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We have measured the cross sections at 90' c.m. for 71 and 7I photoproduction with po-
larized photons. The photon energies ranged from 0.8 to 2.2 GeV. Vile compare the reso-
nant "bumps" in the cross section with theoretical models. The measured asymmetry
agrees with a quark-model calculation though the predicted cross sections are low.

The quark model has enjoyed sufficient success
as to be almost believable. ' Few experiments,
however, test the spatial distribution of these
elusive particles in their nuclear "atom. " Photo-
excitation of the baryon resonances does this
since the transitions combine electric and mag-
netic spin-flip amplitudes of differing Al. The
amplitude relates the quark magnetic moment to
the radial size of the quark atom. This experi-
ment studies baryonic excitation through single
meson photoproduction at 90 in the center-of-
mass system with plane-polarized photons where
there is a large correlation between the plane of
production and electric or magnetic multipolar-
ity.

We have measured three reactions:
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sured with the Moby Dick spectrometer. ' A sec-
ond particle detector' was used to identify the m,
n, and p, respectively, and to restrict our mea-
surement to the two-body reaction. We measured
backgrounds by setting this second detector at
two off angles on either side of its kinematically

r+p-v'+p,
P+P~+ +Ply

r+d-~ p+p+spec tat ~ (3)

The photon energy ranged from 0.8 to 2.2 GeV.
Polarized photons were produced by bombarding
an aligned diamond crystal with 5.5-GeV elec-
trons from the Cambridge Electron Accelera-
tor." A typical photon spectrum measured with
a pair spectrometer' is shown in Fig. 1 with a
calculated best fit to the curve smeared by beam
spread and crystal imperfection; we then comput-
ed the polarization given our fitting parameters.
In all the measured reactions two product parti-
cles were detected in coincidence. The momen-
tum vector and time of flight of the P, v+, and m

in Reactions (1) to (3), respectively, were mea-
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FIG. l. (a) A typical measured photon spectrum pro-
duced by the electron beam impinging on the diamond
target. The solid line represents a best fit varying the
unknown beam dispersion and diamond orientation as
parameters. (b) The calculated photon polarization us-
ing these parameters. Our runs utilized the photons in
the region of maximum polarization.
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correct setting. The resulting correction varied
from negligible to 10% going from lowest- to high-
est-energy runs.

Qur instrumental acceptances were determined
by a Monte Carlo program. The neutron counter
for Rea.ction (2) had been previously calibrated. '
Qur m' and ~ cross-section data are in agree-
ment with previously published cross-section
measurements with unpolarized photons. ' In Re-
action (1) the counters used to detect m"s through
their decay y rays were inappropriate for abso-
lute cross- section measurements. Thus our
cross sections for this reaction were obtained by
combining yield ratios for parallel and perpendi-
cular photon polarizations with previously pub-
lished cross sections. '

Qur results are quoted as two cross sections,
do~ and do 11, which correspond to those obtained
for a photon beam perfectly polarized in a plane
perpendicular or parallel to the meson produc-
tion plane. These results are shown in Fig. 2.
The errors shown are due to counting statistics
alone; additional systematic errors are quoted in
the captions. In addition, a sample of the asym-
metries is given in Table I.'

These results fall in the region dominated by
the F»(1688), the D»(16't0), and the F»(1S50)
resonances. At 90' in the center-of-mass system
these resonance amplitudes tend to be enhanced
with respect to the t- and u-channel exchange am-
plitudes.

The F» (or D») bump is clearly evident in both
and 71' photoproduction. It is absent in v pho-

toproduction as has been noted before" and this
is in agreement with quark models" which pre-
dict that the neutron cannot be photoexcited into
the E» resonance. The quark models predict an
asymmetry A,

A =(dv —dog)/(dv +dvi[),

equal to zero for the F», this is equivalent to the
statement that the helicity ——,

' amplitude vanishes,
which is, in turn, equivalent to an apparently for-
tuitous cancelation between electric and magnetic
multipoles. " The m' data are compatible with
this prediction. The ~l' data show structure that
would require strong interference phenomena to
be compatible with the prediction. In absolute
value the bumps are larger than the prediction"

da~(w') =do|i(m') =0.1+0.03 gb/sr

for the F» whereas our bump in da1~ is greater
than 1.0 pb/sr,

Near E&
—-1.5 GeV we expect the F37 to show in

the cross section. Nonrelativistic quark models"
predict A =0.88 for the F37 and hence the reso-
nance should be seen mainly in (T~. This comes
about since the 6 resonances are excited by pure
quark spin-flip. In addition, isotopic spin and
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FIG. 2. do~ and da11 for r+, 7r, and 7r photoproduc-
tion are shown as a function of photon bombarding ener-
gy. Errors shown are statistical only. We estimate an
additional systematic error of 15%.
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TABLE I. A sample (Ref. 9) of the measured asym-
metries &=(do~-dc~~)/(do~+do~~) for rr', w, and rr

photoproduction as a function of photon energy. Errors
shown are statistical only. We estimate an additional
systematic error of DA=+ 0.10.

(GeV)

0.7
0.8
0.9
1.0
1.1
1.2
1.3
1.4
1,5
1.6
1.7
1.8
1.9
2.0

0.49+ 0.06
0.81+0.08

—0.10~ 0.05
—0.24+ 0.06
—0.10+ 0.06
—0.10+ Q.06
+ 0.05+ 0.05

0.0 ~0.05
0.20 + 0.10
0.22+ 0.09
0.10+ 0.10
0.08 + 0.08
0.06 + 0,11
0.14 + 0.14

0.78+ 0.10
0.71+0.09

—0.10+ 0.12
—0,42+ 0.14
—0.09 + 0.09

0.20+ 0.10
0.55 + 0.08
0.61+ 0.11
0.67+ 0.07
0.61 + 0.07
0.78+ 0.10

—0.14 + 0.10
—0.41~ 0.09
—0.40+ 0.08
—0.52~ 0.08
—0.50+ 0.06
—0.31+0.11
—0.26+ 0.09

0.11~0.12
0,88+ 0.09
0.18+ 0.09
0.03+ 0.09

—0.08+ 0.09

—0.15+ 0.12

the above quark models predict for the F» alone
and either polarization that

dv(rr ) =do(rr') = 2do(rrc)

Our results seem to be compatible with this pre-
diction for the ~ and m'. In the case of the ~'
there is no obvious bump; however, the tail of
the F» resonance and poor statistics may partial-
ly account for this. Again, the cross section we
measure is high. Reference 10 predicts do~(rr')
= 0.26 + 0.06 pb/sr at the E»(1950) peak; we get
do ~(rr') = 0.9 pb/sr, taking into account an esti-
mated background contribution to the measured
cross section.

It should be remembered that a model such as
Ref. 10, whose parameters are fixed by the static
magnetic moment of the proton, already under-
estimates the better understood photoexcitation
of the A(1236).' Other sufficiently large ampli-
tudes resonating near v s =16SS and 1950 MeV
would increase the measured cross section and
tend to explain the quantitative disagreement.
However, such amplitudes as are known" are
highly inelastic and therefore small except for
the D»(1670). The latter, nonetheless, would
give a bump in the ~ cross section.

In summary, our measured polarization asym-
metries for the F» and F37 resonances are com-
patible with quark-model predictions. The mea-
sured cross sections, on the other hand, con-
firm a disagreement with these models for the
F» and appear to extend the disagreement to the

F37 Howe ve r, it is obvious that many more data
will be needed to disentangle the resonant effects
in this region.
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intercomparison of photoproduction amplitudes using
various assumptions about quarks by L. S. Kisslinger
and H. Feshbach, Ann. Phys. (New York) 66, 651
(1971).

This cancelation is demonstrated experimentally by
the lack of bumps in the 0' and 180' differential cross
sections, This becomes an input. to the quark models
and is used to evaluate the radial —wave-function param-

etrization with respect to the quark magnetic moments.
However, some recent data by T. Fujii, H. Okuno,
S. Qrito, H. Sasaki, T. Nozaki, F. Takasaki, T. Taki-
kawa, K. Amako, I. Endo, K. Yoshida, M. Higuchi,
M. Sato, and Y. Sumi, Phys. Rev. Lett. 26, 1672 (1971),
shows a small "bump" in ~ photoproduction at 180'.

See the Argand diagrams in A. Bittenberg et pl.
(Particle Data Group) Rev, Mod. Phys. 43, S1 (1971).
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An improved cross-section upper limit of 1.9 times that of V -& theory is determined
for the reaction v, +e -v, +& . The target, a 7.84-kg plastic scintillator, was enclosed
by a composite 830-kg NaI and 2200-liter liquid anticoincidence detector, and was oper-
ated in a fission v~ flux of 2.2&& 10 cm sec . We note some constraints which this lim-
it imposes on theoretical conjectures.

In this Letter we present the current status of
our continuing search for the elastic scattering of
electron antineutrinos v, by electrons using a
fission reactor as a P, source. ' As will be seen,
we have substantially improved the previous elas-
tic scattering cross-section upper limit (&4 times
that of U —A theory), enabling us to place more
restrictions on the interactions which are permit-
ted. The equipment is much the same as that re-
ported earlier except for some additions designed
to reduce backgrounds. The results also reflect
an increase in total run time from the l5 days on
which the first report was based, to 147 days,
live time. In brief, the detector consisted of a
7.84-kg segmented plastic scintillator target
block entirely surrounded by a 330-kg NaI anti-
coincidence detector' which was in turn enclosed
by a 2200-liter liquid anticoincidence detector.
The elastic scattering mode accepted only events
occurring in the plastic, in anticoincidence with
these outer detectors. The system was operated
concurrently in the mode designed to detect in-
verse p decay, P, +p-n+e', in the plastic target,
so as to study the background from this reaction
as well as to determine the fission &, spectrum.
Changes made in the detector included the addi-
tion of 2.5 cm of Pb around the NaI scintillator
(for a total of 6.3 cm) to provide further shield-
ing against reactor Z rays. A cadmium sheet im-
mediately external to the Pb reduced the y back-
ground arising from neutron capture. Further
shielding against reactor neutrons and y's was
provided by the addition of water tanks where

practicable. The result of these measures was
to reduce the reactor-associated rate as mea-
sured by the Nal detector from R = 1.3 + 0.4 counts/
min in the 4.1-10.3-MeV region to levels consis-
tent with statistical fluctuation in the rate of ra-
dioactivity, i.e, R ~ 0.15 counts/min. Cosmic-
ray-associated backgrounds were reduced by the
addition of a large rectangular liquid anticoinci-
dence detector (2.59 m&&1.43 mx0. 28 m) above
the cylindrical liquid antieoincidence detector.
Measurements of events associated with muons,
such as those due to neutrons and those produced
by muon capture which lead in turn to decays of
B" (end point, 13.4 MeV), suggested the incorpo-
ration of electronic vetoes which were effective
in a large fraction of these cases.

The rapidly falling spectrum characteristic of
the background makes it essential to maintain a
continuous check of the system gain. Such a
check is provided by the P decay (3.2-MeV end
point) of Bi"' contaminant. The procedure used
was to measure the rate of Bi" decay as identi-
fied by a delayed daughter ct particle (7.7 MeV),
T] /2 ~ 64 p sec. The energy as soeiated with a
preselected Bi"' rate was taken as the reference
value and all runs were normalized to it. The ab-
solute energy scale was set to within + 2% by
means of a Tl'o' y source (2.62 MeV). Both
sources were viewed by the entire plastic in anti-
coincidence with the surrounding NaI. The mean
correction to the overall gain of the system as
measured by the B"' was within + 2%. Figure 1
shows these calibration spectra.
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