separated from those due to the de
tion of deuterons or electrons. The energy spectra related
events where protons and electrons have been identified
shown in Fig. 3. To identify the nuclear events from th
reaction channels (gW ,p) or (gW ,n), we use a global event
reconstruction procedure, which makes full use of the tw

FIG. 2. Typical head-tail plot used for the separation of neutro
and photons. The total charge collected is plotted as a function
the portion of the tail in the pulse.

FIG. 3. Proton energy spectra for the28Si(gW ,p)X reaction.
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body kinematics constraints. Fixing the incoming photon e
ergy Eg and the outgoing nucleon direction (qn/p and
wn/p) the kinematics of the reaction is completely determ
nated, if the residual nucleus is left in its ground state. Und
these hypotheses it is also possible to determine the kine
energiesTp/n of the outgoing nucleon andTrecoil of the re-
coiling nucleus. We may define the following functions:

x2~Eg
theor,qn

theor!5
~Eg

expt2Eg
theor!2

sEg

2 1
~qn

expt2qn
theor!2

sqn

2

1
~Tn

expt2Tn
theor!2

sTn
2 ~3.1!

for the (gW ,n) reaction and

x2~Eg
theor,qp

theor,wp
theor!5

~Eg
expt2Eg

theor!2

sEg

2 1
~qp

expt2qp
theor!2

sqp

2

1(
i51

3
@Tp

expt~ i !2Tp
theor~ i !#2

sTp
2 ~ i !

~3.2!

for the (gW ,p) reaction. The quantities with superscrip
‘‘expt’’ are those experimentally measured while the quan
ties with superscript ‘‘theor’’ are calculated using the energ
and momentum conservation for the reactions under cons
eration, as a function ofEg

theor, qn/p
theor, andwn/p . The quan-

titiessEg ,qn/p ,Tn/p
are the experimental uncertainties. For th

(gW ,p) reactionTp( i ) are the energies lost by the proton in
each of the solid-state detectors of the telescope.

By minimizing the functionx2 with respect toEg
theor,

qn/p
theor, and wn/p we are able to identify the (gW ,p) and

(gW ,n) reaction channels by selecting the events with a cut
the minimum value of thex2 function. The reconstructed
value of the recoil kinetic energyTrecoil may be used to ob-
tain the value of the missing energyem5Eg2Tn/p2Trecoil,
whose distribution for the (gW ,p) and the (gW ,n) reactions is
shown in Figs. 4 and 5, respectively. This procedure al
enables us to determine the maximum values for the neut
and proton energies correctly detected by the experimen
apparatus. These values, identified by a constraint on
missing energy, correspond toEp

max.65 MeV andEn
max.60

MeV. The events coming from the (gW ,np) reaction are se-
lected among those where a proton and a neutron are
tected in coincidence in two arms of the apparatus. The p
tons are identified by theDE-E criteria described above,
while the neutrons are selected from the TOF informatio
The most interesting result that we find is related to the e
ergy distribution of the two nucleons emitted in this reactio
The energy spectrum of the protons is peaked at;25 MeV
@corresponding to (Eg

max1Q)/2#, while that of the neutrons is
peaked at;5 MeV, as illustrated in Fig. 6. This unexpected
result has been confirmed by another experiment perform
by Grabmayr@26# using the tagged photon beams of Main
~MAMI-A ! @27# at Eg;140 MeV and Lund~MAXLAB !
@28# at Eg;75 MeV. Figure 7 shows the missing energ
em5Eg2Tp2Tn for the (gW ,np) reaction.
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IV. EXPERIMENTAL RESULTS

The experimental cross section for the (gW ,np) reaction
has been calculated according to the following relation:

d2s

dVpVn
5

Nev

Ngl %DVpDVn«n
, ~4.1!

whereNev represents the nuclear events selected using
procedure illustrated in the previous section,Ng is the num-

FIG. 4. Distribution of the missing energy for the reactio

(gW ,p), compared with the c.m. energy threshol
Q5M 28Si2M 27Al2Mp .

FIG. 5. Distribution of the missing energy for the reactio

(gW ,n), compared with the c.m. energy threshol
Q5M 28Si2M 27Si2Mn .
the

ber of incoming photons,l and % ~expressed in nuclei/
cm3) are the target length and density,DVp andDVn are
the solid angles covered by the proton and the neutron
tectors, respectively, and«n is the efficiency of the neutron
detector. The productDVpDVn is derived from a Monte
Carlo simulation which takes into account the finite dime
sions of the target, and of the proton and neutron detecto

n

d

n

d

FIG. 6. Energy distribution of the neutrons~a! and the protons

~b! for the 28Si(gW ,np)X reaction.

FIG. 7. Distribution of the missing energy for the reactio
28Si(gW ,np)X, compared with the c.m. energy thresho
Q5M 28Si2M 26Al2Mn2Mp .
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Figures 8 and 9 show the experimental results for t
differential cross section of the (gW ,np) reaction, for incom-
ing photons with polarization parallel and perpendicular, r
spectively, with respect to the plane defined by the outgo
protons and neutrons in the laboratory frame. The results
plotted as functions of the angleqn , for three different en-
ergy bins. In Figs. 10 and 11 the unpolarized different
cross section and thegW asymmetry S5(s i2s')/
(s i1s'), respectively, are represented and compared w
our model predictions as described in Sec. V.

V. RESULTS OF A PHENOMENOLOGICAL MODEL

For the interpretation of the experimental data we st
from the usual idea that the photon reacts directly with
quasideuteron pair. However, because of the large miss
energy in the experiment (em.35 MeV!, the reaction cannot
be thought of as a clean quasideuteron process. Still one m
use this picture and assume that due to the FSI then-p pair
is losing energy and momentum interacting with the re
nucleus. Here we consider such a FSI in the most sim
way. We do not employ any dynamical model, but in calc
lating the pair cross section we simply take into accou
losses of energy and momenta by using the experiment
measured values of these quantities for the finaln-p pair.
Therefore the pair cross section is not given any more by
deuteron photodisintegration, because there would be
match between photon energy and finaln-p energy. As a
matter of fact one ends up with a condition which is mo

FIG. 8. Differential cross section for the28Si (gW ,np)X reaction
for incoming photons with linear polarization parallel to the plan
defined by the outgoing proton and neutron in the laboratory fra
(w50°).
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FIG. 9. Differential cross section for the28Si (gW ,np)X reaction
for incoming photons with linear polarization perpendicular to th
plane defined by the outgoing proton and neutron in the laborato
frame (w590°).

FIG. 10. Model results and experimental data for the unpola
ized cross section.
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54 1771QUASIDEUTERON EFFECT WITH A POLARIZEDgW-RAY BEAM
similar to electron scattering, namely, with less energy th
momentum transfer. However, one should bear clearly
mind that also in our model the photon initially transfer
equal amounts of energy and momentum. We only assu
that then-p pair loses energy and momentum due to the F
with the rest nucleus. In this way we use a finaln-p pair
wave function with the correct asymptotic behavior. Consi
ering also the center of mass~c.m.! motion of then-p pair
one gets the following expression for the nuclear cross s
tion:

dsA

dVn
~Eg ,Vn!5L8

NZ

A E dPW n@2#~PW !

3F ds

dVn
c.m.~Eg

c.m.,Enp
c.m.,Vn

c.m.!G
pair

3S dVn
c.m.

dVn
~PW ,kW ,Vn! D , ~5.1!

whereEg5ck is the photon energy,Enp
c.m. is the relative ki-

netic energy of neutron and proton in the final pair c.m
system, andL8NZ/A is the usual factor introduced in quasi
deuteron models. Moreover,PW denotes the initial momentum
of the c.m. of the pair,n@2# is the pair c.m. momentum dis-
tribution, anddVn

c.m./dVn is the Jacobian of the transforma
tion from the pair c.m. to the laboratory system. Because
the above-mentioned difference of our model compared
Levinger’s model, i.e., no deuteron photodisintegration cro
section as input,L8 can be different from the Levinger facto
L. Furthermore, one should note thatEnp

c.m. and Eg
c.m. are

FIG. 11. Model results and experimental data for thegW asym-
metry.
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uniquely determined from givenEg , PW , and neutron, and
proton momenta. Because of the large missing mass, o
obtains in this way also a rather large difference betwee
Enp
c.m. andEg

c.m..
The pair cross section is calculated taking into accou

contributions due to nonrelativistic one-body currents, Sieg
ert operator, MEC, isobar configurations, and relativistic co
rections~spin-orbit current! @29#.

The pair c.m. momentum distribution is defined as

n@2#~PW !5
1

~2p!6
E drWdrW8dRW dRW 8dpWeip

W
•~rW2rW8!eiP

W
•~RW 2RW 8!

3rpn
@2#~rW,rW8;RW ,RW 8!, ~5.2!

whererW andpW , RW , andPW are the relative and c.m. positions
and momenta of then-p pair. The quantityn@2#(PW ) is calcu-
lated using the nondiagonal proton-neutron densi
rpn

@2#(rW,rW8;RW ,RW 8) of the harmonic oscillator model. One ob-
tains

n@2#~PW !5
p23/2a23

700A2
S 156 P

8

a8 1
3

7

P6

a6 1
149

28

P4

a41
205

7

P2

a2

1
6745

56 De2P2/2a2, ~5.3!

wherea50.448 fm21 has been fitted to reproduce the rms
radius of 28Si. The normalization ofn@2#(PW ) is

E dPW n@2#~PW !5 1. ~5.4!

In Fig. 10 we show the experimental results for the unpo
larized differential cross section compared with the predic
tions obtained with our model. To have a better compariso
to experiment we choose the factorL8 so that the maximum
of the theoretical cross section has about the same size as
experimental one. This leads toL857 for the lower two
photon energies and toL8512 for Eg572.5 MeV. The
larger L8 at Eg572.5 MeV originates from the increasing
experimental cross section, while the theoretical cross se
tion decreases fromEg564.4 MeV toEg572.5 MeV. Fig-
ure 10 illustrates that the phenomenological model cann
reproduce the almost isotropic cross section atEg556.6
MeV. It is readily evident that the comparison becomes be
ter with increasing energy. One finds a rather good agre
ment atEg572.5 MeV; only at backward angles is the ex-
perimental cross section somewhat underestimated by o
model.

ThegW asymmetry is shown in Fig. 11. Since the asymme
try is given by a ratio of cross sections, it is independent o
the factorL8. Also for the gW asymmetry one has a rather
large disagreement between experimental results and
model predictions at the lowest energy. AtEg564.4 MeV
the comparison becomes better, but one still has quite s
nificant differences. However, as for the unpolarized differ
ential cross section one also finds forEg572.5 MeV a rather
satisfying agreement between the experimental data and
model results. In conclusion we can say that the addition
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photon polarization in the (gW ,np) reaction leads to further
constraints in the quasideuteron interpretation. The fact t
two independent observables are described fairly well at
highest photon energy is a strong indication that the qua
deuteron reaction is really the dominant mechanism at t
energy. The partial failure at lower energies could be due
the greater importance of the FSI. To have a better und
standing of the reaction it would be of great interest to ha
more experimental data at higher energies and for vario
nuclei. Besides obtaining a further test of the quasideute
mechanism itself, a more systematic investigation might a
hat
the
si-
hat
to
er-
ve
us
ron
lso

allow one to study the effect of the nuclearn-p correlation
by a proper modification of then-p pair wave function.
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