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ciently accurate to describe the analyzing pow-
ers for sub-Coulomb elastic scattering. In addi-
tion we have found that the predicted spin-orbit
potential is consistent with the measured vector
analyzing power at higher energies. Additional
optical-model studies at higher energies (includ-
ing tensor analyzing-power data) must be made
before stronger conclusions can be drawn. These
studies may eventually show the necessity for
modifying the folding-model spin-dependent po-
tentials. Should that be the case, the model would

still provide a physically reasonable starting
point for further optical-model analysis.
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The theory of Lane for the anomaly in the excitation function of the (d, pg reaction near
the threshold of the analog (d, n) channel has been applied to polarized-beam measure-
ments. The anomaly effects, observed at several angles in both cross section and ana-
lyzing power in the reaction Sr(d, po)8~Sr, are reproduced by a distorted-wave Born-
approximation calculation, if the radial matrix elements for the proton exit channel with
l =1, j = 2 are modified by a resonance term.

Anomalous effects in excitation curves of the

(d, p, ) reaction near the threshold of the (d, n)

analog channel have been observed with several
spin-0' targets in the A = 90 mass region" and
pronounced effects have been found for the reac-

tion "Sr(d, p,)"Sr(—', ').' The anomaly is assumed
to originate from the isospin coupling of the 3p
neutron single-particle resonance to the proton
analog channel. " For A =90 nuclei the 3p reso-
nance is near the neutron emission threshold.
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For this case, it has been shown" that the 3p
resonance is compressed in width and is moved
very close to the threshold. This point has been
discussed recently in more detail. ' To reproduce
the anomaly effects in differential cross sections,
coupled-channels calculations have been per-
formed'; however, no fits to the analyzing power
data of polarized-beam experiments have been
presented. ' In this Letter we show that the pro-
nounced anomaly effects observed at several
angles in both differential cross section o(0) and

vector analyzing power A(0) for the reaction
"Sr(d, p, )"Sr can be reproduced quite well by the
more phenomenological theory of Lane, ' which
has been used in a modified distorted-wave Born-
approximation (DWBA) calculation.

According to Lane, the anomaly effect is de-
scribed by a resonance term which is added to
those scattering matrix elements that populate
the l =1, j= 2 proton exit channel. The giant res-
onance character of the analog Bp,y, neutron res-
onance and the existence of the threshold are ex-
pressed in the appropriate energy dependence of
the resonance denominator. Lane did not con-
sider the dependence on the scattering angle.
To obtain a good reproduction of the anomaly in

o(0) at one scattering angle near 0=160; the

background scattering was described by one com-
plex number, chosen to give the appropriate rel-
ative phase with the resonant term.

In order to describe the angular dependence of
the anomaly effect and to correlate the effects in
v(0) and A(9), we used the DWBA code DwitcK'
for the background description. If we adjust the
resonance terms to reproduce the excitation
function of o(9) at 0= 160' this corresponds to
the adjustment of the relative phase between res-
onance term and background —we obtain at the
same time a very good reproduction of the anom-
aly effects in v(0) at other a.ngles and also a cor-
rect prediction of the anomaly effects in the an-
alyzing power.

Figure 1 shows the excitation functions of &(9)
and a(0) for the reaction "Sr(d, p,)"Sr at scat-
tering angles (9=160', 140', 120', and 90'. There
are also indicated the cross-section data of Zai-
di, Cocker, and Martin, ' which cover a large en-

ergy range. The measurement has been per-
formed with the purely vector polarized deuteron
beam of the 12-MeV Erlangen tandem accelera-
tor, ' the experimental procedure being similar
to the previous experiment on "Zr. ' The exci-
tation function has been measured at seven scat-
tering angles from E„=6.5 to 8.5 MeV with a tar-
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FIG. 1. Excitation functions of analyzing power A and differential cross section a(9) for the reaction Sr(d, p) at
scattering angles 0 =160, 140', 120, and 90'. The open circles indicate data points of Zaidi, Cocker, and Martin
Qef. 3). Arrows indicate the position of the analog (d, n) threshold. The solid and dashed curves are DWBA cal-
culations (spectroscopic factor &=0.8) with and without a resonance term.
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get of isotopically enriched "Sr(NO, )„sediment-
ed on a thin plastic foil. The target thickness
corresponded to an energy average of 200 keV.
Near the threshold energy at E~= 7.5 MeV (indi-
cated by arrows in Fig. 1) there are pronounced
effects ln o(8) at 0 = 160 and 90 and ln A(9) at
0= 160, 140', and 120'. The anomaly effects at
9=20', 40', and 60 —not shown in Fig. I~re
small. The observed structure is very similar
to that measured with the "Zr target. '

The solid lines in Fig. I are the results of a
DWBA calculation as modified by the resonance
term. To exhibit more clearly the effect of the
additional resonance, the dashed line is calcu-
lated without the resonance term. Then the dif-
ference of both curves may be considered as the
"anomaly effect. "

The optical potential for the proton-channel
distorted waves has been obtained from a fit to
the angular distributions of A(6) and o(6) for the
88sr(p, p, ) and 90Zr(p, p, ) elastic-scattering data
at E~= 11 MeV, "whereas for the deuteron chan-
nel the potential of Horton eI; al."has been used.
With these parameters the DWBA reproduces
quite well the o(6) data of the reaction "Sr(d, p, )
measured at &,= 12 MeV by Griffith, Karban, and
Roman, "and fairly well their A(0) data. That
means that the shape of A(9) is reproduced quite
well, whereas the absolute values differ by up to
a factor of 2. This supports the assumption that
in the region E„=6.5 to 8.5 MeV the DWBA cal-
culation represents the background transition
amplitudes sufficiently mell. The solid curve is
calculated with the modified DWBA code DWUCK,
where the radial integrals

are multiplied by a resonance factor:

In the above formula the energy dependence is
explicitly shown. The energy dependence of the
resonance due to penetrability effects is contained
in R(E)~, , whereas the energy dependence
due to the isospin-coupled Sp,y, neutron reso-
nance near threshold is expressed in the denom-
inator of the resonance term in exactly the same
form as given by Lane. ' We also used the same
numerical values for S(E), P(E), b, y', and I",
the only change being a smaQ shift of the "reso-
nance energy" Eo (x,g2= —0.5 instead of x,g, = —1.5,
when using the symbols of Ref. 1). The energy-
independent numerator of the resonance term is
written as a complex number A~exp(i@~). It can
be chosen different for the L = I and I = 3 orbi. tal
angular momenta of the incident deuteron wave

~~ ~~(r, k~) that may populate the 2d,g, single-
particle neutron bound state M„y,"(r) in "Sr, if
the outgoing proton wave ~»~,~(r, k~) has /= 1,
j= &. Since deuteron spin forces are weak, we
neglect a possible dependence of the resonance
on the total angular momentum J of the deuteron
channel.

A special feature of this parametrization (2) is
that these resonance factors should be indepen-
dent of the incident deuteron channel if the anom-
aly results from an isospin coupling interaction
of the exit channel configurations p+ "Sr and n

+T ("Sr) only, In fact, the solid curves in Fig.
I, which reproduce quite well the "anomaly ef-
fects" at all scattering angles, have been calcu-
lated by the use of only one complex number A.~
=2.8 and @~=20 for both I.=I and I =3.

We also checked, by calculation with these pa-
rameters, that the contribution of a resonant p,y,
exit channel to the observables is negligibly
small, as proposed by Tamura and Watson. ' This
demonstrates that the more phenomenological
theory of Lane is able to describe the experimen-
tal observations sufficiently well. Hence for the
investigation of these single-particle resonances
near threshold it may be quite useful, first to
use this framework to extract the parameters,
and afterwards to perform the interpretation of
these numbers by more refined calculations.

The authors are indebted to A. M. Lane for an
illuminating correspondence and to P. von Bren-
tano, J. Christiansen, E. Finckh, P. D. Kunz,
C. F. Moore, R. Santo, and J. Zimanyi for stim-
ulating or encouraging discussions.
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Cross sections for (p, n) transitions to analog states for targets of Ta, Au, and Bi have
been measured. The cross section and decay width observed for Bi are inconsistent
with those obtained from (P, nP) measurements. We propose an explanation: for these dis-
crepancies ~

Because of the experimental difficulty of neu-
tron measurements relative to charged-particle
experiments, a number of investigations of the
(p, n) reaction to analog states have utilized the
subsequent proton decay of the analog state to
determine cross sections for this transition.
Low-lying analog states for medium and heavy
nuclei are above the proton emission threshold
and neutron decay ean occur only through iso-
spin mixing; thus, a significant fraction of the
analog states would be expected to decay through
proton emission. In general, this fraction is not
known, but it would not depend on the proton born-
barding energy. Measurement of the excitation
function of the protons corresponding to decay of
the analog state (denoted P) whould give the en-
ergy dependence of the analog (p, n) cross section
itself and yieM a lower limit for the absolute val-
ue of this cross section, ID Rddltlon since the
p decays lead to particle-stable states (of very
small or zero width), the width of the p peak
should depend on the width of the analog state
and kinematics. If the decay is to isolated final
states, a determination of the analog state width

from p spectra is possible. Results have been
published for both the energy dependence of the
cross section and the width of the analog state
based on p measurements.

Unfortunately, both the width and cr oss-section
measurements" have led to inconsistencies for
lead. The analog-state widths deduced from p
measurements have been as much as a factor of
1.5 larger than those obtained from the (p, n)
reRctlon ol proton scattering, At, the SRD1e time
the p cross section, which should be a lower
limit for the (p, n) cross section to the analog
state, has been found to be larger than this value
for "'Pb. The present measurements were un-
dertaken to extend the comparison to targets of
TR, Au, RDd Bl.

Cross sections for the (p, n) transition to ana-
log states have been measured for targets of Ta,
Au, and Bi at proton energies of 25 and 27 MeV
with the time-of-flight spectrometer at the Law-
rence Livermore Laboratory cyelograaff facility.
Angular distributions for the three targets at 27
MeV are shown in Fig. I, Integrated cross sec-
tions at both energies were obtained from five-


