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We have measured the photoproton cross sections of Sr and Zr for production of
ground and low-energy residual states. The results are in agreement with predictions
of the particle-hole model for isobaric analog states. Strong and broad resonances are
found around 21 MeV in Sr and around 20 and 22 MeV in 9 Zr which agree with coher-
ent states expected by the theory.

Isobaric analog states (hereafter referred to
as IAS) have already been found in (y, p) and

(P, y) reactions. ' ' These electric dipole states
are useful for studying the particle-hole nature
of IAS. Goulard, Hughes, and Fallieros' and
Hughes and Fallieros' applied the particle-hole
model to the dipole states in heavy nuclei. Their
calculation includes not only one-particle, one-
hole configurations but also two-particle, two-
hole excitations so that the states obtained have
good quantum numbers. They made numerical
calculations5' for the nuclei Sr and Zr and
obtained many EI IAS including coherent states.
In the following an experiment using these tar-
gets is described; the results are compared with
the predictions of Refs. 5 and 6.

Self-supporting metal foils of natural Sr (7.6
mg/cm' thick) and "Zr (97.8% enriched, 5.1 mg/'
cm' thick) were bombarded by the electron beam
from the Tohoku University linear accelerator.
The energy distributions of photoprotons from
the (e, e'P) reaction were measured by means of
a broad-range magnetic spectrometer which con-
tained 50 solid-state detectors. Electron ener-
gies of 16.8, 18.0, 19.5, 21.5, and 30.0 MeV
were used for the "Sr and energies varying in
1-MeV steps from 16.0 to 24.0 MeV for the "».
The energy resolutions of the spectra of protons
were about +120 keV for "Sr and +85 keV for

Zr at 8 MeV of proton energy.
The (y, p, ) cross sections can be made from

the components obtained from the maximum-en-
ergy part of the spectra by dividing by the num-
ber of virtual photons' under the assumption that

only p, emission (to the ground state) contrib-
utes. Contributions of photoprotons which leave
the residual nucleus in excited states are not
strong in these maximum-energy parts of the
proton spectra, therefore the above assumption
seems to be reasonable. The validity of this as-
sumption is shown by the following two facts.
First, the maximum proton energy in every
spectrum just agrees with that calculated for po
from the Q value. Second, each component cross
section mentioned above joins smoothly with its
neighbors. This condition would not be met if
protons leaving the residual nuclei in excited
states contribute very much. In the region above
21 MeV for "Sr, the cross section is estimated
from the data from the 30-MeV irradiation after
subtraction of a smooth proton spectrum corre-
sponding to population of excited states of the re-
sidual nucleus. The cross section below 15 MeV
on ' Zr is obtained only from the 16-MeV data
under the assumption of pure po emission. In
the case of "Zr, o(y, p, +p,) is also calculated by
a method analogous to that for v(y, p, ) after sub-
traction of the Po component.

The results are shown in Figs. 1 and 2. In
each figure, the theoretical results on IAS are
shown for the particle-hole model. " The length
of the vertical lines is proportional to ~&, and
the curve is an avera, ging of the radiative strength
with Breit-Wigner functions and with a spreading
width of 0.5 MeV as shown in the original paper. '

The position of the strong IAS in the present re-
sult seems to agree with the calculated results
within several hundred keV which seems not
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FIG. 1. Cross section of Sr(y,pp). The vertical
lines show the theoretical radiative widths of IAS from
Ref. 5.

large in comparison with the uncertainty of the
calculated energy caused by ambiguities of the
theoretical parameters. Better agreement can
be obtained when the calculated lines are shifted
about 0.5 MeV higher for ssSr and 0.5 MeV lower
for ' Zr. A quantitative comparison of the rad-
iative width is difficult because the branching ra-
tio for proton emission is not known. A group
around 13 MeV in "Zr does not correspond ener-
getically to IAS and it is not contained in the cal-
culated result.

The theoretical calculations predict the exis-
tence of coherent IAS corresponding to an isospin
splitting of the giant resonance. " In the present
result, the strong and broad groups around 21
MeV in 'Sr and around 20 and 22 MeV in "Zr
are in good agreement with the position calculat-
ed theoretically. The cross sections for these
groups in the present results do not seem so
large as the theoretical expectation. However,
from the analysis of the energy distributions, the
proton yields through these IAS leaving the re-
sidual nucleus in excited states seem to be about
10-20 times as large as that of po in 'DZr. (The
radiative width calculated from a preliminary
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yield curve is also obtained as several keV. )
The comparison reported here shows that the

particle-hole model points to an electric dipole
IAS in heavy nuclei.

The authors are very grateful to Professor
Y. Kojima and his crew for the beam operation.
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FIG. 2. (y, pp) and (y, p2+P3) cross sections of Zr.
The vertical lines show the theoretical radiative widths
of the IAS from Ref. 6. The smooth curve is an aver-
aging of them (see Ref. 6).
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