
VOLUME 53, NUMBER 27 PHYSICAL REVIEW LETTERS 31 DECEMBER 1984

(y,p) Reaction on Light Nuclei in the b, (1232) Resonance Region
S. Homma, M. Kanazawa, M. Koike, Y. Murata, H. Okuno, F. Soga, '

M. Sudo, M. Torikoshi, and N. Yoshikawa
Institute for Nuclear Study, University of Tokyo, Tanashi, Tokyo 188, Japan

and

A. Sasaki
Department ofPhysics, Akita University, Akita 0/0, Japan

and

Y. Fujii
Laboratory ofNuclear Science, Tohoku University, Sendai 982, Japan

(Received 28 August 1984)

Momentum spectra of protons from the (y,p) reaction have been measured at Hv = 30' for
'H, H, He, Be, ' C, and ' 0 with a tagged photon beam with energies from 187 to 427
MeV. By analysis of these inclusive proton spectra, cross sections for the pion photoproduc-
tion from the quasifree nucleon in the target nucleus and those for the photodisintegration of
the quasifree two-nucleon system have been obtained as a function of the photon energy and
of the target mass number.

PACS numbers: 25.20.Lj, 24.30.He

(3)
and

y+d p+ n, (4)
are also measured with a hydrogen target in water
and with a liquid-deuterium target, respectively.
Direct comparison between elementary reactions
and quasifree reactions can provide important infor-
mation on the mechanism of the photon-nucleon

Momentum spectra of protons from the (y,p)
reaction have long been studied to get information
on the nuclear structure and on the photonuclear
reaction mechanism. ' In the b, (1232) resonance
region, however, precise spectra with fine energy
resolution were measured only recently by use of a
tagged photon beam. 2 5 From these studies, two
main mechanisms of the (y,p) reaction for light
nuclei have been established: pion photoproduction
from the quasifree nucleon "N,"

~+ "N" p+~, (1)
and photodisintegration of the quasifree two-
nucleon system "pN, "

y+ "pN" p+ N, (2)
in the nucleus. At the proton forward angles, two
peaks corresponding to the above two quasifree
reactions are clearly observed in the proton
momentum spectrum.

The purpose of the present experiment is to ob-
tain the photon energy and mass-number depen-
dences of cross sections for the above quasifree
reactions on light nuclei in the 6(1232) resonance
region. Elementary reactions,

p+p- p+m'

interaction in the nucleus.
The experiment was done with the 1.3-GeV elec-

tron synchrotron at the Institute for Nuclear Study
(INS), University of Tokyo. A tagged photon beam
with an energy bin of 10 MeV was used at the in-
tensity of typically 2X 10s photons/s over the pho-
ton energy range from 187 to 427 MeV. Momenta
of protons emitted at 0~ = 30' +4' were analyzed
with a magnetic spectrometer having a solid angle
of 34 msr. The spectrometer detected protons with
momenta greater than 300 MeV/c with the momen-
tum resolution of 4.5% at 600 MeV/c. Proton iden-
tification in the spectrometer was made by the
time-of-flight measurement. Since reactions (1)
and (2) were clearly separated kinematically by the
position of the peak in the proton momentum spec-
trum, pions and neutrons in the final state were not
detected in the present experiment.

Targets used in the present experiment were
liquid deuterium (2H, 2.18 g/cm2), liquid helium
(4He, 1.38 g/cm2), beryllium (9Be, 2. 12 g/cm2),
carbon ('2C, 2.10 g/cm2), and water ('H and '60,
2.42 g/cm2).

Momentum spectra of protons were analyzed in
the photon energy bin of 20 MeV. Typical exam-
ples at the photon energy of 357+10 MeV are
shown in Fig. l. In the deuterium target data, two
separate peaks are observed at the position corre-
sponding to the kinematics for the elementary reac-
tions (3) and (4). Hereafter, the lower momentum
peak is called the first peak and the higher momen-
tum peak is called the second peak. Similar peaks

2536 1984 The American Physical Society



VOLUME 53, NUMBER 27 PHYSICAL REVIEW LETTERS 31 DECEMBER 1984

C3

O

L

2.0

&.5 — gN = xp

1.0

2.0

1.5
'He

0.5 yd =Pp 0.5

O
I—

UJ
V) 2.0

0.0
300 400 500 600 7QQ 800 900 300

2.0

M ~z444

400 500 600 700 800 900

1.5 1.5

1.Q 1.0
t—

uJ

LU
LL
LL
C3

0.5 0.5

0.0 0.0 0
300 400 500 600 700 800 900 300 400 500 6QQ 700 800 900 300 400 500 600 700 800 900

MOMENTUM (MeV/c)

FIG. 1. Momentum spectra of protons from the (y,p) reaction at E~ = 357 + 10 MeV and at 0~ = 30' +4' for 2H, 4He,
9Be, '2C, and H20. Curves are the best fits with two (for 2H, 4He, 9Be, and '2C) and three (for H20) Gaussian functions.
Arrows indicate proton momenta corresponding to the elementary reactions y + N p + m and y + d p + n.

are also observed for 4He, 9Be, and '2C targets,
which indicates that the main mechanisms of the
(y,p) reaction on light nuclei are the same as those
on the deuteron. In the case of the water target, a
narrow peak corresponding to reaction (3) is super-
posed on the broad peak due to reaction (1) on '60.

To extract the quantitative information on these
peaks, proton spectra were fitted with two Gaussian
functions for each target except for the water target,
for which three Gaussian functions were used.
Results of the fitting are shown in Fig. 1 by solid
curves. The overall features of the spectra are well
reproduced. Locations of peaks for nucleus targets
shift to the lower momentum side from those ex-
pected for the elementary reactions. The amount of
this shift does not depend on the photon energy:
about 15—25 MeV/c for the first peak and 35—40
MeV/c for the second peak. These shifts are inter-
preted as the nuclear binding effect of the target
nucleon "N" and the two-nucleon system "pN" in
the nucleus. Widths of peaks for Be 12C, and i60
are much broader than the ones for 'H and 2H. The
width of each peak is attributed to the smearing of
the proton momentum due to the final-state in-
teractions and the momentum distribution of the

target particles "N" and "pN" of reactions (1) and
(2), as well as the experimental resolution of the
detection system. The separation of these three
causes was not made in the present experiment,
since it is not enough to extract some physics from
the present data alone.

Differential cross sections for each quasifree
reaction were obtained by the integration of Gauss-
ian functions over the proton momentum. Results
are shown in Figs. 2 and 3 as a function of the pho-
ton energy. Photon energy dependences of cross
sections for elementary reactions show broad peaks
around the photon energy of 300 MeV, which are
considered to be due to the excitation of the
h(1232) resonance. For nucleus targets, enhance-
ment of cross sections for both quasifree reactions
are also observed in this energy region, which indi-
cates that the contribution of the b, resonance is
also important in these reactions. The photon ener-
gy dependence of cross sections differs slightly in
each reaction channel and for each target nucleus.
For reaction (1), the photon energy which gives the
maximum cross section becomes higher as the tar-
get mass number increases. Whereas, for reaction
(2), the shape of the photon energy dependence is
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FIG. 2. Differential cross sections for the quasifree
reaction y+ "4" p+m at Op=30 for 'H, 2H, 4He,
Be, ' C, and ' 0 as a function of the photon energy.
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FIG. 3. Differential cross sections for the quasifree
reaction y+ "pN" p+ N at Op=30' for H, H, Be,
' C, and ' 0 as a function of the photon energy.

almost the same for all targets investigated.
The mass-number dependences of cross sections

for quasifree reactions (1) and (2) are shown in Fig.
4, where averages of cross sections over the photon
energy region from 287 to 427 MeV are used for
reaction (1) and those from 187 to 427 MeV are
used for reaction (2).

Generally, the observed cross section, do-/
dQ i,b„of the quasifree reaction on the nucleus

target can be written in the following form:

T(A, P, ), (5)
obs 0

where [do/d&]0 is the reaction cross section and
T(A, P~) is the probability that the proton with the
momentum of P~ leaves the nucleus of the mass
number A without suffering the final-state interac-
tion. The functional form of T(A, P~) is expressed
in the cylindrical coordinate as

The A dependence of cross sections for reaction
(2) is also shown in Fig. 4. In this case, the general
tendency is quite different from that for reaction
(1). Namely, the observed cross section increases
rather rapidly and starts to saturate at the mass
number around 10. Since o-T does not change
strongly in the proton momentum region for reac-
tions (1) and (2), the attenuation factor determined
from the analysis of reaction (1) can be used for the
analysis of reaction (2). Therefore the different A
dependence is not due to the final-state interaction,
and might originate from the essentially different
reaction mechanism. Simple parametrization of the
effective number of two-nucleon systems in the nu-
cleus cannot be made in this small mass-number re-
gion. In the mass-number region above 10, howev-
er, the observed A dependence for reaction (2) is
similar to that for reaction (1). This implies that
the original reaction cross section is proportional to
3 in this region, and agrees with the expected A
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T(A, P~) =A 'J r dr d0 dzp(r, 0,z)exp[ —o &(P~) J~ p(r, 0,z')dz'],

where p(r, H, z) is the nucleon density in the nu-
cleus, and o.T(P~) is the total cross section for the
proton-nucleon scattering. Since the nuclear shad-
owing effect for the incident photon is negligible,
the original cross section for reaction (1), do./
d 0 io, is considered to be proportional to A. There-
fore the probability T(A, P~) can be extracted from
the A dependence of the observed cross sections.
With simple assumptions that the nucleus has a
spherical shape with the uniform density and that
a. T is constant in the present momentum region,
experimental data for reaction (1) were fitted. The
result is shown by the solid line in the figure, and
the obtained value for o.T is 31.5 mb, which corre-
sponds to the proton mean free path of 2.3 fm in
the nucleus. This value is quite consistent with the
available data on the total cross sections of proton-
nucleon interactions. From this analysis it can be
concluded that, in 9Be, about 44'/o of recoil protons
are lost because of the final-state interactions in the
nucleus.
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dependence from the quasideuteron model de-
veloped by Levinger, 6 although the photon energy
region studied here is in the b, (1232) resonance re-
gion. If we parametrize the reaction cross section
according to the quasideuteron model,

do
dO

(7)

the L values are about 8.5 for 9Be, '2C, and ' O.
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FIG. 4. The 3 dependence of differential cross sec-
tions for the quasifree reactions y+ "N"' p+ m (open
circles) and y+ "piV' p+ Ã (closed circles), where
the averaged values of cross sections over the photon en-
ergy region from 287 to 427 MeV were used for the
former reaction and those from 187 to 427 MeV were
used for the latter reaction. The solid line shows the best
fit to the data calculated using cr T 31.5 m——b in Eqs. (5)
and (6).

This L value is consistent with the previously ob-
tained values' within the experimental accuracy. It
should be noted that, in the present experiment,
the proton yield from the reaction (y,pp) is includ-
ed in addition to that from the reaction (y,pn).
However, the contribution from the former channel
is measured to be less than 10% in this photon en-

ergy region.
It is also interesting to note that the cross section

of reaction (2) for He is 5.6 times larger than the
one for the photodisintegration of deuteron. When
we assume that the pair of nucleons contributing to
reaction (2) is mainly the p-n pair, and that the ef-
fective number is given by the possible pnco-m-
binations, the ratio between the cross sections for
He and deuteron is expected to be 4. For further

quantitative discussions, microscopic analyses of
these reactions will be necessary.
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