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(y,p), (y,pn), and (y,pp) reactions on light nuclei in the h(1232) resonance region
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The cross sections of the reactions (y,p), (y,pn), and (y,pp) are measured for 'H, H, Be, "C, and
' 0 in the A(1232) resonance region by use of a tagged photon beam. Protons emitted at Op=30 are
measured by a magnetic spectrometer, and the other neutrons or protons are measured by an array
of scintillation counter hodoscopes. From the present experiment, it is concluded that the reactions,

y+ "N"~p+~ and y+ "pn"~p+n, contribute dominantly to the (y,p) reaction in this energy re-

gion, where "N" denotes the nucleon and "pn" denotes the pn system in the nucleus.

I. INTRODUCTION

Up to now, data on the photoemission of protons from
various nuclei have been accumulated by various authors,
especially in the energy region below meson threshold.
Since photons were considered to be absorbed by the nu-
cleus mainly through electric dipole in this energy region,
the results of the (y,p) reactions were usually analyzed by
use of a quasideuteron model introduced by Levinger. '

At energies around 300 MeV, however, it is considered
that the photon is absorbed predominantly by the single
nucleon to form the A(1232) resonance rather than by the
nucleus as a whole. The formed 6, then, may decay in the
nucleus (A~N+ sr) or interact with a nearby nucleon in
the nucleus (b, + N~N + N). As a consequence, it is ex-
pected that the nucleon and pion or two nucleons are em-
itted from the nucleus. Since the probability of the latter
mechanism for the photoemission of two nucleons from
the nucleus depends strongly on the short range behavior
of the nuclear wave function, the reactions (y', p), (y,pn),
and (y,pp) in the b, resonance region are very important in
the study of nuclear structure.

Until now, several experiments were performed in this
energy region. Before 1970, Barton et al. , Garvey
et al. , and Stein et al. measured angular correlations
between the proton and the neutron photoemitted from
various nuclei by the bremsstrahlung beam. The results
of their experiments were analyzed in terms of the
quasideuteron model of Levinger' or that extended by
Gottfried. These phenomenological models explained ex-
perimental data qualitatively. However, since these exper-
iments were performed using the bremsstrahlung beam, it
was difficult to study the precise mechanism of photo-
emission of two nucleons from the nucleus.

Recently, a tagged photon beam became available with
an energy resolution of about 10 MeV. Several groups
performed experiments on the (y,p) reaction by these
beams. Among them, Homma et al. measured inclusive
proton spectra from Be and ' C nuclei at the proton labo-
ratory angle of 25', and observed two peaks which were
supposed to be due to the following quasifree reactions,

and

y+ "N"~p+ w

y+ "pN"~p+ N, (2)

where "N" denotes a nucleon in the nucleus and "pN"
denotes a two-nucleon system in the nucleus ("pn" or
"pp"). A coincidence measurement of two nucleons for
reactions A(y, pn) and A(y, pp) was first performed by
Arends et a/. for ' C by use of the tagged photon beam
in the b, (1232) resonance region. They observed the simi-
lar angular correlation between the proton and the neu-
tron as in the previous bremsstrahlung experiments.
However, since the momentum resolution of this experi-
ment was not accurate enough, it was difficult to extract
detailed information on the reaction mechanism.

The purposes of the present experiment are (1) to con-
firm our previous interpretation on two peaks observed in
the inclusive proton momentum spectra for light nuclei,
(2) to obtain the basic information on the momentum dis-
tribution and the separation energy distribution of the
two-nucleon system in the nucleus, (3) to determine the
cross sections of the quasifree reactions,

and

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

y+ pp ~p+p ~ (4)

separately, and (4) to measure the photon energy depen-
dence and the mass number dependence of cross sections
to study the mechanism for quasifree reactions in this en-

ergy region.
For these purposes, momenta and emission angles of

both nucleons from the reactions (y,pn) and (y,pp) were
measured together with the incident photon energy. This
semiexclusive measurement enabled us to extract the
quasifree reaction (2) from the large background due to
the quasifree pion photoproduction (1).

In Secs. II and III the overview of the experimental ap-
paratus and the event reconstruction procedure are
described. The results of the single-arm and coincidence
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measurements are presented in Sec. IV. Discussions are
described in Sec. V.

II. EXPERIMENT

The experiment was performed with the use of a tagged
photon beam at the 1.3 CxeV electron synchrotron, Insti-
tute for Nuclear Study, University of Tokyo. The photon
energy range covered by the experiment is 187—427 MeV.
The targets studied were 'H, H, Be, ' C, and ' O. The
magnetic spectrometer was set at the laboratory angle of
30 to measure the proton from the reactions (y,p), (y,pn),
and (y,pp). On the opposite side of the magnetic spec-
trometer, an array of 64 plastic scintillation counters was
set to measure the momentum of the neutron or proton in
coincidence with a forward proton. This counter hodo-
scope covered the laboratory angle from 90 to 170'. The
whole experimental setup is shown in Fig. 1.

photon energy bin is 10 MeV and its resolution is +7
MeV. The details of the tagging system are described else-
where. '

B. Targets

The nuclear targets used in the experiment were 'H (hy-
drogen in water), H (liquid deuterium), Be (natural
beryllium plate), ' C (natural carbon plate), and ' 0 (oxy-
gen in water).

The liquid deuterium target utilized the CRYODYNE
mechanical refrigerator. " The cylindrical target con-
tainer of liquid deuterium was made of Mylar film 127
pm thick, 60 mm in diameter, and 123 mm long. The
container of the distilled water was made of Mylar films
127 pm thick, 200 mm in diameter, and 21 mm long. The
Be and ' C targets were solid plates with sizes of

50/ 70X 10 and 100/ 150' 11 mm, respectively.

A. Tagged photon beam

The electron beam was extracted from the 1.3 GeV
electron synchrotron with the Piccioni method, and
transported to the experimental area through two bending
magnets and a pair of quadrupole magnets.

The energy spread of the electron beam transported to
the experimental area was 0.3% full width at half max-
imum (FWHM). The size of the electron beam was about
10 mm (FWHM) in diameter at the radiator position of
the photon tagging system.

The photon tagging system consisted of a radiator, an
electron analyzing magnet, and a tagging hodoscope con-
sisting of 24 scintillation counters. The photon energy
range covered by this tagging system is 240 MeV, which
is divided into 24 bins by tagging counters. The resultant

C. Magnetic spectrometer

A magnetic spectrometer was used to determine the
momentum of the protons emitted from the target at the
laboratory angle of 30. The spectrometer, shown in Fig.
1, consists of a bending magnet, three triggering scintilla-
tion counters (TF, TM, and TB), and tracking chambers,
i.e., multiwire proportional chambers (MWPC's) and drift
chambers (DC's). The momentum calibration of the spec-
trometer was made within an error of less than l%%uo by use
of an extracted electron beam with a momentum of 550
MeV/c. The momentum resolution of the spectrometer
(FWHM) was measured to be about 5%%uo at 550 MeV for
electrons. The spectrometer was also calibrated with the
use of the two-body reaction y+ d~p+ n at 0~=30'.
The momentum resolution for the protons thus deter-
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mined was about 5%%uo in the momentum region greater
than 600 MeV/c. The angular acceptances of the spec-
trometer were about +5' horizontally and +7' vertically.
The resultant solid angle of the spectrometer was about 33
msr in the momentum region greater than 400 MeV/c.

The separation of protons from positrons, pions, and
deuterons was made by a measurement of the time of
flight (TOF) between two triggering counters, TF and TB,
in the spectrometer.

D. Hodosco pe

The hodoscope consisting of 64 scintillation counters
(each had the dimensions 150X 150' 300 mm ) was used
to measure the momentum vector of the neutrons or pro-
tons accompanying the spectrometer protons. These
hodoscope counters were placed 150 cm from the target
and covered the angular range 90 —170' on the opposite
side of the magnetic spectrometer. In front of the hodo-
scope, 16 scintillation counters were placed in order to
separate charged particles from neutral particles. The
momenta of the protons and neutrons were determined by
the measurement of the time of flight between the TF
counter in the spectrometer and the hodoscope. In Fig. 2
examples of the TOF spectrum and the TOF—pulse
height plot are shown for the beryllium target run. For
the events in which the spectrometer detected the protons
and the hodoscope detected neutral particles, the photons
from the decay of neutral pions in the reaction
y + "p"~p + w, and the neutrons from the reaction
y + "pn"~p + n, are clearly separated. The photons
were identified as the events whose TOF values were be-
tween 0 and 10 ns, and the neutrons were identified as the
events whose TOF values were between 10 and 25 ns. For
the charged particle events in which the spectrometer
detected protons and the hodoscope detected charge parti-
cles, the protons were not separated from the charged
pions unambiguously by the TOF information only.
Therefore, the pulse height information from the hodo-
scope was used in addition to the TOF information. In
Fig. 2(b), a scatter plot of the pulse height and TOF is
shown. In this figure, pions were identified as the events
which lay between line 1 and line 2, and protons were
identified as the events which lay between line 2 and line
3. The estimated probability of misidentifying pions as
protons in this method was about 7% of proton events,
and that of misidentifying protons as pions was 4% of
proton events.

The resolution of this TOF measurement was +0.9 ns
(FWHM), which corresponded to the momentum resolu-
tion of +20 MeV/c (FWHM) at 400 MeV/c for protons
or neutrons. The threshold level of the hodoscope was set
at 2 MeV for electrons. In this setting, the detection effi-
ciency' for neutrons was calculated to be about
(33+1.6)% over the momentum greater than 400 MeV/c.
To check the momentum and efficiency determinations
for neutrons, the hodoscope system was calibrated using
the neutrons from the reaction y + d~p + n, as shown in
Fig. 3, where protons were detected by the magnetic spec-
trometer. The detection efficiency was checked within an
error of + 5%. The histograms are the Monte Carlo

simulations using the parameters used in the analysis of
the neutron data.

E. Electronics and on-line data acquisition system

The coincidence signals between the tagging counters
and the corresponding backing counters were added to-
gether to give a signal of the tagged photon
[TAG =X(T;.B)].

The threefold coincidence signal T=TF TM TB de-
fined the passage of a particle through the magnetic spec-
trometer.

The twofold coincidence signal T TAG was used as a
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Accidental coincidence was about 10% for T TAG. The
pion and deuteron contaminations in the proton events in
the spectrometer were estimated at less than 1%. The
counting rate without the target was less than 0.5% of the
rate with the target after the cut in the reaction point was
made. The empty target rate was about 2% for the liquid
deuterium and water. The nuclear absorption corrections
at the target and spectrometer were about 4% at 400
MeV/c and about 2% at momenta greater than 600
MeV/c.

After the above corrections were made on the raw data,
the differential cross sections of the reactions,

40

0 assssloa4

40

0 i aaail1
500 400

Ey = 247+20MeV

Ey = 207+20MeV

500

y+A~p+anything [A= H, Be, '2C, and H O ('6O)]

(5)

were calculated from the proton yield Y~ by the following
equation,

d'cr Yp

dPpdO N -NT AP Ag

NEUTRON MOMENTUM (MeV/c)

FIG. 3. The momentum spectra of neutrons detected by the
hodoscopes in coincidence with the spectrometer protons in the
reaction of y + d~p+ n. The histograms are the results of a
Monte Carlo simulation using the parameters used in the
analysis of the hodoscope data.

where N& was the number of incident protons, NT was
the number of target nuclei per cm, AP was the momen-
tum bin width, and AA, was the solid angle of the spec-
trometer. The solid angle of the spectrometer was calcu-
lated by a Monte Carlo method, which took account of
the detector geometry, energy losses in the materials, the
scattering in and out due to the multiple Coulomb effect,
and the distribution of the magnetic field.

master signal. The width of the coincidence of the master
trigger was 17 ns. The master signal was used (1) as the
gate pulse for the MWPC readout, (2) as the start pulse
for time-to-digital convertors (TDC's), (3) as the gate
pulse for analog-to-digital convertors (ADC's), (4) as the
strobe signal for coincidence registers, and (5) as the start
signal of the CAMAC data acquisition.

Data from the CAMAC modules were read into an on-
line terminal computer, PANAFACOM-U400 event by
event. This computer stored the raw data on disks and
transferred them into a central computer, FACOM-M180,
for on-line analyses of the data. Both the raw and
analyzed data were stored in magnetic tapes at the central
computer for later analyses.

III. DATA REDUCTION

A. Single-arm experiment

In each of the accumulated events, the particle trajecto-
ry was reconstructed using the coordinates measured by
the chambers located upstream and downstream from the
magnet in the spectrometer in order to determine the
emission angle and the momentum of the protons. After
this, the accepted events were grouped into a momentum
bin width of 20 MeV/c. This bin width was chosen to be
comparable to the momentum resolution of the spectrom-
eter. The accepted events were also grouped into an in-
cident energy bin of 20 MeV.

Various corrections were made on the raw data in the
process of calculating the differential cross sections. The
efficiency of the trajectory reconstruction was about 97%%uo.

B. Coincidence experiments

In each of the proton events in the spectrometer, the
hodoscope information was required in order to identify
the reaction. Since the hodoscope can detect and identify
the photons, pions, protons, and neutrons, the proton
spectrum measured by the spectrometer was classified by
the hodoscope information into (y,py), (y,pm), (y,pn),
and (y,pp) reactions, where y, vr, p, and n are detected by
the hodoscope.

The momentum spectra of protons in the magnetic
spectrometer, classified by the hodoscope information, are
shown in Fig. 4 for H, and Be targets at the incident
photon energy of 327 MeV. In this figure, the uppermost
panels show the single-arm proton spectra for the reaction
of (y,p). Panels (A), (B), (C), and (D) show the spectra for
the reactions (y,py), (y,pn), (y,pir), and (y,pp), where y,
n, ~, and p are detected by the hodoscope array.

For the deuterium target, the single-arm proton spec-
trum shows two peaks. The low-momentum peak (the
first peak) corresponds to the reactions of the quasifree
pion production,

and

y+p+(n}~p+~ +(n) (7)

y+n+(p) p+7r +(p),
where particles in parentheses are the spectator nucleons.
The high-momentum peak (the second peak) corresponds
to the photodisintegration reaction,

y+d~p+n .
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These reaction identifications were based on the fact that
two peaks in the spectrum were located in the right posi-
tions expected from the kinematics of corresponding reac-
tions. When we take the coincidence with the hodoscope
signals, the second peak remains only in the (y,pn) chan-
nel. A very small number of high momentum protons
remain in the (y,pp) channel. Proton yield in this high
momentum region is about 3% of the neutron yield and
can be explained by the misidentification of neutrons as
protons. On the other hand, the first peak remains in all
reaction channels. In the (y,py) channel, the hodoscope
detects the photons from the decay of neutral pions in re-
action (7). In the (y,pvr) channel, the hodoscope detects
the charged pions in reaction (g). In the (y,pn) channel,
the hodoscope detects the spectator neutron in reaction (7)
and in the (y,pp) channel the hodoscope detects the spec-
tator proton in reaction (8).

For the Be target, almost the same features are ob-
tained. The only difference is the enhanced proton yield
in the (y,pp) channel. The high momentum protons in
the (y,pp) channel for the deuterium target come only
from the misidentification of neutrons. However, for Be,
the quasifree reaction,

P RO TON MOME NT UM (Me V I'c)

FIG. 4. Examples of the momentum spectra of protons for
H(y, p) and Be(y,p) at the photon energy of 327 MeV with the

requirements of (top) none, (a) y's, (b) neutrons, (c) pions, and
(d) protons in the hodoscope.

and & 1.5Ey +30 MeV/c for ' C,
P„&200 MeV/c for Be and ' C (12)

region. From these coincidence measurements, the quasi-
free reactions (10) and (11) were identified and separated
from the backgrounds.

Angular correlations between the spectrometer proton
and the hodoscope particle give us another confirmation
on the reaction channel. Angular correlations for each re-
action channel are shown in Fig. 5, where panels (a), (b),
(c), and (d) show the results for the reaction channels
(y,py), (y,pm), (y,pn), and (y,pp), respectively

In the deuterium target data, characteristic features of
the angular correlation are clearly shown. For the (y,py)
and (y,p~) channels, events are peaked at the laboratory
angle of 90', which is expected from the kinematics of the
quasifree pion production. For the (y,pn) channel, events
are clustered at the laboratory angle of 130. The width of
the peak is +10', which is expected from the angular ac-
ceptance of the magnetic spectrometer. For Be, although
these angular correlations are smeared out by the relative-
ly large internal motion of nucleons or two-nucleon sys-
tems in the nucleus, the basic structures are the same as
those for the deuterium target.

Figure 6 shows the momentum scatter plot of (y,pn)
events for H and Be targets. In the case of the H tar-
get, coincidence events are clustered at the momenta ex-
pected from the kinematics of the reaction y + d~p+ n.
In the case of the Be target, a cluster of events is also
clearly seen at the higher momentum region, and the
center of this cluster is located at the momentum similar
to the case of H target. These figures again confirm that
the pn coincidence in the higher momentum region comes
mainly from the quasifree reaction (11). The pn coin-
cidence events scattered in the lower momentum region
are interpreted as being due to the photoproduction
of pion from a single nucleon in the nucleus
(y+ "N"~p+ "n") followed by pion-nucleon interac-
tions ("vr" + "N"~vr + n) in the nucleus.

Cross sections for the quasifree reaction (11) for Be
and ' C were deduced from the coincidence data. In addi-
tion to the correction due to the neutron detection effi-
ciency, the correction for the geometrical detection effi-
ciency of the hodoscope should be taken into account,
since the hodoscope does not cover all the angular range
of the neutrons in coincidence with the spectrometer pro-
ton. To calculate the geometrical acceptance of the hodo-
scope, the knowledge of the pn angular correlation in the
quasifree reaction (11) is necessary. For this purpose, we
used the momentum distribution of the "pn" system dis-
cussed in Sec. V, which reproduced the experimental data
well. The selection of coincidence events for the quasifree
reaction (11) was carried out using the criteria

Pp & 1.5E~+50 MeV/c for Be

7+ pp p+p (10) Ep & 70 MeV for Be and (80 MeV for C

can take place in addition to the quasifree reaction

y+ "pn"~p+ n,
and this yields the (y,pp) events in the high momentum

where Ez is the photon energy, Pp is the momentum of
the protons, P„ is the momentum of neutrons, and Ep„ is
the separation energy of pn systems in the nucleus dis-
cussed in Sec. V. These events selections were made so as
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FIG. 5. Examples of the angular distributions of (a) y's, (b)
pions, (c) neutrons, and (d) protons, detected by the hodoscope in
coincidence with the spectrometer protons at 30 .

FIG. 6. The examples of the scatter plots of the momenta of
protons and neutrons for H and Be.
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TABLE I. Systematic errors (in percent) of cross sections for the reaction (y,p) and (y,pn).

Source of errors

(a) Number of photons
(b) Number of target nuclei
(c) Solid angle
(d) Reconstruction efficiency
(e) Empty target yield
(f) Accidental coincidence
(g) Nuclear absorption
(h) Proton identification

'Be 12C HpO

Quadratic sum for (y, p)
(i) Neutron detection
(j) Neutron identification
(k) Neutron geometrical

efficiency

Quadratic sum for (y,pn) 10 10

to exclude only backgrounds and lose none of the true
events.

IV. RESULTS

A. Single-arm experiments

The momentum spectra of protons from reaction (S) are
shown in Fig. 7 for various targets at the incident energy
of 357 MeV. The errors attached to the values of the
cross sections are only statistical ones. The systematic er-
rors are listed in Table I. A complete tabulation of the
numerical values' of the cross sections is available from
the Physics Auxiliary Publication Service (PAPS) deposi-
tory. '

The momentum spectra obtained have the same shape
as those in the previous paper for Be and ' C; namely,
two broad peak structures whose positions move as a
function of incident energy. From the reasons discussed
in Sec. III, the protons in these peaks are considered to
come mainly from the quasifree two-body reactions (l)
and (2). Therefore, the analysis of the momentum spec-
trum was performed by use of two Gaussian distributions
corresponding to the quasifree two-body reactions (l) and
(2) for H, Be, and ' C. For the H20 target, three Gauss-
ian distributions were used, since the extra peak due to the
photoproduction of pion from the free proton contributes
to the spectrum.

Results of the fitting in this analysis are shown in Fig.
7 by solid curves. Two Gaussian functions for H, Be,
and ' C, and three Gaussian functions for the H2O target,
are shown separately. Overall features of the proton spec-
tra are well reproduced.

The positions of the first peaks for H, Be, and ' C are
shown in Fig. 8 as a function of the photon energy. The
positions of the peaks expected from the reaction
@+p~p+~ are also shown by the solid line in the fig-
ure. The peak positions for nucleus targets shift to the
lower momentum side from those expected from the free
proton reaction. The amount of the shift was 10—20
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FIG. 7. The momentum spectrum of photoemitted protons
detected at 30 and at the photon energy of 375 MeV for various
target nuclei.

MeV/c for H(y, p) and 20—40 MeV/c for Be(y,p) and
' C(y, p), and depends on the photon energy. These shifts
are interpreted as being due to the nuclear binding effect
of target nucleons "N" in the nucleus. Positions of the
second peaks for H, Be, ' C, and ' 0 are shown in Fig.
9. The calculated positions expected from the free deute-
ron reaction y+d~p+n are shown by the solid line,
where we can see that the results from the deuterium tar-
get are in good agreement with the calculated ones. It is
noted that the amount of shift does not depend on the
photon energy and is about 35 MeV/c for Be(y,p) and 40
MeV/c for ' C(y, p) and ' O(y, p). These values are about
2 times larger than the shift of the first peak. The results
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are understood quite naturally as nuclear binding effects;
the single nucleon "N" participates in the first peak, and
two nucleons "pN" participate in the second peak.

The cross sections of the reaction y + p~p + m were
deduced from the proton spectra for the water target and
those of the reaction y + d~p + n were obtained from

FIG. 8. The position of the first peak in the momentum spec-
trum of protons as a function of the photon energy for H, Be,
and ' C. The solid line is a calculated position expected from
the reaction y + p~p + m .

the proton spectra for the liquid deuterium target. Re-
sults of these cross sections are shown in Figs. 10 and 11
in the center-of-mass system. For comparison, recent
data' from the Bonn synchrotron are shown. Present re-
sults are in reasonable agreement with those data.

The differential cross sections for individual quasifree
reactions (1) and (2) were obtained by integrating the
Gaussian functions over the momentum and are shown ''n

Fig. 12 and Fig. 13. Numerical results are listed in Table
II ~ Errors are statistical only.

The photon energy dependence of the cross sections for
the reaction y+p~p+~ shows a broad peak at the pho-
ton energy of 330 MeV, and that for y+d~p+n also
shows the broad peak at around 270 MeV. These peaks
are considered to be due to the excitation of the b, (1232)
resonance. For nuclear targets, enhancements of the cross
sections for both quasifree reactions are also observed in
this energy region, indicating that the contribution of the
A(1232) resonance is also important in these reactions.

The photon energy dependence of the cross sections
differs slightly in each quasifree reaction and for each tar-
get nucleus. For the quasifree pion production, the pho-
ton energy which gives the maximum cross section be-
comes higher as the target mass number increases. This is
considered to be due to the effect of the final state interac-
tions of the recoil protons. For the photodisintegration of
the two-nucleon system, the shape of the photon energy
dependence of the cross sections does not change so much
for all nucleus targets investigated. This implies that the
mechanism of the photodisintegration of the two-nucleon
system in the nucleus is very close to that of free deute-
ron. The difference in the maximum position of the 6
resonance of the two quasifree reactions may be due to the
binding effects of the target nucleon or two-nucleon sys-
tems in the nucleus.
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FIG. 9. The position of the second peak in the momentum
spectrum of protons as a function of the photon energy for H,
Be, ' C, and ' O. The solid line is a calculated position expect-

ed from the reaction y + d~p + n.
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FIG. 10. The cross sections of the reaction y + p~p + ~ as
a function of the photon energy. The present results are de-
duced from the proton spectra for the water target.
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FIG. 11. The cross sections of the reaction y + d~p+ n as
a function of the photon energy.

FICx. 13. The cross sections of the reaction y + "pN"
~p+ N as a function of the photon energy for various target
nuclei.

B. Coincidence experiments

The numerical values of cross sections for reaction (11)
obtained by the coincidence experiment are listed in Table
III and are plotted in Fig. 14 for Be and ' C as a function
of the photon energy. In this case the cross sections are
obtained with a photon energy bin of 40 MeV. The ener-

gy dependence of the cross sections exhibits behavior
similar to that derived from the single-arm data. Howev-
er, absolute cross sections are about 40% of the cross sec-
tions derived from the single-arm data, in which the con-
tribution of the quasifree reaction (10) is included.

The ratios of the cross sections between reactions (10)
and (11) were obtained from the coincidence experiments.
The results are shown in Fig. 15 and listed in Table V for
Be and ' C as a function of the incident photon energy.

Table IV shows the ratio of cross sections for reaction
(11) derived from the proton-inclusive data and those
from the pn coincidence data. In this analysis, contribu-
tion from reaction (10) is subtracted from the inclusive
data. This ratio shows directly the probability that the
neutron in the quasifree reaction (11) leaves the nucleus
without interaction with the rest of the nucleus. The
averaged values of this probability in the present energy
region are 0.50+0.08 for Be and 0.39+0.12 for ' C.
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FIG. 12. The cross sections of the reaction y +- "N"~p + m

as a function of the photon energy for various target nuclei.
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FIG. 14. The cross sections of the reaction y + "pn"~p + n
obtained by the pn coincidence measurement as a function of
the photon energy for Be and ' C.
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TABLE II. Differential cross sections for the quasifree reactions y + "N"~~ + p and y + "pN" ~p + n at the proton laborato-

ry angle of 30 +4'.

Photon
energy
(Mev)

197+10
217+ 10
237+ 10
257% 10
277K 10
297+ 10
317+10
337+10
357+ 10
377+10
397+10
417+10

Photon
energy
(MeV)

197+10
217+ 10
237+ 10
257+10
277+10
297+10
317+10
337+10
357+10
377+10
397+10
417+10

y + d~p + anything
do. /dO

[reaction (1)]
(pb/sr)

96.5+6.2
109.0+2.3
138.2+ I.8
135.3+1.5
128 ~ 8+1.4
113.3+ 1.3
93.6+ 1.2
80.2+ 1.1

y+ Be~p + anything
do. /d 0

[reaction (1)]
(pb/sr)

305.6+ 16.9
377.1+13.4
399.5+8.7
415.6+6.8
432.3+6.6
404.4+ 5.6
391.6+5.4

do. /d 0
(yd~pn)

(pb/sr)

6.70+0.26
7.08+0.28
6.76+0.28
7.73+0.30
7.51+0.30
7.54+0.32
6.71+0.32
4.94+0.27
4.40+0.26
3.27+0.22
3.18+0.23
2.81+0.21

do/d 0
[reaction (2)]

(pb/sr)

62.8+4.7
70.2+4. 8

66.7+2.7
79.9+3.0
72.2+2.7
71.3+2.3
64.4+2.4
66.2+2.4
56.7+2.4
53.9+2.9
41.4+2. 3
39.6+3 ~ 1

Photon
energy
(MeV)

197+10
217+10
237+ 10
257+10
277+10
297+10
317+10
337+ 10
357+10
377+ 10
397+ 10
417+10

Photon
energy
(MeV)

197+10
217+10
237+10
257+ 10
277+ 10
297+ 10
317+10
337+10
357+10
377+10
397+10
417+10

y+ ' C~p + anything
do. /d Q

[reaction (1)]
(pb/sr)

350.5+33.5
467.7+14.8
440.6+13.7
474.5+11.7
521.3+ 11.5
490.7+8.5

481.5+7.7

y+' O —+p + anything
d o./d 0

[reaction (1)]
(pb/sr)

459.7+24. 3
439.3+33.7
603.9+27.5
657.7+23.9
699.4+20.9
642. 1+18.9
662.4+ 17.8

der/d 0
[reaction (2)]

(pb/sr)

78.6+9.5
92.5+8.4
85.5+9.6
96.0+8.5
93.5+6.5
81.6+5 ~ 6
84.5+4.3
76.6+4.5
75.8+4.9
57.9+5.2
45.2+ 3.8
48.2+6.3

do. /d Q
[reaction (2)]

(pb/sr)

102.9+8.9
104.4+7.5
95.6+9.0

106.0+9.3
108.9+ 12.6
102.3 +13.0
118.9+20.5

103.5+ 16.8
81.6+ 16.5
72.3+ 16.5
64.5+ 15.3
56.5 +21.7

V. DISCUSSION

A. Mass-number dependence of cross sections
for quasifree reactions

The mass-number dependences of the cross sections for
the quasifree reactions (1) and (2) were obtained from the
single-arm data, where the cross sections were averaged
over the photon energy region from 297 to 417 MeV for

(A) =aA
dQ (13)

b values of 0.70+0.03 for reaction (1) and 0.71+0.06 for
reaction (2) are obtained.

In this b, (1232) resonance region, photons are absorbed

reaction (1), and from 197 to 417 MeV for reaction (2).
The results are shown in Fig. 16. When the data on Be,
' C, and ' 0 are fitted with the form

TABLE III. Cross sections for the quasifree reaction
y + "pn"~p + n obtained from the proton-neutron coincidence
data.

TABLE IV. Ratios of cross sections for the quasifree reac-
tion y + "pp"~p + p to those for the quasifree reaction
y + "pn"~p+ n.

Photon
energy
(MeV)

207+20
247+20
287+20
327+20
367+20
407+20

'Be
(pb/sr)

35.0+1.3
35.1+1.3
38.4+ 1.4
29.6+ 1.3
22.0+ 1.2
16.4+ 1.1

12C

(pb/sr)

28.1+1.2
29.4+ 1.3
33.8+ 1.4
25.9+ 1.3
24.1+1.3
17.0+ 1.1

Photon
energy
(MeV)

207+20
247+20
287+20
327+20
367+20
407+20

'Be

0.062+0.020
0.070+0.018
0.031+0.012
0.083+0.020
0.078+0.022
0.061+0.023

12C

0.111+0.032
0.115+0.025
0.092+0.021
0.120+0.028
0.081+0.024
0.097+0.031
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FIG. 15. The ratios of the cross sections of the reaction
y+ "pp"~p+ p to the reaction y+ "pn"~p+ n as a func-
tion of the photon energy for Be and ' C.

FIG. 16. The mass number dependence of the average cross
sections of the reactions y + "N"~p + m and y + "pN"
~p+ N. The dashed lines indicate 2 and 2 ' depen-
dence.

mainly through two quasifree reactions, (1) and (2). For
reaction (1), since the nuclear shadowing effect for the in-
cident photon is negligible, the cross section is considered
to be proportional to A, if the final state interaction of
outgoing protons is neglected. The present result, howev-
er, shows that the cross section is proportional to A
This suggests that, although the quasifree reaction takes
place in proportion to A in the nucleus, a part of protons
suffered the final state interaction in the nucleus.

The mass-number dependence of cross sections for the
quasifree reaction (2) shows A dependence similar to that
of reaction (1) in the mass number range 9&2 &16.
Since the cross section of the proton-nucleon interaction
in the proton momentum range for reaction (1) and that
for reaction (2) does not change strongly, the attenuation
due to the final state interaction for both reactions can be

TABLE V. Ratios of cross sections for the quasifree reaction

y + "pn"~p + n obtained from the proton-neutron coincidence
data to those obtained from the proton inclusive data.

considered to be the same. This means that the A depen-
dence of reaction (2) is also proportional to A.

Information on final state interactions of nucleons in
the nucleus can also be obtained from the coincidence
data. The cross sections of reaction (2) deduced from the
coincidence data, and those from the proton-inclusive
data, must be the same, if the neutrons do not suffer from
the final state interactions. Experimental values of the ra-
tios of the cross sections are 0.5+0.08 for Be and
0.39+0.12 for ' C. Therefore, about 50% of the neutrons
are considered to be scattered out from the quasifree re-
gion due to the final state interactions.

B. Separation energy and momentum distributions
of the two-nucleon system in the nucleus

In the present experiment the momentum vectors of the
incident photon, the forward proton, and the backward
proton or neutron were also measured. Therefore the
separation energy of the two nucleon system from the nu-
cleus and the momentum of the two nucleon system in the
nucleus can be calculated event by event.

The momentum and energy conservations for the reac-
tion

Photon
energy
(MeV) 'Be 12C

y+A~p+N+X (N=p or n)

are written as follows,

(14)

207+20
247+20
287+20
327+20
367+20
407+20

0.56+0.04
0.51+0.03
0.55+0.03
0.49+0.03
0.43+0.03
0.43+0.04

0.37+0.03
0.37+0.03
0.43+0.03
0.37+0.03
0.39+0.03
0.40+0.04

k =~,+~N+~x

Ey +MA ——Ep+EN +Ex

(15)

(16)

where (Ez,k), (E~,P~), and (EN, PN) denote the four-
momenta of the incident photon, the proton, and the other
proton or neutron in the final state, respectively. The
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four-momentum (Ex,Px) of the undetected (A —2) nu-
cleon system X is obtained by use of the above equations.
Consequently, the invariant mass Mx of the (A —2) sys-
tem is determined by an equation,

Mx=Ex —Px .2 — 2 2 (17)

Further, we define a separation energy E'„„by the equa-
tion

E'p„——(Mx+Mp+MN) MA—, (18)

PN ——P +PN —k. (19)

The calculation of the separation energy and the
momentum distribution of the two-nucleon system in the
nucleus was also applied to the deuteron target data for
the check of the above procedure.

Examples of measured distributions of the separation
energy Ep„ for H, Be, and ' C are shown in Fig. 17 for
the proton-neutron coincidence data at the incident pho-
ton energy of 287+20 MeV.

where M~, MN, and MA are the mass of proton, proton
or neutron, and target nucleus, respectively.

For the quasifree reaction (2), the momentum of the
two-nucleon system in the nucleus P~N was calculated by
the impulse approximation as follows,

For the reaction y+ d —+p + n, since there is no missing
particle in this process, E~„should be centered around 2.2
MeV, the binding energy of the deuteron. The width of
the distribution shows the instrumental resolution of the
present detection system. The measured resolution is
about 30 MeV in this energy region. In the case of
Be(y,pn) and ' C(y, pn), the peaks located at about 35

MeV for Be and about 45 MeV for ' C are obtained. In
addition to the main peak, the broad bumps are seen at
the higher separation energy. These are considered to
come from the pion production in the final state.

For the proton-proton coincidence data, the distribu-
tions of the separation energy E~„are shown in Fig. 18.
The peak structures are not as clear as the ones in the re-
action (y,pn).

The examples of the momentum distributions of
proton-neutron system in the nucleus are shown in Fig. 19
for H, Be, and C at the photon energy of 287+ 30
MeV. In this analysis the events in the proton and neu-
tron momentum regions corresponding to the quasifree re-
action (11) were selected using the restriction (12). For
the photodisintegration of the deuteron, the target deute-
rons are at rest, so that the momentum distribution has a
peak at the momentum close to 0 MeV/c. The width of
the distribution is due to the resolution of the present
detection system. The results for the reactions Be(y,pn)
and ' C(y, pn), whose peaks are located at 120—130
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FIG. 17. Examples of the separation energy distributions E~„ for H, Be, and ' C at the photon energy of 287 Me&.
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FIG. 18. Examples of the separation energy distributions Epsp for Be and ' C at the photon energy of 287 MeV.

MeV/c, have a much broader distribution.
The measured distributions of the separation energy

and the momentum were analyzed with a Monte Carlo
calculation' based on the independent particle model
with a harmonic oscillator potential for the nuclear wave
function.

Results of the calculation on the separation energies for
Be and ' C are shown in Fig. 20 by a histogram, together

with the experimental data at the photon energies of
247+60 MeV, where the parameter cr (harmonic oscillator
parameter) is taken to be 80 MeV/c. This parameter was
not sensitive to the results on the separation energy. The
calculated distribution reproduced the experimental data
reasonably well. However, the peak position is shifted to-
ward higher energy by 10 MeV for both Be and ' C.

A typical example of the momentum distribution for
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FIG. 19. Examples of the momentum distributions of pn systems in the H, Be, and ' C at the photon energy of 287 MeV.
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600— e

p-n events from Be and ' C at photon energies of 247+60
MeV is shown in Fig. 21. The momentum distribution is
also analyzed by a Monte Carlo calculation, ' where the
harmonic oscillator parameter o. is the only free parame-
ter. The results on the momentum distribution are well
reproduced by a calculation with cr=80 MeV/c in both
cases of Be and ' C, as shown in Fig. 21. With the same
calculation, angular correlations between the proton and
the neutron were obtained. Experimental results are
reproduced with cr =80 MeV/c for Be, as shown in Fig.
22. From these analyses, it can be concluded that each

nucleon participating in the photodisintegration reaction
has the momentum distribution with o.=80 MeV/c. It
should be noted that the result of the calculation is not af-
fected seriously by a choice of separation energies.

A similar Monte Carlo calculation was made to simu-
late the first peak. A result for Be is illustrated in Fig.
23, together with the experimental data. The proton in-
clusive momentum spectrum in the first peak region is
well reproduced by a calculation with o.=120 MeV/c.
This value is consistent with the result obtained from oth-
er experiments on the reactions (e,e'p) and (p,2p). ' There-
fore there is a distinct difference between the o. values ob-
tained from the quasifree reaction y+ "N"—+p+ m. and
the quasifree reaction y + "pN" —+p + N; namely,
cr = 120 MeV/c from the former reaction and o.=80
MeV/c from the latter reaction. This difference may in-
dicate the possibility that the "pN" system in the nucleus
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FIG. 20. The measured separation energy distribution at the

photon energy of 247 MeV for Be and ' C. The histograms
show the result of a Monte Carlo calculation based on the in-
dependent particle model with the harmonic oscillator parame-
ter o. of 80 MeV/c.
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FIG. 21. The measured momentum distribution of pn sys-
tems in Be and ' C nuclei at the photon energy of 247 MeV.
The solid curves show the results of a Monte Carlo calculation
based on the independent particle model with the harmonic os-
cillator parameter o. of 80 MeV/c.
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is not formed by a simple combination of two independent
nucleons.

C. Comparison of cross sections for the quasifree
reaction y + "pN" —+p + N with model analyses

Recently, model calculations of the cross section for the
quasifree reaction y + "pN"~p + N have been made by
various authors' in the A(1232) resonance region. In
these calculations, a diagram of the b(1232) formation

2500—

2000—

z 1500
LU)
LrJ 1000—

500—

NEUTRON LAB ANGLE (deg)

FIG. 22. The angular distribution of the neutrons in the reac-
tion Be(y,pn) at the photon energy of 247 MeV and at the pro-
ton angle of 30'+4'. The solid curve is the result of a Monte
Carlo calculation based on the independent particle model with
the harmonic oscillator parameter o of 80 MeV/c.

was taken into account, together with some other dia-
grams. The results of the calculation reproduced the
characteristic feature of the broad peak around the photon
energy of 280 MeV. In addition to this photon energy
dependence of cross sections, Wakamatsu and Matsumo-
to' and Homma and Tezuka' calculated cross sections
for reactions (10) and (11) separately. Their results ex-
plained well the cross section ratio of the above two reac-
tions.

Wakamatsu and Matsumoto' calculated cross sections
of both reactions (1) and (2) by use of the Fermi gas model
for a nucleon in the nucleus. They used U=40 MeV for a
depth of the one-body potential, and I'F ——195 MeV/c for
Fermi momenta on Be and Pz ——221 MeV/c for ' C.
Their calculation can explain the gross feature of the pho-
ton energy dependence of the cross section of reaction (2),
where the cross section was maximum due to the b, (1232)
resonance.

Homma and Tezuka' studied the effect of the nuclear
wave function in the cross section of reaction (2) by using
three different types of two-nucleon wave functions: (1)
the harmonic oscillator wave functions (the simple in-
dependent particle model) to form the two-nucleon sys-
tem, (2) the Hulthen-type wave functions for two-nucleon
systems, and (3) modified Hulthen-type wave functions.
A favorable wave function for reproducing the data for
Be was obtained by shrinking the free-deuteron wave

function to short distances. This may suggest the strong
correlation between two nucleons participating in reaction
(2).

Suzumura and Futami also calculated the cross sec-
tions of reaction (11) by use of the Hulthen-type wave
function for two-nucleon systems in the nucleus. In their
calculation, p-meson-exchange diagrams were added to
the diagrams used by Wakamatsu and Matsumoto. Vary-
ing the pNN coupling constant within a permitted range,
they can also explain the photon energy dependence of the
cross section, which has its maximum around Ez ——280
MeV.

In these microscopic analyses of the photodisintegration
reaction of the quasifree two-nucleon systems, cross sec-
tions for reactions (10) and (11) can be calculated
separately. Wakamatsu and Matsumoto calculated the
cross section ratio of reaction (10) to reaction (11) based
on the Fermi gas model and obtained the value of R =0.1.
On the other hand, Homma and Tezuka obtained R =0.15
for Be. The smallness of this ratio is due to the ratio of
the number of "pp" pairs to "pn" pairs in the nucleus
(around 0.5) and the isospin characteristics of these reac-
tions.
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FIG. 23. The fitting of the momentum spectrum of the pro-
tons from the reaction of y + Be~p + anything at the photon
energy of 407 MeV. The curves are the results of a Monte Carlo
calculation based on the independent particle model with the
harmonic oscillator parameters cr of 80 MeV/c (dashed-dotted
line) and 120 MeV/c (solid line).
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