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Momentum spectra of protons in the reactions of ¥ +Be—p +anything and
¥ +C—p +anything were measured in the photon energy range from 180 to 420 MeV for
beryllium and from 340 to 580 MeV for carbon by use of a tagged photon beam. The spec-
trum obtained shows two peaks which are interpreted to be due to the protons in the reac-
tions y+ “N”—p+m and y+ ‘“pn”—p+n, where “N” and ‘pn” are the quasifree nu-
cleons and proton-neutron systems in the target nuclei.

NUCLEAR REACTIONS °Be(y,p), *Cly,p), E =180—580 MeV;
measured o(E;E,).

I. INTRODUCTION

A high energy photon seems to be a good probe
for investigating the microscopic structure of the
nucleus. The reasons are that the nucleus can be
studied with a spatial resolution determined by the
wavelength of the photon, and since the photon in-
teracts through the electromagnetic interaction, seri-
ous distortions of the nucleus are not induced by the
probe.

At energies above 200 MeV, the wavelength of the
photon is less than the internucleon distance. This
means that in analyzing the results of the photopro-
duction data at such energies we could reasonably
assume that the photon interacts with one-nucleon
or two-nucleon systems, if they exist, rather than
with the entire nucleus as a whole.

Recently, a tagged photon in the energy region
above 200 MeV was developed at the Tokyo' and
Bonn? synchrotrons. The energy bin width of these
photon beams is of the order of 10 MeV, which al-
lows us to investigate nuclear structure with an ener-
gy resolution much smaller than the Fermi momen-
tum of the individual nucleons in the nucleus.

In this paper, we present experimental cross sec-
tions for inclusive photoemission of protons from
beryllium and carbon nuclei in the photon energy
range between 180 and 420 MeV for beryllium, and
between 340 and 580 MeV for carbon. Our main in-
terest in this photoemission of protons from the nu-
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cleus is whether a quasifree nucleon peak in the
momentum spectrum of protons exists or not, and
also whether a quasifree “two-nucleon-system” peak
in the momentum spectrum of protons exists or not.
The existence of the latter peak may suggest a
strong correlation between nucleons in the nucleus.

Up to now, data on the photoemission of protons
from various nuclei have been accumulated by vari-
ous authors, especially in the energy region below
meson threshold. Since in this energy region pho-
tons are considered to be absorbed by the nucleus
mainly through electric dipoles, the results of the
photoemission of protons were usually analyzed by
use of a phenomenological quasideuteron model
developed by Levinger® and extended by Gottfried.*
In its simplest form, this model describes a photonu-
clear reaction by the interaction between the incident
photon and a correlated proton-neutron pair
(quasideuteron) in the nucleus. In an extreme view
of such a mechanism of photon absorption, we
might imagine the fundamental absorbing system to
consist of a proton-neutron cluster close together
and unaffected by other nucleons in the nucleus.
Since such a situation might be realized in the ener-
gy region above 200 MeV, we could expect a peak in
the momentum spectrum of photoemitted protons
due to the photodisintegration of such p-n pairs in
the nucleus.

The experiment was performed using a photon
tagging system at the 1.3 GeV electron synchrotron
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at the Institute for Nuclear Study, University of
Tokyo. The preliminary results have been published
elsewhere.’

II. EXPERIMENT

The experiment to measure the momentum spec-
trum of protons in the reactions,

¥ +°Be—p + anything (1)
and
¥ +12C—p + anything (2)

was performed by the use of a tagged photon beam
with an energy range between 177 and 417 MeV for
the beryllium nucleus, and with an energy range be-
tween 337 and 577 MeV for the carbon nucleus. A
magnetic spectrometer located at a laboratory angle
of 25° was used to detect protons with momenta
greater than 300 MeV/c. A schematic view of the
experimental setup is shown in Fig. 1.

A. Photon beam and target

The incident photon beam was supplied from a
photon tagging system with an energy span of 240
MeV which was divided into 10 MeV bins by 24
tagging counters

[(TAG);, i=1,2,...,24] .

Details of the system have already been published
elsewhere.! For the present experiment, four energy
bins of the tagging counter were grouped together in
each experiment to get the resultant 40 MeV energy
bin width. The energy of the tagged photon was
calibrated by use of a pair spectrometer with an er-
ror less than 5 MeV. The beam size of the tagged
photon was about 10 mm in diameter at the target,
located at about 3.5 m downstream from the radia-
tor of the photon tagging system. The intensity of
the beam during the run was typically 10° photons
per second. Two subsidiary monitors were used in
the photon beam line in order to ascertain the num-
ber of photons. These were the counter telescope lo-
cated behind the target to measure the total yield of
electron-positron pairs from the target, and the
thick-walled ionization chamber at the end of the
photon beam line to measure the total energy of the
bremsstrahlung photons.

The beryllium target was a natural beryllium met-
al with a density of 1.83 g/cm®. The size of the Be
target was 50X 50X 5 mm?®, which was large enough
to cover the size of tagged photons. The carbon tar-
get was natural solid carbon with a density of 1.68
g/cm®. The size of the C target was 50X 50X 10
mm?. Both targets were placed at an angle of 45° to
the beam line.
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FIG. 1. Experimental apparatus.
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B. Spectrometer

The magnetic spectrometer consisted of a bending
magnet, three triggering scintillation counters (TF,
TM, and TB), five planes of multiwire proportional
chambers (MWPC’s) (three for horizontal coordi-
nates and two for vertical ones) upstream from the
magnet, and five planes of wire spark chambers
(WSC’s) downstream from the magnet. Each plane
of the chamber has an X-Y readout system. The
momentum calibration of the spectrometer was
made within an error of less than 1% by use of an
extracted electron beam with a momentum of 700
MeV/c, and by use of protons and positive pions
from single pion photoproduction from hydrogen in
the momentum range between 250 and 1100 MeV/c.
The angular acceptance of the spectrometer was
about +5° horizontally and +5° vertically. The
momentum resolution, which was a monotonous de-
creasing function of momentum, was +2.5% at 500
MeV/c, and +2.0% at 700 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. Figure 2
shows a typical example of a mass spectrum which
was calculated from TOF and momentum measure-
ments, where we see a good separation of protons
from other particles.

Mass Spectra

da

events P
l l P=200~300 MeV/c

300 [ ...

eun
;,I.-HL
200 - P=800~ MeV/c
1
00

1400
1200 F P=400~500 MeV/c
1000
800 |
600
400 |

200
A p— | 1

700
P=600~ 700 MeV/c
500 |-

100 L ), Il

200
100 r{
"
100 F Aﬂ\

0 5 1000 1500 2000 2500 Mass(MeV)

FIG. 2. Mass spectrum of the particles through the

spectrometer.

C. Counter telescopes

The target was surrounded by three sets of scintil-
lation counter hodoscopes located 10 cm from the
beam line in order to detect charged particles in
coincidence with the protons in the spectrometer.
The side hodoscope (120X 700 mm?) consisted of
ten scintillation counters, and each of the up and
down hodoscopes (120X 700 mm?) consisted of five
scintillation counters. The back counter which con-
sisted of two scintillation counters was used in coin-
cidence with each hodoscope to reduce background.
The hodoscope covered the angular range from 19°
to 161° in the production plane and +80° in the vert-
ical plane. The geometry of the setting of these
hodoscopes is seen in Fig. 1.

D. Electronics

A T*TAG, a
T(TF*TM*TB) and

TAG= 3 (TAG); ,

coincidence between

was used as a master triggering signal for the whole
electronics system. The triggering signals were fed
to CAMAC modules (1) to digitize the positions of
the particle hit wires of the MWPC’s and WSC’s, (2)
to start the time to digital converters (TDC’s) for
the TOF measurements between TF and TB, and be-
tween TAG and TF, (3) to open the gate of the ana-
log to digital converter (ADC) for the pulse height
measurement of TF, and (4) to strobe the input reg-
isters for bit information of the scintillation
counters.

Data from the CAMAC modules were read into
an on-line terminal computer, PANA-FACOM U-400,
event by event. This computer stored the raw data
on disks and transferred them into a central com-
puter, FACOM M-180II AD, for on-line analyses of the
data. Analyzed results were returned to the terminal
computer for printing out after the end of each run.
Both the raw and analyzed data were stored in mag-
netic tapes at the central computer for later analy-
ses.

III. DATA REDUCTION

In each of the accumulated events, the particle
trajectory was reconstructed using the coordinates
measured by the chambers located upstream and
downstream from the magnet in order to determine
the emission angle and the momentum of the pro-
tons. 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 momen-
tum resolution of the spectrometer. The accepted
events were also grouped into an incident energy bin
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of 40 MeV.

Various corrections were made on the raw data in
the process of calculating the differential cross sec-
tions. The efficiency of the trajectory reconstruction
was about 93% at 500 MeV/c and about 90% at
800 MeV/c. Most of the rejected events came from
multiple firings and/or no firings in proportional or
spark chambers. Accidental coincidence was 15%
for T*"TAG. The accidental countings were correct-
ed using the TOF spectrum between T and TAG.
The pion and deuteron contamination in the proton
events were estimated at less than 1%. The count-
ing 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 nuclear absorption corrections
at the target and spectrometer were about 4% at 400
MeV/c and about 2% at momentum greater than
600 MeV/c.

After the above corrections were made on the raw
data, the differential cross sections of reactions (1)
and (2) were calculated from the proton yield ¥, by
the following equation:

d%o _ Y,
dp,dQ, N,NpApAQ ’

where N, was the number of incident photons, Ny
was the number of target nuclei per cm?, Ap was the
momentum bin width, and AQ was the solid angle
of the spectrometer. The solid angle of the spec-
trometer was calculated 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.

IV. RESULTS AND DISCUSSION

The momentum spectra of protons from reactions
(1) and (2) are shown in Figs. 3 and 4 for various en-
ergies of incident photons. The numerical values of
the cross sections are listed in Table I. The errors
attached to the values of the cross sections are only
statistical ones. The systematic errors are listed in
Table II.

At energies greater than 300 MeV, the momentum
spectra have apparently two broad peaks for reac-
tion (1). Below 300 MeV, one of the peaks extends
below the minimum momentum acceptance of the
spectrometer. For reaction (2) the structure with
these two peaks is not as distinct as the case for re-
action (1).. Especially above 460 MeV, the lower
momentum part of the spectrum rises to smear the
low momentum peak and the height of the high
momentum peak decreases as the photon energy in-
creases, so that the whole spectrum becomes struc-
tureless.
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FIG. 3. Momentum spectra of the protons at the labo-
ratory angle 25°+5° in the reaction y +Be—p + anything.
The broken curves are fits of the spectrum, assuming two
Gaussian distributions.

The variation of the peak at lower momentum
(first peak) as a function of photon energy suggests,
as seen in Fig. 5, that the protons in this peak come
mainly from the recoil protons in the reactions,

7’+“p”—>p+7r° (3)
and
,y+un”_>p+7_r— , (4)

where “p” and “n” denote the quasifree protons and
neutrons in the nucleus. For the other peak at
higher momentum (second peak), its variation as a
function of photon energy suggests, as seen in Fig. 5,
that the protons in this peak come mainly from the
reaction,

'}/+‘:D ”—’p'*'N , (5)

where N denotes the nucleons, and “pN”’ denotes the
quasifree proton-proton or proton-neutron systems
in the nucleus. The differences in the observed loca-
tion of the first and second peaks from the one of
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FIG. 4. Momentum spectra of the protons at the laboratory angle 25°+5° in the reaction ¥ +C—p + anything. The
broken curves are fits of the spectrum, assuming two Gaussian distributions and one three-body phase space.

the corresponding free target kinematics (solid and
broken lines in Fig. 5) are qualitatively understood
to be due to the binding effects of the quasifree tar-
gets, nucleons and p-N systems.

The rise in the low momentum part of the spec-
trum at higher incident energies for carbon suggests
that there might be some contribution from the dou-
ble pion production from the quasifree nucleons in
the nucleus,

Y+ “N’>p+m+m . (6)
The analysis of the spectrum was, therefore, per-

formed by use of two Gaussian-type distributions
corresponding to the quasifree two-body reactions

(3) plus (4) and (5), and of a three body phase space
corresponding to reaction (6). The results of this
analysis are shown in Figs. 3 and 4 by broken curves
and listed in Table III for beryllium and carbon.

In order to investigate the pN systems in reaction
(5), the hodoscope information was used. As shown
in Fig. 6, the second peak almost disappears when
coincidence between the spectrometer and any one
of the hodoscopes is required. The ratio of the
hodoscope-fired events to the total was about
3—8%. This is in good agreement with the carbon
data by Arends et al.® and is consistent with the pre-
diction by Wakamatsu and Matsumoto.!* There-
fore, the second peak is mainly due to the photo-
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TABLE 1. The cross sections.
¥ +°Be—p + anything
Photon Proton Photon Proton
energy momentum Cross section d’c/dQdp energy momentum Cross section d%o/dQdp
(MeV) (MeV/c) (ub/srMeV /c) (MeV) (MeV/c) (ub/sr MeV/c)
197 350 0.414+0.063 650 0.342+0.049
370 0.459+0.062 670 0.224+0.040
390 0.492+0.061 690 0.110+0.031
410 0.517+0.060 710 0.105+0.029
430 0.563+0.060 730 0.056+0.023
450 0.602+0.059 750’ 0.045+0.020
470 0.643+0.058 770 0.017+0.017
490 0.632+0.056 790 0.028+0.015
510 0.395+0.046 810 0.006+0.010
530 0.349+0.044 830 0.000+0.011
550 0.254+0.040
570 0.0734+0.027 317 350 3.346+0.175
590 0.022+0.023 370 3.730+0.175
610 0.013+£0.019 390 3.393+0.161
630 0.009+0.016 410 3.135+0.151
650 0.009+0.018 430 2.862+0.141
450 2.250+0.122
237 350 1.171+£0.104 470 1.658+0.102
370 0.937+0.090 490 1.168+0.085
390 0.818+0.082 510 0.928+0.077
410 0.761+0.078 530 0.666+0.067
430 0.608+0.069 550 0.520+0.062
450 0.533+0.063 570 0.712+0.069
470 0.54010.060 590 0.64740.066
490 0.566+0.059 610 0.608+0.065
510 0.700+0.065 630 0.668+0.067
530 0.715+0.064 650 0.612+0.064
550 0.616+0.062 670 0.527+0.059
570 0.539+0.058 690 0.403+0.052
590 0.469+0.055 710 0.333+0.047
610 0.279+0.045 730 0.274+0.043
630 0.149+0.035 750 0.110+0.027
650 0.059+0.027 770 0.061+0.023
670 0.027+0.021 790 0.012+0.012
690 0.000+0.015 810 0.025+0.015
710 0.005+0.014 830 0.000+0.009
850 0.025+0.012
277 350 2.617+0.151 870 0.006+0.006
370 2.482+0.140
390 2.075+0.125 357 350 2.261+0.151
410 1.612+0.109 370 2.743+0.157
430 1.564+0.104 390 2.745+0.150
450 1.009+0.083 410 2.880+0.149
470 0.790+0.073 430 3.240+0.153
490 0.675+0.066 450 3.276+0.149
510 0.705+0.068 470 2.267+0.122
530 0.781+0.070 490 2.046+0.113
550 0.656+0.066 510 1.429+0.095
570 0.791+0.070 530 1.314+0.092
590 0.650+0.064 550 0.958+0.081
610 0.577+0.063 570 0.695+0.070
630 0.449+0.054 590 0.481+0.060




27 PHOTOEMISSION OF PROTONS FROM BERYLLIUM AND. .. 37
TABLE 1. (Continued.)
v +°Be—p + anything
Photon Proton Photon Proton
energy momentum Cross section d?o/dQdp energy momentum Cross section d’o/dQdp
(MeV) (MeV/c) (ub/srMeV /c) (MeV) (MeV/c) (ub/srMeV/c)
610 0.462+0.060 470 2.343+0.132
630 0.392+0.055 490 2.148+0.124
650 0.419+0.056 510 2.118+0.123
670 0.422+0.055 530 1.663+0.110
690 0.481+0.058 550 1.401+0.103
710 0.446+0.055 570 1.398+0.103
730 0.365+0.051 590 0.814+0.079
750 0.244+0.040 610 0.563+0.070
770 0.168+0.035 630 0.434+0.062
790 0.149+0.032 650 0.322+0.054
810 0.052+0.021 670 0.367+0.056
830 0.026+0.016 690 0.347+0.054
850 0.007+0.011 710 0.262+0.047
870 0.013+0.009 730 0.337+0.053
890 0.007+0.007 750 0.331+0.051
770 0.347+0.051
397 350 1.390+0.132 790 0.222+0.042
370 1.671+0.135 810 0.244+0.044
390 2.11610.144 830 0.134+0.033
410 2.464+0.150 850 0.082+0.027
430 2.420+0.143 870 0.015+0.010
450 2.418+0.139 890 0.015+0.010
y+"C—p+ anything
Photon Proton Photon Proton
energy momentum Cross section d%c/dQdp energy momentum Cross section d’o/dQdp
(MeV) (MeV/c) (ub/srMeV /c) (MeV) (MeV/c) (ub/srMeV /c)
357 350 2.722+0.361 790 0.229+0.052
370 2.338+0.333 810 0.144+0.049
390 3.162+0.397 830 0.106+0.034
410 2.860+0.357 850 0.058+0.024
430 2.913+0.360 870 0.049+0.022
450 2.974+0.365 890 0.010+£0.010
470 2.775+0.331 910 0.019+0.014
490 2.132+0.279 930 0.010+0.010
510 1.593+0.213
530 1.351+0.182 397 350 1.517+0.240
550 0.963+0.150 370 1.840+0.268
570 1.025+0.144 390 2.114+0.290
590 0.533+0.098 410 2.123+0.282
610 0.564+0.104 430 2.416+0.306
630 0.408+0.080 450 2.543+0.319
650 0.472+0.098 470 2.570+0.320
670 0.368+0.077 490 2.417+0.297
690 0.408+0.077 510 2.016+0.254
710 0.477+0.085 530 1.806+0.231
730 0.498+0.088 550 1.587+0.206
750 0.275+0.063 570 1.381+0.185
770 0.294+0.060 590 1.089+0.152
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TABLE 1. (Continued.)
7+ 12C—p + anything
Photon Proton Photon Proton
energy momentum Cross section d2o/dQdp energy momentum Cross section d’0/dQdp
(MeV) (MeV/c) (ub/srMeV /c) (MeV) (MeV/c) (ub/srMeV /c)
610 0.904+0.132 477 350 0.779+0.174
630 0.609+0.099 370 1.505+0.238
650 0.438+0.085 390 1.404+0.214
670 0.380+0.075 410 1.556+0.224
690 0.308+0.069 430 1.191+0.185
710 0.263+0.061 450 1.644+0.229
730 0.265+0.063 470 1.672+0.227
750 0.308+0.068 490 1.421£0.201
770 0.379+0.075 510 1.537+0.210
790 0.289+0.064 530 1.735+£0.223
810 0.156+0.046 550 1.452+0.196
830 0.125+0.044 570 1.521+0.199
850 0.094+0.036 590 1.366+0.183
870 0.126+0.039 610 1.316+0.176
890 0.084+0.031 630 1.203+0.163
910 0.032+0.019 650 1.081+0.151
930 0.042+0.022 670 0.772+0.119
950 0.000+0.016 690 0.849+0.126
710 0.561+0.095
437 350 1.611+0.246 730 0.495+0.089
370 1.424+0.250 750 0.378+0.074
390 1.728+0.263 770 0.236+0.057
410 1.911+0.273 790 0.276+0.063
430 2.130+0.280 810 0.289+0.065
450 1.938+0.271 830 0.235+0.055
470 2.001+0.268 850 0.257+0.060
490 2.352+0.298 870 0.151+0.043
510 2.400+0.297 890 0.151+0.043
530 2.170+0.272 910 0.162+0.045
550 2.010+0.251 930 0.108+0.036
570 1.807+0.232 950 0.054+0.025
590 1.536+0.202 970 0.065+0.032
610 1.116+0.163 990 0.022+0.016
630 0.942+0.138 1010 0.054+0.025
650 0.732+0.117 1030 0.043+0.022
670 0.729+0.113 1050 0.000+0.010
690 0.530+0.103 1070 0.011+0.011
710 0.299+0.077
730 0.412+0.079 517 350 0.889+0.185
750 0.254+0.065 370 1.417+0.229
710 0.316+0.069 390 1.273+0.208
790 0.253+0.071 410 1.113£0.191
810 0.192+0.065 430 1.125+0.181
830 0.266+0.060 450 1.346+0.199
850 0.213+0.057 470 1.397+0.203
870 0.269+0.060 490 1.516+0.209
890 0.108+0.042 510 1.168+0.168
910 0.097+0.034 530 1.408+0.195
930 0.065+0.027 550 1.091+0.159
950 0.000+0.023 570 1.598+0.209
970 0.011+0.025 590 1.518+0.198
990 0.011+£0.011 610 1.310+0.179
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TABLE 1. (Continued.)
¥+ '2C—p + anything
Photon Proton Photon Proton
energy momentum Cross section d2c/dQ dp energy momentum Cross section d’g/dQ dp
(MeV) (MeV/c) (ub/srMeV /c) (MeV) (MeV/c) (ub/srMeV /c)
630 1.293+0.174 510 0.958+0.150
650 1.092+0.152 530 0.895+0.142
670 0.837+0.129 550 1.107+0.162
690 1.003+0.144 570 0.977+0.144
710 0.763+0.120 590 0.999+0.145
730 0.566+0.098 610 0.957+0.140
750 0.519+0.092 630 0.956+0.143
770 0.423+0.083 650 1.006+0.143
790 0.460+0.085 670 0.832+0.125
810 0.226+0.058 690 0.727+0.117
830 0.249+0.059 710 0.590+0.101
850 0.238+0.057 730 0.818+0.126
870 0.114+0.042 750 0.569+0.098
890 0.172+0.050 770 0.410+0.083
910 0.195+0.054 790 0.368+0.079
930 0.172+0.048 810 0.360+0.077
950 0.069+0.037 830 0.360+0.075
970 0.137+0.042 850 0.383+0.076
990 0.069+0.029 870 0.216+0.057
1010 0.023+0.016 890 0.148+0.047
1030 0.092+0.034 910 0.102+0.039
1050 0.034+0.020 930 0.091+0.037
1070 0.011+0.012 950 0.125+0.040
1090 0.011+0.012 970 0.125+0.040
990 0.080+0.031
557 350 0.712+0.166 1010 0.102+0.036
370 1.158+0.209 1030 0.080+0.031
390 1.160+0.193 1050 0.034+0.020
410 1.235+0.192 1070 0.046+0.023
430 0.776+0.153 1090 0.023+0.016
450 1.032+0.170 1110 0.011+0.011
470 1.177+0.181 1130 0.000+0.010
490 1.105+0.167 1150 0.011+0.011
TABLE II. Systematic errors.
Number of tagged photons +4.6%
Number of target nuclei +2.0%
Acceptance of spectrometer +4.3%
Momentum calibration +0.8%
Empty target subtraction +1.0%
Accidental coincidence < +0.8%
Nuclear absorption < +5.0%
Storage efficiency +0.8%
Trajectory reconstruction efficiency +3.5%
Proton identification t;g:;z
+9.2%

Quadratic sum

—9.8%
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FIG. 5. Photon energy dependence of the location of
two peaks in the momentum spectrum. The solid line in-
dicates kinematics of the pion photoproduction from a

free nucleon, and the broken line, the photodisintegration
of free deuterons.
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FIG. 6. Momentum spectrum of the protons at
E,=357+20 MeV. The solid circles represent the reac-
tion y +Be—>p + anything, and open circles, the reaction
v +Be—p +( charged particle)+ anything.
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FIG. 7. The width of the first peak in the momentum
spectrum of protons from °Be and '*C, closed circles for
°Be and open circles for 12C.

disintegration of the proton-neutron systems in the
nucleus,

Y+ ‘pn”—p+n . (5a)

The first peak in the low momentum part of the
spectrum was decreased in height, but still existed
when the above coincidence was required. This is
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FIG. 8. The width of the second peak in the momen-
tum spectrum of protons from °Be and !2C, closed circles
for °Be and open circles for '*C.
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TABLE III. Values obtained by two Gaussian fitting of momentum spectrum. Upper half: two Gaussian fittings:
d*/dQdp=3,_a;exp{ —(p —p()*/20;%}. Lower half: two Gaussian plus three body phase space:
d’0/dQdp=T,_2a;exp{ —(p —p)*/20,*} +a; X three-body phase space, where f Op (three-body phase space)
dp=1.

y +°Be—p + anything
E, a po' oy az po’ o,
(MeV) xX%/d.f. (ub/srMeV /c) (MeV/c) (MeV/c) (ub/srMeV /c) (MeV/c) (MeV/c)
197+20 1.11 1.23+0.40 213+ 17 92+ 11 0.621+0.079 465+ 8 55+ 6
237+20 0.35 1.26+0.19 305+ 13 95+ 10 0.637+0.098 540+ 10 52+ 7
277+20 0.93 2.94+0.31 320+ 9 83+ 6 0.681+0.104 568+ 12 71+ 9
317+£20 0.98 3.57+0.30 375+ 7 77+ 5 0.660+0.115 628+ 12 66+ 8
357+20 1.37 3.05+0.24 415+ 8 85+ 6 0.444+0.100 687+ 15 62+ 10
397+20 1.07 2.461+0.20 449+ 10 97+ 7 0.330£0.100 751+ 16 54+ 10
¥+ 2C—p + anything
E, a po' o a po’ o) as
(MeV) X*/d.f. (ub/stMeV/c) (MeV/c) (MeV/c) (ub/stMeV/c) (MeV/e) (MeV/e) (ub/srMeV/c)
357+20 0.60 3.0240.53 412+16 94+11 0.410£0.131 708+23 73+14
397+20 0.48 2.50+0.40 454+16 103+11 0.237+0.102 764+34 76126
437+20 0.59 2.26+0.40 487+20 112+14 0.235%+0.116 820+30 66123 2.68+6.81
477+20 0.76 1.63+0.32 529+24 118%+17 0.170+0.097 839+37 83+37 3.03+3.43
517420 0.97 1.35+0.28 586+25 112+17 0.133+0.086 885+54 87146 5.72+2.89
557+20 1.09 0.92+0.22 621+35 125+24 0.093+0.072 933166 92+57 5.16+2.54
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FIG. 9. The integrated cross sections PHOTON ENERGY (MeV)
do(y+“N”—p+m)/dQ | g FIG. 10. The integrated cross sections
as a function of photon energy. The solid line is a sum doly +“pn”—p+n)/dQ | s

of the cross sections of the photoproduction of pions

as a function of photon energy. The solid curve is
from a free nucleon target,

11Xdo(y+d—p+n)/dQ | fee
Z-do(y+p—p+7°)/dQ+Ndoly+n—p+m~)/dQ . for similar kinematical conditions.
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qualitatively explained by the idea that reaction (4)
is separated from reaction (3) by requiring the emis-
sion of the charged particles at the opposite side of
the protons.

The widths of the first and second peaks are
shown in Figs. 7 and 8 as a function of photon ener-
gy. The width of the second peak is narrower than
the first. The width of the carbon target is nearly
equal to the width of the beryllium target both for
the first and second peaks. These widths reflect the
internal motion of the quasifree particles in the nu-
cleus. Homma and Tezuka'® analyzed the second
peak of reaction (5a) and obtained a good fit to the
observed width when they assumed 200 MeV/c as a
width of the Gaussian-type momentum distribution
of the p-n systems inside the nucleus. Their value is
very close to phenomenological estimates.!”

The cross sections do/dQ for the reactions (3)
plus (4) and (5a) are obtained by integrating the cor-
responding Gaussian distribution over the proton
momentum. The results are shown in Figs. 9 and 10
for beryllium and Figs. 11 and 12 for carbon as a
function of incident photon energy. The integrated

1.0

I

1
500 600

da(yN'=pm)/dQ|c (mb/sr)

0 |
300 400

PHOTON ENERGY (MeV)

FIG. 11. The integrated cross sections
do(y+“N”—p+m)/dQ | ¢

as a function of photon energy. The solid line is a sum
of the cross sections of the photoproduction of pions
from a free nucleon target,

Z-do(y+p—p+7°/dQ+Ndoly+n—p+7~)/dQ .
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TABLE IV. Integrated cross sections.

y +°Be—p + anything
Photon energy Cross section (first peak)do/dQ Cross section (second peak)do/dQ)

(MeV) (ub/sr) (ub/sr)

197420 283.9+98.4 85.7+14.1
237+20 299.5+55.7 83.6+16.6
277420 613.0+80.2 120.4+24.4
317420 686.5+73.8 108.4+23.2
357420 647.4168.9 69.0+19.4
397120 596.41+66.8 44.9+16.0

¥+ '2C—p + anything

Cross section (first peak)

Cross section (second peak)

Cross section (three-body space)

Photon energy do/dQ do/dS) do/dQ)

(MeV) (ub/sr) (ub/sr) (ub/sr)

357120 711.6+150.5 75.0+28.1

397420 645.5+122.6 45.1+24.9

437420 634.5+136.0 38.91+23.5 53.6+136.1

477120 482.1+118.1 35.4+25.8 60.6+68.5

517+£20 379.0£99.0 29.0+24.2 114.4+57.9

557420 288.3188.4 21.4+21.2 103.2+50.7
cross sections for the three-body reaction (6) is also Y+n—p+m~ (8)
plotted in Fig. 13 as a function of incident energy. . .
The numerical values of the integrated cross sections in the following way:
are listed in Table IV. do do

In the quasifree two body reactions (3) plus (4), v4 T +N "l ©)

and (5a), the cross sections show the broad peak ™ (8)

structure around 300 MeV, which is due to the A ex-
citation in both of the reactions for the beryllium
target. The energy region for carbon in the present
experiment is beyond the A region, so that a mono-
tonously decreasing tendency with increasing energy
is observed for both reactions (3) plus (4) and (5a).
The integrated cross sections for reaction (6) rise
from around 400 MeV, which corresponds to the
threshold of the double pion production. The dou-
ble pion production is almost the main contributor
at the low energy part of the spectrum above 400
MeV for the carbon target.

The photon energy dependence of the cross sec-
tion for reactions (3) plus (4) shows a broad peak at
about 300 MeV for the beryllium target, and a
monotonous decreasing tendency as the energy in-
creases for the carbon target, as seen in Figs. 9 and
11. The solid curves in the figures are the sum of
the cross sections for the elementary processes,

vY+p—p+7° @)

and

Since the mass of the nucleons in the nucleus is
lighter than the mass of the free nucleons, the center
of mass energy for the nucleon target in the nucleus
is lower than that of the free nucleons even when the
incident photon energy is the same. Therefore, we
have to correct for this effect when we compare the
present experimental cross sections with the ones of
the free nucleon target. This is simply done by
shifting the curves by about 30 MeV to the higher
energy side. If we do this, the experimental cross
sections are qualitatively reproduced by these curves
for both the beryllium and the carbon targets, al-
though the cross sections are slightly lower than the
curve at the A region for the beryllium target.

As shown in Figs. 3 and 4, the existence of the
second peak in the high momentum part of the spec-
trum is as clear as the first peak. Therefore, if we
can say that there exist almost-independent nucleons
(quasifree nucleons) in the nucleus from the ex-
istence of the first peak in the momentum spectrum,
for the same reason we can say there exist almost-
independent p-n pairs (quasifree p-n pairs) in the nu-
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cleus from the existence of the second peak in the
spectrum, or at least we can say that there is a
strong p-n correlation in the nucleus. Although
Mecking® and Arends et al.” observed clear evidence
of the existence of p-n correlation by measuring the
relative emission angle between protons and neu-
trons from carbon, and observed an enhancement of
the event at the region of our second peak in the
momentum spectrum of protons, they could not ob-
tain a clear peak such as ours, indicating the ap-
parent existence of the quasifree p-n pairs. This
may be because they measured the proton spectrum
at larger angles where one might expect more smear-
ing due to final state interactions.

In the analysis of the present cross sections for re-
action (5a), the simplest way is to compare them
with the cross sections of free deuterons. The cross
sections for free deuterons in a similar kinematical
condition to ours (0;‘ =31°-35°) were measured by
Dougan et al.® (0; =37°). The solid lines in Figs. 10
and 12 represent the measured free deuteron dif-
ferential cross sections multiplied by a factor of 11
for beryllium and 14 for carbon. These factors were
determined to obtain a good eye fit to our cross sec-
tions. The photon energy dependence of the cross
sections for reaction (5a) in both targets is very close
to the one for free deuterons when the energy scale
is shifted by an amount of about 30 MeV to higher
values. This energy shift is understood in the differ-
ence of the center of mass energy due to the binding
of the quasifree p-n system to the nucleus, even
when the photon energy is the same. The similarity
of the photon energy dependence in the cross section
of the photodisintegration of quasifree p-n pairs
with the dependence of free deuterons suggests that
the wave function describing the quasifree p-n pairs
may be very close to the wave function of deuterons
in the short distances, which contributes to the cross
section in our energy region.

According to Levinger’s quasideuteron model,’
the total absorption cross section o1 of photons in
the nucleus is related to the total cross section o2 of
photodisintegration of deuterons in the following:

or=LZN 52, (10)

A

where ZN is the possible number of p-n combina-
tions in a nucleus of mass number 4, and L is the
Levinger’s constant. The ratio LZN/A can be
thought of as the effective number of deuteronlike
structures which take place in photodisintegration.
In the present analysis, we simply parametrize this
relation in the following way:

do | _;ZN do
a |, A4 dQ |,

Using this equation, we obtain L =5 for beryllium
and for carbon from the present experiment. Al-
though the L value in Eq. (11) has no reason to be
equal to the L value of Eq. (10), we can compare the
values determined by use of Eq. (11) with the predic-
tions by the quasideuteron model. In the original
version of Levinger’s model, he deduced L =6.4 by
using a nuclear radius of 1.44 2% 10~13 cm. Later,
he found’ L =8 for a nucleus of radius parameters
ro=1.2X10"1 cm. Recently, Tavares et al!®
analyzed (y,n) and (y,p) reactions at intermediate
energies and found an empirical formula

L=2.1In(1.34), (12)

(11)

where 4 is a mass number. The L value determined
by this formula is consistent with the results of the
Mainz'! and Saclay'? experiments on total photoab-
sorption cross sections of various nuclei in the ener-
gy range from 40 to 150 MeV. This formula leads
to L =5.2 for beryllium and 5.8 for carbon, which
are very close to our result.

Laget'® analyzed the present data by the pion’s
production and reabsorption mechanism in the
framework of a modified quasideuteron model and
reproduced qualitatively two peaks in the momen-
tum spectrum of the beryllium target at one photon
energy. Similar analyses were also performed by
Wakamatsu and Matsumoto,'* and Suzumura and
Futami.” Contrary to these analyses, Homma and
Tezuka'® analyzed the second peak in the momen-
tum spectrum of the present experiment by the pho-
todisintegration of the quasifree hard p-n pairs in
the nucleus.

Measurements on the angular distribution,
proton-neutron or proton-proton correlations, and A4
dependence would yield further information on the
general feature of the mechanism of the photoemis-
sion of protons from the nucleus in the energy re-
gion above meson threshold.
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