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"Fe. However, no definite spin assignments have
been made for high-spin states in this nucleus.
This results from the disalignment of the 6528-
keV level whose mean life was determined to be
517+ 45 ns. Shell-model calculations for high-
spin states give results that are very different
from those obtained for the proton particle-hole
conjugate system ' Ti and which do not follow the
simple systematics found for ' Ti and "Cr. In
the excitation-energy region between 6 and 8 Me V
in which there are states with spins greater than
8, the calculations reveal numerous states with
spins between 8' and 11'. A value of + 0.66 is
computed for the g factor of the lowest-lying 10'
state, which is to be compared to the experiment-
al value of +0.78+ 0.02 for the long-lived 6528-
keV (10+) level. " Because of the scarcity of ex-
perimental data, the correspondence cannot be
as easily established as for "Ti and "Cr. In
these states not only proton excitations occur
with a finite probability, but also neutron excita-
tions to the lf», and 2P~, orbits become impor-

tant.
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The elastic scattering of 162-MeV 7t. + and n by Be, Si, Ni, and Bpb have been
measured. All angular distributions, except for Be, exhibit strong diffraction patteros.
Optical-model calculations with matter distributions deduced from electron scattering
qualitatively reproduce the data, but better agreement for all but Be can be obtained with
suitable modifications. No substantial differences in neutron- and proton-matter radii
are indicated.

Elastic scattering of pions by complex nuclei
provides information basic to the understanding
of pion-induced nuclear reactions and the posibil-
ity of examining details of nuclear structure. At
incident energies below 300 MeV, pion-nucleus

3 3
interactions are dominated by the J= 2, & = 2 res-
onance in the pion-nucleon system, and a broad
base of data in the resonance region is required.
However, experimental investigations of the elas-
tic and inelastic scattering of pions with high
resolution at energies in the vicinity of the reso-

nance have only recently become feasible. In this
Letter, we report data for the elastic scattering
of both m' and 7t by 'Be, Si, "Ni, and '"Pb at
E„=162 MeV, approximately the resonance ener-
gy in complex nuclei. These are the initial re-
sults of a survey of pion elastic scattering being
performed at LAMPF (Clinton P. Anderson Meson
Physics Facility) with the use of the EPICS spec-
trometer system.

A complete description. of EPICS is presented
elsewhere. ' Briefly, the system consists of a
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TABLE I. Matter distribution parameters for optical-
model calculations. The values for the half-density ra-
dius, B, and diffuseness, a, are deduced from electron
scattering (Ref. 9} with the relations (r'),1,«„~' '
=[(r)+ ~

—(0.8 fm) ] ~ and
& (r) =R +~&w a . The

"modified" parameters are chosen so that (r )~dtf1~d
= [(r ) 1

—(1.9 fm)1]1/2 and a is adjusted for optimum
agreement with the data.

Charge Electron Modified
( 2)1/2 (r2)1/2 ft a (r1)1/2

Nucleus (fm) {fm) (fm) (fm) (fm) (fm) (fm)

'Be
28Si

~'Ni
208Pb

2.52
8.10
8.76
5.50

2.89 1.75 0.53
2.99 2.82 0.55
8.67 8.97 0.54
5.44 6.51 0.55

2.15 2.21 0.35
2.80 2.47 0.55
8.52 8.68 0.55
5.84 6.26 0.60

channel which provides a vertically dispersed
beam on target and a spectrometer which is com-
posed of magnetic dipoles, bending in the vertical
plane, preceded by a magnetic quadrupole triplet.
Multiwire counters located behind the triplet as
well as behind the dipoles provide trajectory in-
formation so that the incident pion energy, emer-
gent pion energy, and scattering angle are deter-
mined. The total momentum spread of the beam
is + 1%, the point resolution is &p/p= 2~10 ',
and the angular resolution is less than 1 . During
this experiment, the m' flux was 5&&10'/sec and
the m flux was about a factor of 5 lower.

The targets used in the present experiment frere
'Be (105 mg/cma), ' Ni (292 mg/cm2), aosPb (289
mg/cm'), and na. tural Si (366 mg/cm'). The re-
sults of these calculations are displayed as the
solid lines in Figs. 2(a) and 2(b), and the param-
eters used are listed in Table I. These calcula-
tions qualitatively reproduce the experimental re-
sults, but fail to predict accurately the observed
minima locations. In fact, it is not possible to
choose any reasonable set of neutron-density-
distribution parameters that produces satisfac-
tory agreement with both the ~' and m data, if
the proton distribution is deduced from analyses
of electron scattering.

Since the oscillation frequency in a strong-ab-
sorption model is determined by the product of
a momentum and a radius, the observed discrep-
ancy between the calculations and the experimen-
tal results suggests that the present optical-mod-
el prescription apparently overestimates at least
one of these parameters. We therefore performed
calculations with artificially reduced momenta or
radii, as is also implied in other studies. ' For

example, reasonable agreement with the data is
obtained for Si, "Ni, and ' 'Pb when the rms ra-
dii were adjusted such that (r') ~«„=(r') d, ~g,
—(1.3 fm)'. The results of these calculations are
shown as the dashed lines in Figs. 2(a) and 2(b);
the parameters are listed in Table I. This pro-
cedure also produces agreement with the data for
both 7T and m scattering from C at 162 MeV.
Equally satisfactory agreement is achieved, how-
ever, if the density distributions retain the val-
ues derived from electron scattering, but the cal-
culations are per formed for incident pions whose
energies range from 5 MeV (Pb) to 12 MeV (Si)
lower than in the actual experiment. These latter
calculations produce deeper minima for rt' scat-
tering than are seen in calculations for the cor-
rect beam energy. The size of each of the targets
exceeded the size of the beam spot on target (16
cm&&6 cm). Energy spectra for the spectra for
the scattering of ~' from these targets are shown
in Fig. 1. Similar spectra were obtained for the
scattering of m . The measured energy resolu-
tion, approximately 350 keV, is limited by the
target thickness, but it is clear that the energy
resolution for all targets is more than adequate
for completely resolving the ground-state from
excited-state transitions. Radiative effects'
which become apparent at the present level of
resolution contribute to the small asymmetry in
the peak shape with a low-energy tail.

Relative differential cross sections were ob-
tained by normalization to the pion Qux meas-
ured with an ionization chamber situated at 0',
downstream of the target. Absolute cross sec-
tions are based upon comparison with pion scat-
tering from carbon at the same energy' in which
the differential cross sections for carbon were
determined relative to experimental values for
the scattering of pions by hydrogen' at 162 MeV.
These m -C elastic scattering cross sections are
in excellent agreement with those recently meas-
ured by Piffaretti e~ cd'. ' Corrections due to radi-
ative effects are estimated to be only a few per-
cent' and have not been included in the normaliza-
tion. The uncertainty in absolute cross sections
is estimated to be less than + l(Po and relative
cross sections are accurate to better than + 5%,
ignoring purely statistical error s.

The angular distributions for the observed elas-
tic scattering of 162-MeV m' and m from 'Be, Si,
"Ni, and '"Pb are displayed in Figs. 2(a) and
2(b), respectively. (A tabulation of these cross
sections is available on request. ) Pronounced os-
cillations characteristic of strong pion absorption
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FIG. l. Energy spectra obtained for the scattering of 162-MeV 7t' by Be, Si, Ni, and Pb at a laboratory an-

gle of 50'. Each datum point corresponds to approximately 100 keV.

are observed in the angular distributions for Si,
"Ni, and '"Pb. The data for scattering from 'Be,
however, show relatively weak oscillatory struc-
ture.

A comparison of m' and m elastic scattering
from each of the targets is displayed in Fig. 2(c).
For each target, comparable peak-to-valley ra-
tios are observed for the oscillations in both m'

and m scattering. As is shown by calculations
neglecting the Coulomb interaction, the shifts in
oscillation frequency and locations in minima pri-
marily result from Coulomb effects which intro-
duce an overall phase difference between m' and

scattering in addition to changing the local
kinetic energy.

Optical-model calculations for the elastic scat-
tering of 162-MeV r' and m by 'Be, "Si, "Ni,
and '"Pb have been performed using the momen-
tum-space elastic-scattering code PIPIT.' The
collision matrix is calculated using free-pion-
nucleon phase shifts' and a model' for offshell
extrapolation. The effects of nucleon Fermi mo-
tion have been neglected. The nuclear-matter
distributions were assumed to be of Woods-Saxon
form, with identical parameters specifying pro-

ton and neutron distributions.
Initially, the matter distributions were obtained

from the charge distributions determined by analy-
ses of electron scattering' with a correction for
the finite charge radius of the proton. This re-
sults from changes in both the pion-nucleon and
Coulomb interaction which are evaluated at the
new energy. It is also noteworthy that both the
modified and unmodified calculations predict vir-
tually identical cross sections at forward angles,
all agreeing with the measured values for Si,
"Ni, and '"Pb. The gross disagreements be-
tween data and calculations for 'Be are indicative
of the fact that the current procedure is in appro-
priate, and may be due to the nonzero spin or un-
usual structure of the weakly bound 'Be system.

Further calculations were performed with the
"modified" proton-distribution parameters listed
in the table and the neutron distributions varied.
It was found that for ' Pb the agreement with the
data becomes significantly worse if the differ-
ence between neutron and proton radii is as much
as 0.2 fm. A similar sensitivity to the neutron
radius is deduced for "Si. These results are
consistent with earlier studies" of nuclear mat-
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Magnetic-field-dependent structure in the photodetachment cross section of negative
sulfur ions has been observed. This is the first observation of such structure for any

negative ion. The structure is found to be due in part to the excitation of the detached
electrons to discrete cyclotron levels.

We have observed the effect of a strong mag-
netic field on the photodetachment cross section
of the negative sulfur ion near the threshold for
detachment from the 'P3/2 state. Part of the mo-
tivation for this investigation is the possibility
that state-dependent photodetachment might pro-
vide an effective method of producing and detect-
ing population differences in certain stored ionic
species. S was selected for study because at
zero magnetic field the photodetachment cross
section near threshold is known to be a steeply
rising monotonic function of light frequency. ' We

observed that the application of a magnetic field
produces structure in the cross section which has
a periodic dependence on the light frequency. This
structure constitutes a dramatic departure from
the behavior at zero magnetic field. "' We find
that the oscillatory structure is due to the excita-
tion of the detached electron to discrete cyclo-
tron (Landau) levels in the magnetic field. '

The only bound states of the group-VI series of
atomic negative ions are 'P fine-structure doublet

formed from a p' configuration. The energy level
diagram for S as measured by Lineberger and
Woodward' is shown in Fig. 1. The dependence
of the zero-field photodetachment cross section
on photon energy was more clearly demonstrated
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FIG. 1. Zero-field energy levels of S and S. The

P3(2 P2 transition has been used for all of the re-
sults reported in this paper.

in experiments on Se . Hotop, Patterson, and
Lineberger' found that cr cc (v —v, »„„,„)'t', thus
verifying the Wigner prediction' for experimental
resolution on the order of 2 cm ' and for ener-
gies of less than 40 cm ' above threshold. The
measurements reported in this paper involve at

1320 1978 The American Physical Society


