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Decay method
Ref. 1

Resonance method
Ref. 2 Present

TABLE I. Level parameters for the 15.08-MeV state
in ~3N as determined by decay and resonance methods.
The total width I' and proton elastic-scattering partial
width I'& are given in the laboratory frame in electron
volts. Uncertainties assigned in the present analysis
are standard deviations among the widths determined
at the four ~~i„les.

trum of atomic excitation indicated in Fig. 1(b)
is a challenge to atomic physicists and would pro-
vide data for further study of the interplay be-
tween atomic and nuclear physics.
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eV, in strong disagreement with the value from
the decay method. The comparison in Table I
shows the importance of atomic-excitation effects
on this resonance, and resolves the previous dis-
crepancy between the decay and the resonance
methods of determining I". The partial width I"~

does not agree as well as do Refs. 1 and 2, a re-
sult for which we do not have an explanation, even
though our results are based on the analysis of
much more varied data than in Ref. 2.

Atomic-excitation effects similar to those in-
vestigated here are expected for other light nu-
clei, ' and should be manifested by narrow reso-
nances. Measurement of the corresponding spec-
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Momentum spectra of protons in the reaction of y+ Be-p + anything in the incident
energy range from 180 to 420 MeV were measured. The spectrum obtained shows two
peaks which are interpreted to be due to the protons in reactions y +"N" —P + & and y
+ d" P+n, where "N" and "d" are the quasifree nucleons and neutron-proton sys-
tems, respectively, in the beryllium nucleus.

PACS numbers: 25.20.+y, 21.60.Gx, 27.20.+n

A measurement was performed of the momen-
tum spectrum of the photoproduced protons from
the beryllium nucleus in order to investigate the

nucleon-nucleon correlations or nuclear cluster-
ing effects inside the nucleus. A photon tagging
system at the 1.3-GeV electron synchrotron at
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the Institute for Nuclear Study, University of
Tokyo, was used. The incident energy range
covered by this measurement was from 180 to 420
MeV with a bin width of 40 MeV. A magnetic
spectrometer, which was a complex consisting
of proportional wire chambers, wire spark cham-
bers, triggering scintillation counters, and an
analyzing magnet, was used to detect protons
emitted from the target at laboratory angle 25'
+ 5'. The spectrometer which accepted protons
with momentum greater than 320 MeV/c had a
momentum resolution of + 3'%%uo at 500 MeV/c. The
separation of protons from pions and deuterons
was made by a measurement of the time of flight
between two triggering counters in the spectrome-
ter. In order to detect charged particles in coin-
cidence with the protons detected by the spectrom-
eter, scintillation counter telescopes are placed
around the target opposite the spectrometer side.

The momentum spectra at various incident ener-
gies are shown in Fig. 1. At higher incident en-
ergies the momentum spectra have two broad
peaks, each of which is well fitted by a Gaussian
distribution. The location of these peaks varies
as a function of incident energy, and at lower en-
ergies one of the peaks extends below the mini-
mum spectrometer acceptance momentum.

Since the wavelength of incident photons is ap-
proximately equal to or even smaller than the
size of a nucleon, it is expected that the target
particles capable of producing protons by absorb-
ing the incident photons are the nucleons inside
the nucleus. For the peak at lower momentum,
the location and its variation as a function of inci-
dent ener gy indicate that the protons in this peak
come mainly from the recoil protons in the reac-
tions
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FIG. 1. Momentum spectra of the protons at the lab-
oratory angle 25'+ 5 in the reaction p+ Be p+ anything.
The dotted curves are Gaussian fits of the first peak.

Y+ p p+~

y+ n ~p+1T (2)

where "p" and "n" denote the cluasifree protons
and neutrons inside the nucleus. The width of the
peak is understood to be due to the difference in
the binding energies of the protons and neutrons
as well as due to Fermi motion of the target pro-
tons or neutrons. By integrating this peak over
proton momentum, we can get der(k)/dA. The ex-
perimental value of the cross section thus ob-
tained is consistent with the conventional weighted
sum of the cross sections of the reactions (1) and
(2), Z 'der(1)/dQ + N'~'dv(2)/dA, for m production
from free protons and neutrons, respectively.
Z is the number of protons and N is the number

of neutrons in the beryllium nucleus. Then, what
is the peak at higher momentum~ It is noted as
shown in Fig. 2 that this second peak almost dis-
appears when the coincidence between the spec-
trometer and any one of the telescopes surround-
ing the target is required. This means that most
of the protons in this region do not accompany any
detectable charged particle. This fact, together
with the location of the peak and its change as a
function of the incident energy, indicates that the
protons in this peak region come mainly from the
reaction

P+ d «/+Ply

where "d" denotes the quasifree deuterons or deu-
teronlike proton-neutron systems inside the nu-

707



VOZ. VME 45, NUMBER 9 PHYSICAL REVIEW LETTERS I SEPTEMBER 1980

Events
dpi
d&, (pb/sr. )

200—

—&00

—300

-2oo

100—

-100
00

0

I

0
I

300

000
000 4444444,

0a 44
I

0 IOOOO OIOOO 0~A I

4e
500 700 900

PRQTQN MOMENTUM (Mev/c)

100
I

200
I I I

300 &00 500

INCIDENT PHOTON ENERGY ( MeV)

FIG. 2. Momentum spectrum of the protons at E~
=360+20 MeV. The solid circles represent the reac-
tion p+ Be p+ {charged particle) + anything.

FIG. 3. The integrated cross sections do. (p+ d" —p
+n)/dQls, as a function of incident energy. The dotted
curve is 13&&da'(y+d p+n)/diilfp~ for similar kine-
matical conditions. The errors indicated are the quad-
ratic sum of statistical and systematic uncertainties.

cleus. The existence of the second peak in the
momentum spectrum provides, therefore, clear
evidence of the presence of neutron-proton corre-
lation in the nucleus.

The cross section for the reaction (3) is ob-
tained by the integration of this peak over the pro-
ton momentum in this region. The cross sections
thus obtained, do(k)/dQ, are shown in Fig. 3 as
a function of incident photon energy. The dashed
curve in Fig. 3 shows the cross sections for the
photodisintegration of free deuterons given by
Dougan et al. ' for kinematical conditions similar
to those of the present experiment. In this com-

parisonn,

the corrections due to the final- state
interactions of protons inside the beryllium nu-
cleus and due to the binding effects of the proton-
neutron system in the beryllium nucleus were not
taken into account. The factor of 13 is very close
to the predicted value (14.2 for Be) from a simple
quasideuteron model given by Levinger, ' and is
consistent with the results obtained by Andersson
et al.' in the analysis of their experiment on the
photoproduction of protons from Be.

Although several authors' ' have reported the
momentum spectrum of photoproduced protons
from carbon for incident energies similar to

those in the present experiment, their results
are not conclusive as to the presence of the high-
momentum peak, suggesting a neutron-proton
correlation inside the nucleus. This might be
mainly because they measured the proton spec-
trum at larger angles, where one might expect
more smearing due to final-state interactions.
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GeV electron synchrotron for their aid in the
present experiment. This experiment was done
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tute for Nuclear Study Computer Facility. This
work was financially supported by the Grant-in-
Aid for Scientific Researches of the Ministry of
Education.
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