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fined LEOR in spite of a large spread in single
particle-hole energies.

On the basis of general considerations one ex-
pects an octupole phonon to yield four states char-
acterized by angular momentum projections R
ranging from 0 to 3 with excitation energy in-
creasing as E for a nucleus with a permanent pro-
late deformation. In Fig. 1 it is apparent that the
transition from spherical ' 'Sm to deformed '"Sm
does indeed produce a splitting of the LEOR.
Whether the two peaks seen in '"Sm contain some
or all of the expected K components is not clear
on the basis of the present data. The observed
reduction of the EWSR strength due to the lower-
ing of the centroid energy in '"Sm suggests that
one or more K components (not observed) may lie
at higher excitation energies. One must await
further experimental evidence and more sophisti-
cated theoretical work on the splitting of the
LEOR before its exact nature is understood.

In summary, evidence has been presented of a
large concentration (16-22%) of isoscalar octu-
pole EWSR strength in a relatively narrow low-

energy octupole resonance at -32/A"' MeV in
medium-mass nuclei. Comparison with RPA cal-
culations indicates that most or all of the 1h~ os-
cillator strength has now been located in the nu-

clei studied. Approximately —,
' to -', of this strength

is concentrated in the LEOR. Preliminary evi-

dence indicates a large effect on this resonance
due to nuclear deformation.
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for many informative discussions about the theo-
retical aspects of this work and for performing
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The total cross section for the reaction ' C(y, 7l )' N has been determined by observa-
tion of the residual ' N radioactivity. The cross section was extracted from the brems-
strahlung excitation function which was measured in the region between 3.6 and 12.6
MeV above the threshold, with one point 33.5 MeV above the threshold. The variation
of the measured cross section with energy is far more rapid than is predicted by calcu-
lations using the ~ 0 interaction. Even when the full interaction Hamiltonian is used,
the experimental cross section rises somewhat more rapidly than predicted.

Photomeson production in complex nuclei can
be used as a probe of the nuclear mesonic field.
Because of its fundamental importance, this proc-
ess and its inverse, radiative capture, have re-
ceived considerable theoretical attention. ' ' This

reaction has, in addition, considerable potential
for applications in studies of the isospin analogs
of nuclear vibrations. "' However, because of the
experimental difficulties, only a few experiments
have been performed in which transitions to dis-
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crete nuclear states are observed. "
Current theoretical calculations of these proc-

esses are based on the impulse approximation, ~'
which assumes that the interaction Hamiltonian
for bound nucleons is identical to the free nucleon
case. Radiative pion capture and photoproduction
proceed through an interaction Hamiltonian whose
leading term is proportional to ~- o, where o is
the nucleon spin operator and e is the photon po-
larization vector. Other terms in the Hamilto-
nian depend on the pion momentum. ' Th y ay
be important at the threshold because of the Fer-
mi motion of the nucleons and should contribute
at higher photon energies.

In order to test the reaction mechanism, it is
important to minimize nuclear-structure uncer-
tainties by choosing transitions which have been
studied by means of magnetic electron scattering'
which measures the axial form factor at the mo-
mentum transfer appropriate to threshold meson
photoproduction (q=—0.75 fm '). However, the
knowledge of the magnetic form factor does not
eliminate all nuclear structure uncertainties be-
cause it contains contributions from both the or-
bital and spin magnetization and a model-depen-
dent extraction of the spin part must still be
ma.de.

In a first approa. ch to the study of threshold
photoproduction, the reaction 'Li(y, n')'He was
measured at the Saclay linac between 0.3 and 3
MeV above the threshold. ' After an initial result
60%%uo lower than the then current theoretical pre-
dictions had been reported, the extraction of the
nuclear form factors from electron scattering
has been re-examined'"" and the theoretical pre-
di.ctions have subsequently been revised down-
ward. The experiment has been repeated with an
improved technique, "and there is now agree-
ment within the combined theoretical and experi-
mental uncertainty of 20%.

There is no simple connection between the neg-
ative and positive pion threshold photoproduction.
Because of the Coulomb interaction between the
emitted pion and the daughter nucleus, m produc-
tion is characterized by a step-function cross sec-
tion at the threshold, while the m' production
cross section rises slowly with energy. " The
negative pion wave function is pulled in by the
Coulomb interaction resulting in a larger overlap
with the nuclear interior than in positive pion pho-
toproduction. As a consequence, the strong final-
state interaction is correspondingly more impor-
tant for the negative pions. For the same reason
the pion wave function has a larger curvature in

m photoproduction than in m' photoproduction.
Therefore m photoproduction may be more sensi-
tive to momentum (gradient) dependent terms in
the interaction Hamiltonian. " Another motive for
studying negative pion production is that this proc-
ess can reach nuclear states not accessible to ra-
dia, tive pion capture.

We report a study of the total cross section for
the reaction "C(y, m )"N by observing the 16.3-
MeV end-point, 11-ms'ec p' radioactivity of "N.
Since there is only one particle-stable state'~ in
"N, this technique measures photoproduction to
that one state only; and the experiment reported
here was not limited to the extreme threshold re-
gion, but explored the energy region where the
momentum-dependent terms in the Hamiltonian
become important.

The detection apparatus is shown in Fig. 1.
Electrons from the Massachusetts Institute of
Technology Bates Linear Accelerator impinged
on a radiator consisting of 2. 6%%uo radiation length
of Ta and 0.6% radiation length of Al. The emerg-
ing electrons were then deflected with a, bending
magnet and dumped. The entire photon beam
irradiated a target whose thickness was 1 g/cm'.
p' rays emerging from the target were counted
between beam bursts. The detection system con-
sisted of two wire chambers (each used as a, thin
counter with its wires tied together) and two —,-in.
plastic scintillators. Fourfold coincidences were
required to reduce the background from delayed
neutron capture y rays. The magnet was used as
a charge separator and did not transmit P' rays
below 5 MeV. The background with the target re-
moved was typically 10%%uo or less of the yield be-
low the threshold.

Fourfold coincidences were time sorted with
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FIG. 1. Layout of the detection system.
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respect to the beam pulse; and the 11-msec com-
ponent was extracted with a typical accuracy of
5%. The time distribution also contained long-
lived activities which were consistent with 127-
msec 'C produced via the reaction "C(y, 3n) and
774-lllsec B produced via the 1'eactioll C{y,37lp).
A pulse rate of 7.5 Hz was small enough to allow
an accurate determination of these long-lived
components.

The cross section as a function of photon energy
must be extracted from a measurement of the
yield,

y{E,) = f,;v(E)4(E„E)dE,
where F.„ is the end-point bremsstrahlung energy,
Er is the threshold energy, &xN) is the total cross
section, and 4(E„E)is the Bethe-Heitler spec-
tt"um function modified near the end point. The
extracted cross section is insensitive to this mod-
ification. The accelerator energy calibration was
determined within an accuracy of + 250 keV in sep-
arate electron-scattering measurements involving
both the ground state and the 15;11-MeV level of
12C

The (y, w) yield was normalized to the yield
from the reaction "N(y, 2n)12N Since .both proc-
esses result in the same final state, a measure-
ment of the ratio of the 11-msec components for
the bvo reactions was independent of the counter
geometry and efficiency, while alternation of the
carbon and Melamine (C,N, H, ) targets minimized
the effect of beam fluctuations.

In order to determine the excitation function for
the reaction 12C{y,m )"N, it was necessary to
take into account the nonmesic production of "N
through the two-step process 12C(y,p)"B followed
by "C(p,n)"N. This was done by measuring the

"N activity below the meson threshold and ex-
trapolating this background above the threshold.
Figure 2 shows the linear fit to the background
obtained by this procedure. Only when E, is 3.6
MeV above the threshold is the meson yield sig-
nificantly above the background.

An absolute determination of the "C(y, w )'2N

yield depends on the "N(y, 2n)12N yield. This was
determined in a separate measurement of the '2N

activity from a liquid nitrogen target using a thick
plastic sclntlllator 1n colncldence with a wire
chamber. The solid angle and efficiency were
well known in this measurement, which yielded
the result 1',„(153MeV) = 13.4+ 1.9 p, b per equiva-
lent quantum (Q). This is in agreement with the
result of Panofsky and Reagan, "F,„(120 MeV)
= 14.6+ 5.3 fib/Q.

The (y, 7f) yield measured at 191 MeV allows a
comparison with the measurements of Epanesh-
nikov, Kinzetsov, and Stukov" who were mainly
interested in the region of the (3, 3) resonance.
From their published yield curve we obtain the
value F(191)= 0.9+ 0.2 Ilb/Q which is in good
agreement with our measurements, Y(191)=0.89
+ 0.13 fib/Q.

The yielded for the reaction "C(y, m )"N is
sllowll ill Flg. 3(a) alollg wltll tile tlleol'etlcal pl'e-
dictions. The calculation of Koch'" uses the o. e
interaction with a coupling strength adjusted to
fit the (y, m ) production on the neutron. Only s-
wave pions, distorted in a Kisslinger-type optical
potential, "are considered. Because of these ap-
proximations, this calculation was performed on-
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FIG. 2. Relative yieM of the ' C —' N to the reaction
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FIG. 3. (a) Yield and (b) cross section versus energy
above threshold. The theoretical curves are from
Koch (K) and from Hef. 19; curves 1 and 2 are from
Nagl and Uberall (Ref. 21). The best fit is a two-pa-
rameter fit with a step at the threshold and a linear in-
crease with energy above the threshold. The shaded
zone shows the errors in the best fit.
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ly in the near-threshold region. The nuclear
wave functions are obtained from the electron
scattering data" for the 15.11-MeV, 1' state of
"C which is the isospin analog of the ground state
of "N. The calculation of Koch gives a result
which is in agreement with experiment up to 4
MeV above threshold, but is too small above that
energy.

The calculation of Nagl and Uberall" uses the
full interaction Hamiltonian and includes s-, p-,
and d-pion waves distorted in a Kisslinger-type
optical potential. The nuclear transition density
is obtained from the electron scattering data to
the 1' state of "C and is parametrized by the
Helm model. The differences between the curves
in Fig. 3(a) are due to different choices for the
pion momentum in the coefficients of the interac-
tion Hamiltonian. In curve 1, the asymptotic pion
momentum is used. In curve 2, the local pion
momentum is used. In the curves shown, a cor-
rection for the Lorentz-Lorenz effect has been
made. If this correction is omitted the results
lie between curves 1 and 2.

A two-parameter best fit to the data was made
assuming a step at the threshold, which is the ef-
fect of the final-state Coulomb interaction in the

(y, v) reaction, ' and a linear rise above threshold.
This curve is shown in Fig. 3. This does not im-
ply that the data exclude curvature in the cross
section, but because of the limited number of da-
ta points a fit with more unknown parameters is
not justified.

The cross section as a function of energy is
shown in Fig. 3(b). The indicated errors include
the uncertainty in the energy scale as well as sta-
tistical and systematic errors. It can be seen
that the best fit extracted from the excitation func-
tion has a threshold value of 2.9+1.1 p.b, consis-
tent with all of the theoretical calculations. The
Nagl-Uberall result is characterized by a larger
slope than the Koch result, reflecting the added
terms in the Hamiltonian and the emission of p-
wave pions. But it can be seen that the best-fit
cross section obtained in this experiment rises
somewhat more rapidly than any of their theoreti-
cal curves. It would be of interest to extend
these measurements to higher energies. It is al-
so important to re-examine the accuracy of the
wave functions and transition densities obtained
from electron scattering, the nuclear final-state
interaction, and the significance of hitherto-ne-
glected terms in the (y, v) production amplitude.
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