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The 28Si(;,np)x reaction has been studied using the Ladon polarized and tagggdbeam, in the energy
region between 50 and 75 MeV. The data have been compared wittutsideuterormechanism. At the
highest photon energy the applied model leads to a satisfactory description of both the unpolarized cross
section and beam polarization asymmef§0556-28186)04909-6

PACS numbegps): 25.20.Dc, 21.30.Fe, 24.70s, 29.27.Hj

I. INTRODUCTION After Levinger, several versions of the quasideuteron
model were given in the literatuf@—7], which tried to im-

The quasideuteronmechanism of photon absorption in prove the model with respect to various physical aspects
complex nuclei in the energy regidh, = 40-80 MeV has (Pauli blocking, Fermi motion of the pair, binding energy,
been extensively investigated in the past. In this work weetc). In recent years the model has been revidigeel0] and
study for the first time the,np) reaction on an intermedi- €mphasis has been put on the role of meson exchange cur-
ate nucleus with polarized photons. The energy region abové&Nts(MEC's) and on the distortion of the wave functions of
the giant dipole resonance is the so-caliprhsideuterome- the photoemitted nucleons due to the final state interaction
gion since it has been interpreted with the idea that an in(FSD. ) _
coming photon is absorbed predominantly by a correlated [N this paper we present the experimental data on the
pair of nucleons of the target nucleus, while the other nucle{y,np) reaction, collected using the Ladfhl,12 polarized
ons act as spectators. The name “quasideuteron” stems fromnd tagged photon beam produced at the Frascati National
the original work of Levingef1] in 1951, where he sup- Laboratory of the Istituto Nazionale di Fisica Nucleare
posed the pair to be constituted by a neutron and a protoINFN), an active target of®Si, and a series of proton and
The nuclear photoabsorption cross section was written imeutron detectors. The experimental setup and the data
terms of the deuteron photodisintegration cross section aanalysis procedure are described in Secs. Il and lll, respec-

follows: tively. The experimental results are presented in Sec. IV and
are interpreted in Sec. V, making use of a modified Levinger
model.
NZ
O'qd(E),):LTO'D(E),). (1.1)

Il. EXPERIMENTAL SETUP

The fact that in nuclei they,np) process is much more The experimental data were collected using the Ladon
important than ¢,nn) or (y,pp) reactions is based mainly [11,12 polarized and tagged photon beam produced by the
on two considerationgi) The dominant electric dipole tran- backward Compton scattering of laser light against the high
sition is suppressed far-n andp-p pairs and(ii) the Pauli  €nergy electrons circulating in the storage ring ADONE at
exclusion principle allows only ong-wave singlet state for the Frascati National Laboratory of INFN.
then-n or p-p systems, but four statéene singlet and three
triplet) for the n-p system. . A. Ladon 7 beam

The (y,np) reaction is, of course, the privileged tool for _ )
the determination of the contribution of the quasideuteron One of the most interesting features of the Compton back-
mechanism. Since the dynamics of t pairs in nucleiis  scatteredy ray beam is the polarization. Since for ultrarela-
different from that of the free ones, i.e., the deuterons, thigivistic electrons helicity is a good quantum number, elec-
reaction also allows the study of the nucleon-nucleon dyirons cannot flip their spin during the Compton scattering.
namical correlations in the nuclear ground state. Moreover, for scattering in the backward direction there is
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not even transfer of orbital angular momentum from the elec-
trons to the photons. Therefor;erays with energy close to
the allowed maximum valuén this experiment correspond-
ing to EJ¥=78.7 MeV) retain the same polarization as the
initial laser photons.

To measure the energy of thebeam we use an internal
tagging system, where the scattered electrons are momentum

Neutron Detectors

analyzed by one dipole magnet and one quadrupole of the
storage ring lattice. The tagging counter consists of a silicon
. . . . . Photon beam
solid-state microstrip detector composed of 96 vertical strips Proton
with a pitch of 65Q.m, backed by a fast plastic scintillator. Detectors
The energy resolution of the beam depends on the en- ]
ergy of the scattered electrons and on the energy of the elec- FIG. 1. Sketch of the experimental setup.

trons circulating in the storage ring. The energy resolution of . . N :
g g g g9y The experimental setup is shown in Fig. 1. Using the de-

the Ladon beam is of the order ot =2 MeV [12]. . T
y X scribed apparatus we have measured the energy distribution
The photon flux has been measured using a 25.4 €8t the protons emitted in they(p) reaction, the energy and
X 25.4 cm Nal detector, with 100% efficiency. P P ' 9

angular distributions of the neutrons emitted in th;er()

reaction, and the correlated energies and angular distribu-

tions as well as the angular correlation_, for the protons
The nucleus?®Si was chosen as a target for the following and neutrons emitted in they(np) reaction.

reasons(1) to study the validity of the quasideuteron model

B. Active target and detectors

?n a medium-.heavy nuclgus, since it has already been studied Ill. DATA ANALYSIS
in light nuclei as*He, °Li, °Be, *?C, and %0 [13-17 and
in a heavy nucleus a&®Pb[18], and(2) 2%Si can be built The procedure of the data analysis consists of three steps:

into a solid-state detector and therefore constitutes an activé) calibration of the tagging system, of the active target, and
target which provides a signal proportional to the energyof the proton and of the neutron detectors fmd determination
deposited in it. of their efficiencies;(2) analysis of the §,p) and the

The target is a cylindrical solid-state detector of 24 mm(y,n) data to determine the maximum energy correctly de-
diameter and 3 mm thickness. To increase the thickness exected for the proton and the neutron, respectively; &)d
posed to the beam, the target is rotated by an angle of 208nalysis of the §,np) data and determination of the polar-
with respect to the beam direction. ized differential cross sections.

The proton detectors consist of a telescope of three cylin- The tagging calibration is determined by using a magnetic
drical silicon solid-state detectors located at an angle opair spectrometer in coincidence with the tagging detector. In
53.3° with respect to the beam direction and at a distance ajur energy range the tagging response is represented by a
30 mm from the center of the target. The diameter of thesdinear relation, as illustrated ifL1] and[12].
three detectors is 24 mm and their thicknesses are 2, 5, and 5 The determination of the neutron detectors efficiency has
mm, respectively. The energy resolution of these detectorBeen obtained using a Monte Carlo code which takes into
for « particles isAE=60 keV [full width at half maximum  account all the nuclear reactions induced by the incoming
(FWHM)] (this result was obtained using4'Am source.  neutron on the protons and tHéC nuclei that constitute the
The target and the proton detectors are in a vacuum chambefetector{19—21]; experimental effects due to the noise and
with a pressure of the order of 18 bars. the nonlinearities of the electronics have also been taken into

The neutron detectors consist of five organic liquid scin-account.
tillators (NE213, located at a distance from the target The data analysis of they(p) and (y,n) reactions fol-
D=60 cm and at angle®,=22°, 55.5%, 90°, 125°, and  |ows two different steps(l) rejection of the e.m. background

e B e Pt &herts and2) centifcaton o e ) r () events To
9 : ) eject the e.m. events we make full use of the detector re-

flight (TOF) resolutionAT=1.3 ns(FWHM) between the

sppnse. For the neutrons we use the head-taghnique,
tar_get agod each of the _neutron detectors has bee_n measuré’g%ussed im22-29. This is based on the fact that the form
using a°“Co source. This value allows the determination of

S ) - . f light pul t hadron h larger tail than that
the neutron kinetic energy with sufficient resolution. The0 ght pulse due to a hadron has a larger tail than that due

. . . . . to an electron or a photon. Figure 2 shows the separation
timing calibration is obtained by the comparison of the neu- P 9 P

. between the nuclear and the e.m. events. The protons de-
"0’_‘ TOF with that of the phot_ons prodL_Jc_eg by eIECtromag'tected in the solid-state silicon detectors telescope are iden-
netic (e.m) background reactions. Defining=t, —t, the

time of flight difference between the neutron and thethe tified by means of the\ E-E technique, where we consider
kinetic energy of the neutron is given by

D2 IHead is defined as the total charge of the pulse while the tail is
T,=M,| 14 —— 1) . (2.2 defined as the charge integrated after a delay of 30 ns with respect
c%t?+2Dct to the pulse peak.
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body kinematics constraints. Fixing the incoming photon en-
ergy E, and the outgoing nucleon directiond(,, and
®n/p) the kinematics of the reaction is completely determi-
nated, if the residual nucleus is left in its ground state. Under
these hypotheses it is also possible to determine the kinetic
energiesT ,;, of the outgoing nucleon and,ec; of the re-
coiling nucleus. We may define the following functions:

2000

Head

1500 -

t th 2 t th 2
2/ theor qtheo (EG;Xp B Eye% (ﬂﬁxp - ﬂn eor)
X“(EJ, 9% = 5 + .
(o (or
¥ n
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+ ”—0_2”_ (3.0
Tn

500 -
for the (y,n) reaction and

expt__ —theor 2 expt__ qtheor 2
2 Etheor 1Stheor theor)_(E7 E?’ 5 + (ﬁp 6D 5
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Tail
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FIG. 2. Typical head-tail plot used for the separation of neutrons =1 o'% (i)
and photons. The total charge collected is plotted as a function of P

the portion of the tail in the pulse.

(3.2

for the ({/,p) reaction. The quantities with superscript
the correlation between the enerdyE lost by a charged “lexpt’j ﬁre those (_axp‘(‘arrimerltally m(Iaaslureg Wh_"e tue quanti-
particle in the first silicon detector of the telescope and thé[Ies with superscript “theor” are calculated using the energy
. : and momentum conservation for the reactions under consid-
total detected energly of the same particle obtained as the . . theor atheor
sum of the energies deposited in the three detectors of th ration, as a function &, ", dy,", and ¢nsp. The quan-
telescope. The events where the protons are detected by tH%eS TE, Dy Trp ATE the experimental uncertainties. For the
telescope are clearly separated from those due to the detey,p) reactionT (i) are the energies lost by the proton in
tion of deuterons or electrons. The energy spectra related teach of the solid-state detectors of the telescope.
events where protons and electrons have been identified are By minimizing the functiony? with respect toEtyhe‘”,
shown in Fig. 3. 1:0 |dent|f¥ the nuclear events from theﬂmor, and ¢, We are able to identify the ¥p) and
reaction channelsy,p) or (y,n), we use a global event (J 1) reaction channels by selecting the events with a cut on
reconstruction procedure, which makes full use of the tWosphe minimum value of they? function. The reconstructed
value of the recoil kinetic energ¥,.coi may be used to ob-
tain the value of the missing ener@,=E,—T/p— Trecoils
whose distribution for the %, p) and the ,n) reactions is
shown in Figs. 4 and 5, respectively. This procedure also
.................. Electrom. Counts enables us to determine the maximum values for the neutron
and proton energies correctly detected by the experimental
apparatus. These values, identified by a constraint on the
missing energy, correspond Ej'**=65 MeV andE[™=60

MeV. The events coming from the;/(n p) reaction are se-

Counts

10k ——— Total Counts

104k v, NUClEQr Counts

3L
107 F lected among those where a proton and a neutron are de-
tected in coincidence in two arms of the apparatus. The pro-
102 [ tons are identified by thé\E-E criteria described above,

while the neutrons are selected from the TOF information.
The most interesting result that we find is related to the en-
ergy distribution of the two nucleons emitted in this reaction.
The energy spectrum of the protons is peaked-26 MeV
[corresponding toET*+Q)/2], while that of the neutrons is

peaked at-5 MeV, as illustrated in Fig. 6. This unexpected
" H‘” [ ’ result has been confirmed by another experiment performed
0 60 80 by Grabmayi26] using the tagged photon beams of Mainz
E,(MeV) (MAMI-A) [27] at E,~140 MeV and Lund(MAXLAB )

[28] at E,~75 MeV. Figure 7 shows the missing energy
FIG. 3. Proton energy spectra for tR&i(y,p)X reaction. em=E,—T,—T, for the (y,np) reaction.
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IV. EXPERIMENTAL RESULTS .
FIG. 6. Energy distribution of the neutroif@) and the protons

The experimental cross section for the,iip) reaction (b) for the %Si(y,np)X reaction.

has been calculated according to the following relation:

where N, represents the nuclear events selected using th

procedure

6000
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FIG. 5.

ber of incoming photonsy” and ¢ (expressed in nuclei/
d2o N, cm?®) are the target length and density(), and AQ), are
== > , (4.1)  the solid angles covered by the proton and the neutron de-
d0pn  N,/QAQA ey tectors, respectively, angl, is the efficiency of the neutron
etector. The producAQ,AQ, is derived from a Monte
arlo simulation which takes into account the finite dimen-

illustrated in the previous sectibh, is the num- :
P o, sions of the target, and of the proton and neutron detectors.
Mean 15.59 % Mean 34,41
B RMS 2.255 2 RMS 11.89
(@]
Q=-23.95 MeV
L Q=-17.38 MeV
L | | . |
0 5 10 15 20 25 10 20 30 40 50 60
e.(MeV) en(MeV)
Distribution of the missing energy for the reaction  FIG. 7. Distribution of the missing energy for the reaction

({/,n), compared with the c.m. energy threshold 28Si(;/,np)x, compared with the c.m. energy threshold
Q=Mazsgi— M2rgi— M,, . Q=Mazsgi—Mz6y =M —M,,.
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FIG. 8. Differential cross section for th&Si (y,np)X reaction FIG. 9. Differential cross section for th&Si (y,np)X reaction

for incoming photons with linear polarization parallel to the planefor incoming photons with linear polarization perpendicular to the
defined by the outgoing proton and neutron in the laboratory frameyjane defined by the outgoing proton and neutron in the laboratory
(¢=0°). frame (@=290°).

Figures 8 and 9 show the experimental results for the

differential cross section of the;/(n p) reaction, for incom-
ing photons with polarization parallel and perpendicular, re- 40
spectively, with respect to the plane defined by the outgoing

protons and neutrons in the laboratory frame. The results are

plotted_ as funct?ons of the angk, , for three_differe_nt en- 50 kb : _+_
ergy bins. In Figs. 10 and 11 the unpolarized differential —¢—

cross section and the{x asymmetry 2 =(oj—o)/
(oy+0o.), respectively, are represented and compared with

E,=56.6+3 MeV 9,=53.3°

o : X & t ! !
our model predictions as described in Sec. V. kg 40 F—64212.7 MoV 5,-53.5
E!
V. RESULTS OF A PHENOMENOLOGICAL MODEL <
g 20
For the interpretation of the experimental data we start o : —¢—
from the usual idea that the photon reacts directly with a L
guasideuteron pair. However, because of the large missing O
energy in the experimenef,=35 MeV), the reaction cannot © 40 ' ' :

be thought of as a clean quasideuteron process. Still one may £,=72.542.6 MeV13,=53.3
use this picture and assume that due to the FShtpepair

is losing energy and momentum interacting with the rest 50 L —+—
nucleus. Here we consider such a FSI in the most simple ¢,

way. We do not employ any dynamical model, but in calcu-
lating the pair cross section we simply take into account

losses of energy and momenta by using the experimentally 0 L L L

measured values of these quantities for the fimgd pair. 0 50 100 150

Therefore the pair cross section is not given any more by the ¥, (deg)
deuteron photodisintegration, because there would be no

match between photon energy and fimap energy. As a FIG. 10. Model results and experimental data for the unpolar-

matter of fact one ends up with a condition which is moreized cross section.
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1 uniquely determined from givek,,, P, and neutron, and
E,=56.6+£3 MeV ¥,=53.5° proton momenta. Because of the large missing mass, one
obtains in this way also a rather large difference between
—— EST and ES™

—+— The pair cross section is calculated taking into account
0 _+_ contributions due to nonrelativistic one-body currents, Sieg-

—+— ert operator, MEC, isobar configurations, and relativistic cor-

, | | rections(spin-orbit current[29].

E,=64.4+£2.7 MeV 9,=53.3° The pair c.m. momentum distribution is defined as
x
[2] P)= "dRAR’ ip-(r=r")4aiP-(R=-R")
m nt2(P) (277)6[ drdr'dRdR’dpe e
0 # —+— e =
Xp(rr;RRY), (5.2
1 T :72' c120 lMe\/ 3 :5'3 > wherer andp, R, andP are the relative and c.m. positions
¥ ‘ N P .

and momenta of tha-p pair. The quantityn/2(P) is calcu-

: lated using the nondiagonal proton-neutron density
: ptA(r.r";R,R’) of the harmonic oscillator model. One ob-
0

tains

‘ | ‘ 2B 773/2013( 1 P8 . 3PS . 149 P“+ 205 p?
n = — —= —_— _ _—
0 50 100 150 700y2 \56a® 7a® 28 " 7 o
¥, (deg)
_ +—6745) e P2, (5.3
FIG. 11. Model results and experimental data for ghasym- 56

mety- where «=0.448 fm ! has been fitted to reproduce the rms
similar to electron scattering, namely, with less energy thaiadius of 2*Si. The normalization oh!?!(P) is

momentum transfer. However, one should bear clearly in

mind that also in our model the photon initially transfers J d|3n[2](|3): 1. (5.4)
equal amounts of energy and momentum. We only assume

that then-p pair loses energy and momentum due to the FSI
with the rest nucleus. In this way we use a fimap pair
wave function with the correct asymptotic behavior. Consid
ering also the center of mags.m,) motion of then-p pair
one gets the following expression for the nuclear cross se
tion:

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 comparison
do experiment we choose the factot so that the maximum

of the theoretical cross section has about the same size as the
experimental one. This leads to'=7 for the lower two

do? NZ A A photon energies and ta’'=12 for E,=72.5 MeV. The
dT(Ey,Qn):L’Tf dPnl?l(P) largerL’ at E,=72.5 MeV originates from the increasing
n experimental cross section, while the theoretical cross sec-
do tion decreases frork,=64.4 MeV toE,=72.5 MeV. Fig-
X dQ—m(E‘;m',Eﬁ'g“',Qﬁ'm')} ure 10 illustrates that the phenomenological model cannot
n pair reproduce the almost isotropic cross sectionEgt=56.6
cm. MeV. It is readily evident that the comparison becomes bet-
% n (IS.E,Qn))- (5.1 ter with increasing energy. One finds a rather gpod agree-
dQ, ment atE,=72.5 MeV; only at backward angles is the ex-

perimental cross section somewhat underestimated by our
whereE = ck is the photon energyg[ ™ is the relative ki- model.
netic energy of neutron and proton in the final pair c.m. The;/asymmetry is shown in Fig. 11. Since the asymme-
system, and."NZ/A is the usual factor introduced in quasi- try is given by a ratio of cross sections, it is independent of
deuteron models. Moreove?, denotes the initial momentum the factorL’. Also for the;/ asymmetry one has a rather
of the c.m. of the pairn!?! is the pair c.m. momentum dis- large disagreement between experimental results and the
tribution, anddQ;™/dQ), is the Jacobian of the transforma- model predictions at the lowest energy. Bt=64.4 MeV
tion from the pair c.m. to the laboratory system. Because ofhe comparison becomes better, but one still has quite sig-
the above-mentioned difference of our model compared tamificant differences. However, as for the unpolarized differ-
Levinger's model, i.e., no deuteron photodisintegration crosgntial cross section one also finds y=72.5 MeV a rather
section as input,.’ can be different from the Levinger factor satisfying agreement between the experimental data and the
L. Furthermore, one should note thEf;" and ES™ are  model results. In conclusion we can say that the additional
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photon polarization in they,np) reaction leads to further allow one to study the effect of the nucleap correlation
constraints in the quasideuteron interpretation. The fact thaly @ proper modification of the-p pair wave function.

two independent observables are described fairly well at the

highest photon_ energy is a strong i_ndication that_the quasi- ACKNOWLEDGMENTS
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