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Coincidence measurements of two nucleons from the reactions Be(y,pn)X and
9Be(y,pp)X have been made in the A(1232) resonance region with a tagged-photon beam.
From the momentum and angular correlations between the two nucleons, two quasifree reac-
tions, y + "pn" p + n and y + "pp" p + p, are clearly identified. The separation energy
and the momentum distribution of the quasifree deuteron in Be are determined together
with the ratio between cross sections of the two quasifree reactions.

PACS numbers: 25.20.Lj

Up to now, data on the reaction (y,pn) in various
nuclei have been accumulated by various authors,
especially in the energy region below meson thresh-
old. Since in this energy region photons are con-
sidered to be absorbed by the nucleus mainly
through electric dipole transitions, the results of the
(y,pn) reactions usually have been analyzed by use
of a phenomenological quasideuteron model de-
veloped by Levinger' and extended by Gottfried.
At energies around 300 MeV, however, the
wavelength of the photon is less than the internu-
cleon distance, so that the photon interacts and is
absorbed predominantly with a single nucleon to
form the 5 rather than with the nucleus as a whole.
The formed 4 then decays in the nucleus
(b, N+rr) or interacts with a nearby nucleon in
the nucleus (5+N N+N). As a consequence,
a nucleon and pion or two nucleons are emitted
from the nucleus. Since the probability of the latter
mechanism depends strongly on the short-range
behavior of the nuclear wave function, the reac-
tions (y,pn) and (y,pp) in the 5 region are very
important in the studies of the nuclear structure of
the nucleus. Until now few experiments have been
performed in this energy region.

The present experiment is the continuation of
our previous experiment, and aims to confirm
the interpretation of the second peak observed in
the momentum spectrum of photoemitted protons
from the beryllium nucleus and to determine the
momentum distribution and the separation energy
of the quasideuteronlike two nucleons in the nu-
cleus.

In the present experiment, therefore, two nu-
cleons photoemitted from Be are detected in coin-
cidence. Momenta and emission angles of both nu-
cleons are precisely measured together with the in-
cident photon energy. This semiexclusive measure-

ment enables us to identify the quasifree reaction,

y + "pN" p + X,

which is dominant in the (y,pN) reaction.
The experiment was done by use of a tagged-

photon beam at the 1.3-6eV electron synchrotron
of Institute for Nuclear Study (INS), University of
Tokyo. The incident photon energy ranged from
187 to 427 MeV with an energy bin of 10 MeV.
Protons emitted at 0~ = 30' were detected by a mag-
netic spectrometer having a solid angle of 34 msr
and a momentum resolution of 4.5'/o at 600 MeV/c.
The nucleon (proton or neutron) in coincidence
with the spectrometer proton was detected by a
hodoscope consisting of 64 plastic scintillation
counters (sixteen columns by four layers) placed
1.5 m apart from the target. The hodoscope
covered the angular range from 90' to 170' on the
opposite side of the spectrometer. Each scintillator
block of the hodoscope had a cross section of
10&10 cm and a thickness of 30 cm. In front of
the hodoscope, 1.5-cm-thick scintillators were
placed for proton or neutron identification. Pulse
height and time-of-flight (TOF) information for
each scintillator were recorded for particle mass
identification. The TOF information was used also
for determination of the momentum of the nucleon
detected by the hodoscope. The time resolution
was 0.6 ns which corresponded to a momentum
resolution of 5'/o at 400 MeV/c for nucleons.

Overall calibration of the present detection sys-
tem was made by use of the reaction

y+d p+n, (2)
where liquid deuterium was used as a target. The
detection efficiency of the hodoscope for neutrons
was measured to be 35'/o at 400 MeV/c when the
threshold level was set at 2 MeV by use of an elec-
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tron beam.
In the following, results on the proton-neutron

coincidence events from Be are mainly described,
because results on the photodisintegration of the
quasideuterons,

y+ "pn" p + n, (3)

y+ "N" p +m, (4)

followed by pion-nucleon interactions in the nu-
cleus. Figure 2 shows the angular correlation
between the spectrometer proton and the neutron
in the hodoscope, where events in the cluster re-
gion in Fig. 1 were selected. Again the angular dis-
tribution of neutrons shows a peak centered at the
neutron angle for the kinematics of the reaction
(2). These results confirtn that p ncoinc-idence

600

can be compared directly with the free target reac-
tion (2). Figure 1 shows the correlation between
proton momentum and neutron momentum at a
photon energy of 247+20 MeV. The proton and
neutron momenta corresponding to the kinematics
for the reaction (2) are shown by arrows. The
events are clearly clustered in the momentum re-
gion expected from the kinematics for the reaction
(2). These events are considered to be due to the
photodisintegration of the quasideuteron in the nu-
cleus, reaction (3) . The other p neo-incidence
events scattered in the lower momentum region are
interpreted to be due to the photoproduction of
pions from a single nucleon in the nucleus,

events in the cluster region are due to the photo-
disintegration of the. quasideuteron in Be.

Since in the present experiment on the reaction
98e(7,pn )X, the energy and the momentum vector
of the incident photon, (E,, k), and those of two
nucleons in the final state, (E~, p~) and (E„,p„),
are measured, the energy and the momentum vec-
tor of the undetected system X, (E~, p~), can be
determined from energy and momentum conserva-
tion. The separation energy of the "pn" system in
the nucleus is defined as

ppn pp + pn (6)

Figure 3 shows the distribution of the separation
energy Ep„ for events in the photon energy region
between 187 and 307 MeV. In this plot, events are
selected by imposing cuts in the proton and neutron
momenta as p~

~ (1.5E~+ 50) MeV/c and p„~ 200
MeV/c, respectively, in order to reduce the back-
ground from the pion production reaction (4). A
Gaussian-like distribution is obtained with a peak at
Ep„= 35 + 5 MeV and with a full width at half max-
imum (FWHM) of 51 MeV. From the experiment
on the free-target reaction (3), the FWHM resolu-
tion in the measurement of Ep„ is estimated to be

Ep'„= (Mg + M~ + M„) —Ma„

where Mp, M„, and Mq, denote the masses of the
proton, the neutron, and the beryllium, respective-
ly, and M~ is the invariant mass of the system X
given by Mz = (Fz —p~) '~ . When the impulse ap-
proximation is assumed for reaction (4), the
momentum of the initial "pn" system in the nu-
cleus is given by
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FIG. 1. Scatter plot of momenta of protons at

H~ = 30' + 4 and momenta of neutrons at 0„=130' + 40'
for the reaction Be(y,pn) X at E~ = 247 + 20 MeV. Ar-

rows indicate the momenta corresponding to kinematics
of the free-target reaction y + d p + n. The sizes of
dots are proportional to the number of events in the
momentum bins.
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FIG. 2. Angular correlation between protons and neu-
trons for the reaction 9Be(y,pn)X at E„=247 + 60 MeV.
Protons are detected at 8~=30'+4'. The arrow shows
the neutron laboratory angle expected for the free target
reaction y + d p + n.
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FIG. 3. Distribution of the separation energy of the
"pn" system in Be. Events for the quasifree reaction
y+ "pn" p+n at E~= 247+60 MeV are selected by
applying cuts in the proton momentum, p~

~ (1.5E~
+50) MeV/c. A histogram shows the result of the
Monte Carlo calculation based on the independent-
particle model. The parameter o-/v is chosen to be 80
MeV/c. For details see the text.

FIG. 4. Momentum distribution of the "pn" system in
Be obtained from the quasifree reaction y + "pn"

p + n at E~ = 247 + 60 MeV. Events with the separa-
tion energy E~„ in the region 0 MeV ~ E~„~ 100 MeV
are used. Results of the Monte Carlo calculation are
shown by the solid line (a.~= 80 MeV/c) and by the bro-
ken line (a.~ = 120 MeV/c).

about 34 MeV, and the systematic uncertainty in
the determination of the peak position is estimated
to be less than 5 MeV. The tail at the high-energy
side is interpreted to be due to the final-state in-
teractions in the nucleus.

Figure 4 shows the momentum distribution of
the quasifree "pn" system in Be, where the
momentum of "pn" system is given by p~„= ~ p „~.
When the experimental result is fitted with the dis-
tribution function of the form I' (p~„) = p~„
xexp( —p „/a-2„), tT „ is obtained to be 123+2

Me V/c.
Experimental results are compared with a Monte

Carlo calculation based on an independent-particle
model of the nucleus, in which following assump-
tions are made: (1) The quasifree "pn" system is
formed by a random combination of a proton and a
neutron in the nucleus. (2) The separation energy
of the "pn" system is given by a sum of the separa-
tion energies of the proton and the neutron,
E~„=E~ +E„'. The values of E~ used for Be are 26
MeV for 1s protons and 17 MeV for 1p protons,
which come from the results of the (e,e'p) experi-
ments. 9 The value of E„' is assumed to be equal to
E~ for each state, whereas E„' of a valence neutron
in the ls state is taken to be 2 MeV. (3) A

harmonic-oscillator-type nuclear wave function is
assumed, so that the momentum distribution of in-
dividual nucleons in the nucleus is given by f (p~)
= e px(p /~tT)~for 1s nucleons and f (pz)
=pgexp(p~/o-~) for lp nucleons, where o.~ is a
parameter to be determined from the experiment.
In the Monte Carlo calculation, resolution and effi-
ciency of the detection system were taken into ac-
count, but final-state interactions in the nucleus
were ignored.

The result of the calculation on the separation en-
ergy is shown in Fig. 3 by a histogram together with
the experimental data, where the parameter o.z is
taken to be 80 MeV/c. The agreement between the
experimental data and the calculated result is rather
good except for the peak position which shifts to
higher energy by about 10 MeV. This discrepancy
may be due either to the relatively enhanced contri-
bution of the 1p nucleons in forming pn pairs or to
crudeness of the assumption on the separation en-
ergy, E~„=E~+E„'. The choice of the parameter
o-~ has no appreciable effect on the distribution of
the separation energies.

The momentum distribution of the "pn" system
in Be is also well reproduced by the assumption
that o-&=80 MeV/c. It is interesting to note that
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the parameter o-z obtained by fitting the inclusive
proton momentum spectra for the reaction
9Be(y,p)X in the quasifree pion photoproduction
region is 120 MeV/c. The value of a-z obtained
from other single-nucleon interactions such as
(e,e'p) and (p, 2p) is also around 120 MeV/c. This
difference may indicate that "pn" system in the nu-
cleus is not formed by a simple combination of two
independent nucleons, or that some correlations of
nucleons should be taken into account.

In the present experiment, two protons from the
reaction 9Be(y,pp)X were measured with the same
apparatus. Although the cross section of this reac-
tion is smaller than that of Be(y,pn)X, the angular
correlation between two protons with high momen-
ta is very similar to the one between the proton and
the neutron in the 9Be(y,pn)X) reaction. The cross
section ratio

da-(y+ "pp" —p +p)/d &
do. (y+ "pn" ~ p+n )/dO

shows no energy dependence in the present photon
energy region and the averaged value of R is deter-
mined to be 0.06+0.02. This result is consistent
with the prediction by Wakamatsu and Matsumo-
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