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Exclusive differential cross sections for the ' O(y, n) 'sO process have been measured for E„=150,
200, and 250 MeV and 0L =49, 59, and 88 . This measurement is the first of its type to be reported
for the energy region above the pion production threshold. An uncollimated bremsstrahlung beam was
incident on an H20 target, and neutrons were measured with a recoil-proton spectrometer with resolu-
tion sufficient to identify the residual ' 0 ground state. The results are compared to (y,p) data and to
calculations including eAects from meson exchange currents.

PACS numbers: 25.20.Dc, 27.20.+n

Exclusive (y, N) reactions, where the residual nucleus
is left in its ground state or a low-lying excited state,
have traditionally been considered a probe of high-
momentum components of the nuclear wave function.
At intermediate photon energies (50-300 MeV), where
there is a large (compared to the Fermi momentum)
diff'erence in momentum between the incoming photon
and the outgoing nucleon, it is possible to reach higher
nucleon momenta than are presently accessible through
(e,e'N) reactions and thus probe the kinematic region
where short-range correlations are expected to be impor-
tant. Below the pion production threshold, (y,p) data'
on a variety of nuclei are explained reasonably well by a
quasifree knockout (QFK) description. More recent
tagged photon (y,p) (Ref. 7) and (y,pn) (Ref. 8) data
on ' C give evidence for contributions from two-body
processes in addition to QFK. The (y, n) data
which exist in this energy region are underestimated by
at least an order of magnitude, and some of the mea-
sured ' O(y, p) cross sections' ' above 100 MeV are
also much larger than predicted by the QFK description.
The similarities in both the magnitude and shape of the
existing (y,p) and (y, n) cross sections at lower energies
suggest that two-body mechanisms may provide a better
description. Several diA'erent approaches to this idea
have been suggested. These include a simple quasideute-
ron calculation, ' self-consistent RPA calculations' '
stressing long-range N-N correlations, and calculations
stressing the dominance of either nonresonant' (meson
exchange currents) or resonant ' (A production) pion ex-
change. All can qualitatively account for the similarities
between (y,p) and (y, n) below 100 MeV. At higher en-
ergies these calculations at best predict the general be-
havior of (y,p) (see Ref. 12). There is only one pub-
lished quantitative prediction for (y, n) above the pion
production threshold' and until now there have been no

(y, n) data for A ) 4 with which to make a comparison.
Presented here are results from an experiment at the

Bates Linear Accelerator Center, in which (y, n) cross
sections on ' 0 were measured at E,=150, 200, and 250
MeV and OI =49, 59, and 88 . In order to detect
neutrons with su%cient energy resolution to resolve the
ground state of ' 0 a recoil-proton spectrometer was
used. A detailed description of the spectrometer will be
reported elsewhere;' a brief description is presented
here (see Fig. 1). Neutrons enter the spectrometer
through a Pb filter, a small sweeping magnet (SWEEP),
and two veto counters (V), and pass through ten plastic
scintillator convertion planes (C1-10),where protons are
produced from p(n, p)n forward scattering. The protons
are then momentum analyzed using two multiwire pro-
portional chambers (MWPC) (WC1,2), a dipole mag-
net, and a set of rear detectors which consisted of two
MWPC's (WC3,4) and two sets of three trigger scintil-
lators (SA,SB). By tracing the proton trajectory back to
the conversion point, using the MWPC information and
the measured energy loss in the converter stack, one can
both determine the (n,p) scattering angle and correct
the measured proton momentum for losses in the con-
verter stack. Thus the neutron energy and angle are
known. The exclusive (y, n) cross section for the transi-
tion to the residual ' 0 ground state is then deduced
from the number of neutrons in the top 5 MeV of the
neutron energy spectrum.

The neutron energy resolution was estimated with a
detailed Monte Carlo calculation to be 2% for the energy
region of interest in the present experiment. The spec-
trometer momentum resolution was checked by measur-
ing elastic electron scattering from ' C (replacing the Pb
filter with a small collimator) and was consistent with
the Monte Carlo result. The pulse-height resolution in
the converter stack was also verified by energy-loss cal-
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FIG. 1. Layout of the Bates recoil- roi -proton spectrometer, as configured t th ha e p oton earn line.

culations and gives only a small contribution to the
overall energy resolution. The e%ciency-solid-angle
product, also determined from the Monte Carlo calcula-
tion, was between 0.5 and 2.5x10, d dmsr, epending on
the setup for each angle. The e%ciency was mainly
determined by the forward-angle (n,p) difl'erential cross
section and the proton angular acceptance of the spec-
trometer, which was 12 . By limitin th

'
g e proton angles

to such a narrow range it was guaranteed that the hi h-
est-energy protons could have come only from H in the
converter stack and not from ' C

The hotphoton beam was from a tungsten radiator 0.04
radiation length thick placed in the electron beam 1 m
upstream of the experimental target. The target was a

with H 020. Between the target and radiator, the electron
beam was deAected into a graphite dump approximately
7 m below beam height, shielded by 3 m of concrete.
T e bremmstrahlung beam continued uncollimated to
t e target and, because of the short target-to-radiator

istance, was well contained within the target Tharea. e
yptca p oton flux of 2x10' photons/sec in the top 5

MeV was limited by the singles rates in the front wire
chambers and in the converter stack. The dominant
source of background came directly from the target, and
was mainly neutrons produced by lower-energy h t

e largest source of contamination in the measured
neutron energy spectrum was fast deuterons generated

y pi up reactions in C in the converter stack. It was
possible to identify the mass of th

'
1e partice creating a

good track in the spectrometer by reconstruction of the
Aight time, based on the timing information from the

converters at the fronont and the rear trigger scintillators.
Once the forward
the

euteron events were remov d fve rom
'

e ic energy spectrum, ane reconstructed neutron kinetic
en point could be seen clearly with no high-energy
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background. Cross sections were then extracted by
fitting the end-point region with a theoretical brem-
sstrahlung spectrum, similar to the analysis procedure
described in Ref. 12. A typical fitted end-point spectrum
is shown in Fig. 2. Given the statistics of the data, only
the ground-state cross sections could be extracted with

any precision. It is in any event not sensible to try to use
data below the top 10 MeV because below this point one
can no longer guarantee that the recoil protons contrib-
uting to the spectrum came from a p(n, p)n reaction.

Figure 3 contains the extracted laboratory cross sec-
tions, compared to available (y,p) data' ' ' ' and plot-
ted versus the momentum mismatch, p =

j p~ —kr j. In
a simple QFK picture this is just the initial momentum
of the struck nucleon. The error bars on the data are
statistical only. The systematic error in the cross section
was due mostly to the 1% uncertainty in the absolute
calibration of the spectrometer and in the electron beam
energy; it is estimated to be 30%. Two interesting
features to note in this figure are, first, that the (y, n)
and (y,p) data are quite similar at the lowest energy,
and second, that there is a systematic increase in (y, n)
compared to (y,p) as the photon energy increases into
the region of 6 production.

The only calculation which has yielded detailed pre-
dictions for (y, n) is that of Gari and Hebach, ' in which
it is suggested that the major contribution to the cross
section comes from nonresonant meson exchange cur-
rents. At higher energies and some angles the calculated
cross section is larger for (y, n) than for (y,p), because
the large QFK term in (y,p) can interfere with other
eff'ects. This calculation has been criticized by some au-
thors for using a rather unrealistic single-particle poten-
tial in order to maintain orthogonality between initial
and final states of the ejected nucleon, the effect of which
is to underestimate the contribution of quasifree
knockout. Since the QFK term is relatively unimportant
for (y, n), such an approximation may be justified. Gari
and Hebach do not include any contribution from pro-
duction of the A resonance in the (y, n) calculation, since
they estimate its eff'ects to be small at forward angles in

(y,p) compared to nonresonant meson exchange. Even
if the effects of 5 production are small in (y,p), it is pos-
sible that one could see a large contribution from the h,

in the (y, n) cross section above 200 MeV.
The comparisons between Gari and Hebach's calcula-

tion, various other calculations, and the (y,p) data have
been discussed at length in Ref. 12. There, the authors
concluded that given the current state of both calculation
and experiment it is dificult to make any statement
about the dominance of a particular reaction mechanism
in the (y, N) process. As more detailed angular distribu-
tions of ' O(y,p) have become available, ' ' more
theoretical work' on both (y,p) and (y, n) is also
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FlG. 3. Laboratory cross sections (solid circles) for the
' O(y, n) ' 0 reaction, compared to (y,p) (open squares) as a

function of momentum mismatch (see text). The (y,p) data
are from, 150 MeV, Ref. 12; 200 MeV, Ref. 13, 250 MeV,
Ref. 21.

FIG. 4. Angular distributions of (y,p) and (y, n) at 200
MeV, compared to three diAerent calculations (Refs. 16, 17,
and 22). The (y, n) calculations of both McDermott et al. and
Ryckebusch et ai. are preliminary.
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under way. These newer calculations have taken the ap-
proach that one should first understand QFK before at-
tempting to evaluate the contributions from other reac-
tion mechanisms, and so far the results for (y,p) have
been quite promising, as can be seen in Fig. 4. Compar-
isons to the first results for (y, n) are somewhat less con-
vincing. However, the contribution to (y, n) from single-
particle knockout must be small, which makes the (y, n)
process more sensitive to other reaction mechanisms,
such as meson exchange and 5 production, which cannot
be unambiguously determined in (y,p).

The difhculty of detecting neutrons with good resolu-
tion at medium energies has until now made direct com-
parisons between the knockout of neutrons and protons
in this energy range impossible in all but the lightest nu-
clei. The present experiment has not only provided the
first report of (y, n) data on any nucleus except He
above the pion production threshold, but has also shown
that such measurements can be performed with present-
day techniques. An important limitation on the precision
of the data presented here has been statistical, resulting
from a necessarily low beam current in order to keep sin-
gles rates in the front detectors at a reasonble level. The
planned increase in the duty factor of the Bates accelera-
tor to 100% would allow a significant increase in the data
rate, resulting in a substantial improvement in such mea-
surements.
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