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Measurements of the spin observablesDNN8 , P, and Ay in inelastic proton scattering
from 12C and 16O at 198 MeV

A. K. Opper,* S. W. Wissink, A. D. Bacher, J. Lisantti,† C. Olmer, R. Sawafta,‡ E. J. Stephenson, and S. P. Wells§

Indiana University Cyclotron Facility, Bloomington, Indiana 47408
~Received 13 September 2000; published 21 February 2001!

Precise values of the normal-component spin observablesDNN8 , P, and Ay have been determined at an
incident proton energy of 198 MeV for theT50 ~12.71 MeV! andT51 ~15.11 MeV! 11 states in12C for
momentum transfers between 80 and 250 MeV/c, and for theT50 ~17.78 and 19.81 MeV! andT51 ~18.98
MeV! 42 states in16O for momentum transfers of 225–400 MeV/c. The data are compared with distorted
wave impulse approximation calculations in which a microscopic treatment of the nuclear medium has been
used to obtain an effective nucleon-nucleon interaction. Nuclear binding and Pauli blocking effects, as well as
those due to the strong scalar and vector mean field potentials that arise in covariant treatments of nuclear
matter, are incorporated using aG-matrix approach. Our results suggest that while the isovector channel of the
effective nucleon-nucleon interaction is reasonably well understood, pronounced discrepancies between theory
and experiment for the isoscalar transitions point towards problems with the relative strengths of the spin-orbit
and tensor components. For the12C states, these discrepancies are more difficult to interpret due to ambiguities
in the nuclear structure.
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I. INTRODUCTION

The study of polarization transfer processes in nucle
induced reactions has proven to be a rich source of infor
tion on both the effective~i.e., in-medium! nucleon-nucleon
(NN) interaction and also on nuclear structure issues, p
viding much more stringent tests of current theoretical m
els than are possible with differential cross section (ds/dV)
and analyzing power (Ay) data alone@1#. At intermediate
energies,;150–500 MeV, where the impulse approximatio
should serve as a valid reaction model, complete sets
(pW ,pW 8) spin transfer observables obtained in the quasif
region have been used to separate out the spin-longitud
and spin-transverse components of the continuum@2,3#. Con-
cerns over the mixed isospin nature of this probe have
motivated recent studies of quasifree (pW ,nW ) scattering@4,5#,
in which the momentum transferq dependence of these re
sponse functions has been cleanly mapped out in the iso
tor channel. In a complementary way, by using inelas
nucleon scattering to induce unnatural parity, spin-flip tra
sitions to discrete final states of well-determined structu
the spin-transfer observables that characterize this pro
provide information on the small and often poorly unde
stood spin-dependent pieces of the interaction@6,7#. More-
over, by measuring these observables at intermediate e
gies, sensitivity to the generally weaker spin-orbit and ten
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terms is further enhanced, due to the relative weakness o
usually dominant central term in this energy region.

Studies of polarization transfer in (pW ,pW 8) reactions can
therefore provide new information on theNN force inside
nuclei. Because parity conservation prohibits the transfe
polarization between the normal component~directed along

N̂, perpendicular to the reaction plane! and the polarization
components that lie in the reaction plane@8#, there is only
one normal-component polarization transfer observable,
noted here byDNN8 . Theoretical interest in measurements
DNN8 stems from the early observation@9# that this quantity
appears to be less dependent than cross sections and an
ing powers on details of the nuclear transition density u
or the choice of optical distorting potential. ThusDNN8
should serve as a sensitive and robust probe of theNN ef-
fective interaction, especially near the peak in the differen
cross section@9#. These expectations are borne out in plan
wave impulse approximation~PWIA! treatments, which have
shown@10# that for isovector transitions, in which the spin
orbit component should be weak,DNN8 can be related to the
ratio of the transverse and longitudinal spin components
the effective interaction. These simple relationships hold p
ticularly well for transitions which can be characterized by
single value ofLSJ transfer, such as one finds for so-calle
‘‘stretched’’ states, i.e., 1p-1h excitations in which both par-
ticle and hole states have the maximum angular momen
allowed in their shells, coupled so thatJ5Jmax, L5J21,
andS51.

Measuring the normal component of the outgoing nucle
polarization also allows one to determine the ‘‘induced’’ p
larization P, the level of polarization produced in the sca
tered nucleon flux for a reaction initiated with an unpolariz
beam. For elastic scattering,P must equal the reaction ana
lyzing powerAy by time-reversal invariance; thus, for inela
tic scattering, thedifferenceof P andAy can probe noncol-
lective behavior. It has been shown@11# that one can
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generalize this idea and define aspin differencefunction DS
as

DS[~Dqp1Dpq!1 i ~P2Ay!, ~1!

which is identically zero for elastic nucleon scattering.~The
observablesDqp and Dpq describe the transfer of polariza
tion within the reaction plane.! In a direct-only PWIA treat-
ment, this quantity vanishes forinelastic scattering as well,
except for small effects related to the reactionQ value @12#.
It has been shown@13#, though, thatDS can differ signifi-
cantly from zero, even within a single-scattering approxim
tion, if nonlocal terms appear explicitly in theNN effective
interaction. Such nonlocal effects can arise, for exam
through explicit treatment of knock-on exchange proces
especially the important tensor exchange contributions@14#.
In a relativistic formalism, in which one includes both th
upper and lower~momentum-dependent! components of the
bound nucleon wave functions, effective couplings betwe
the projectile and the nuclear convection currents (jW) and
composite spin-convention currents (sW • jW andsW 3 jW) appear
naturally@11,13,15#. Because exchange effects are genera
expected to decrease in strength with increasing bombar
energy, examining the energy dependence ofDS should pro-
vide insight into the source and nature of these nonlocalit

As part of a broader program at the Indiana Univers
Cyclotron Facility~IUCF! to investigate the spin-depende
terms of the effective nucleon-nucleon interaction at interm
diate energies, we have measured the normal-componen
larization observablesDNN8 , P, andAy for the excitation of
five unnatural-parity states in light nuclei via inelastic sc
tering of 198-MeV protons. The transitions chosen inclu
the two dominant 11 states in12C at 12.71 MeV (T50) and
15.11 MeV (T51), and the three 42 stretched states in16O
at 17.78 and 19.81 MeV (T50) and 18.98 MeV (T51).
These data, when combined with previously measured
plane spin transfer coefficients for the same five transiti
@16# provide, for the first time, several complete sets of s
transfer observables over a wide range of momentum tran
near 200 MeV. Several groups have shown@6,7# that by
forming specific linear combinations of these observab
one can gain increased sensitivity to individual terms in
effectiveNN interaction@17#.

We now briefly discuss some earlier work involving the
particular nuclear transitions. The strong isoscalar and
ovector 11 states in12C have been extensively studied, bo
theoretically and experimentally, primarily as tests of o
understanding of the in-mediumNN interaction at low mo-
mentum transfer. Early measurements at 397 MeV@9# of
DNN8 for the isovector 11 transition indicated that the tenso
amplitudes were not well understood at that time for mom
tum transfers as low as 150 MeV/c. More severe discrepan
cies, though, were found between data and distorted w
impulse approximation~DWIA ! calculations ofDNN8 for the
isoscalar 11 transition. These latter differences were thoug
to be due either to uncertainties in the nuclear structure
this state, or to problems with the relative strengths of
spin-orbit and tensor interactions in the isoscalar channel@9#.
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The first complete sets of (pW ,pW 8) observables for these
states were obtained at Los Alamos at 500 MeV@18#. These
data have since been remeasured at the same energy
higher precision@19#, though typical errors~statistical plus
systematic! remain greater than 0.05 at the most forwa
angles and increase rapidly with scattering angle. The
thors concluded that no single calculation could provide
good description of all observables@19# and most of the
problems alluded to in the previous paragraph were ag
found to plague interpretation. Within their uncertaintie
however, the authors were able to extract spin response f
tions beyond those accessible via electron scattering.

More recent studies at IUCF@20# used simultaneous mea
surements of (pW ,pW 8) and (pW ,p8g) observables to examin
the isovector 11 state in12C in great detail at 200 MeV. The
large number of observables obtained~16!, and the statistical
precision of the data, allowed for a complete determinat
of the scattering amplitude for this transition, in an ess
tially model-independent manner, at four values of mom
tum transfer. Supporting earlier suggestions by the Los A
mos group@18,19#, it was found@20# that the best overal
agreement with the data set was provided by calculati
which used a relativistic description, but in which knock-o
exchange processes hadnot been explicitly included. Despite
the high quality of the data obtained, the reliance on (pW ,p8g)
observables to complement the (pW ,pW 8) information limits the
number of nuclear transitions which can be probed e
ciently using this technique.

Several earlier studies focused on only the norm
component observables, at a variety of energies. Meas
ments of (P2Ay) at 150 MeV @21# showed surprisingly
large deviations from zero for both the isoscalar and isov
tor 11 states in12C. Qualitatively similar results were re
ported for (P2Ay) at 200 MeV for theT51 state in Ref.
@20#, in which two different measurement techniques we
used to determine the same observable. These results a
be contrasted with the much smaller values of (P2Ay) ob-
tained in studies at 400 MeV@22# and 500 MeV@19# for both
the T50 andT51 11 states. This decrease in magnitu
with increasing beam energy is consistent with the assu
tion that (P2Ay) is driven primarily by tensor exchang
contributions, which are expected to become less impor
at higher energy. Further studies of the energy dependenc
this observable may provide insight into the source of
nonlocalities that are present in the interaction.

The three strong stretched 42 states in16O have also been
the subject of previous work. For all three states, the nuc
structure is expected to be dominated by the promotion o
single nucleon from thep3/2 to the d5/2 level, with particle
and hole coupled to the maximum allowable total angu
momentum (LSJ5314). Because only a single value of a
gular momentum (L5J21) is transferred to the target, in
simple shell model picture the longitudinal and transve
transition densities become proportional to one another@23#.
More detailed information on the structure of the individu
states has come from comparative analyses of (e,e8) @24#
and (p,p8) scattering @25,26#. Based on the relative
strengths observed inp1 andp2 scattering studies, the isos
4-2
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MEASUREMENTS OF THE SPIN OBSERVABLESDNN8 , . . . PHYSICAL REVIEW C 63 034614
pin admixtures have been determined, establishing the 1
MeV state as being essentially pureT51, and the 17.78 and
19.81 MeV states as predominatelyT50, but with small
isovector components of comparable size but opposite si

Because the nuclear structure of these stretched stat
reasonably well determined, studies of their excitation c
provide some of the most stringent tests of the validity
models for the effectiveNN interaction@17#. The high spin
of these states also results in (p,p8) cross sections that ten
to peak at reasonably large angles, thus allowing for inve
gation at high momentum transfer with high statistical pre
sion. For the isovector transitions, in which the spin-or
force is relatively weak, this may provide fairly direct info
mation on the tensor terms; for the isoscalar states, on
other hand, both tensor and spin-orbit components will
present, though the relative strengths of these terms is po
determined, and varies widely among competing interac
models.

Despite these important features, the number of (pW ,pW 8)
spin observables~other thanAy) that have been measured f
the 42 states in16O is surprisingly small. Complementin
the normal-component observables studied in this work
the in-plane polarization transfer coefficients at 198 M
measured by Olmeret al. @16#. A complete set of observ
ables was measured at 350 MeV by a group at TRIU
@27#. Other related work includes the measurement of a co
plete set of (pW ,pW 8) spin transfer observables for the stro
52 and 62 ~stretched! states in28Si at 500 MeV@28#, and
several recent 198 MeV (pW ,pW 8) studies at IUCF on stretche
states in10B @29# and 28Si @30,17#.

This paper is organized as follows. In Sec. II, we pres
the theoretical background and formalism used for anal
of the data, in order to show more explicitly the relationsh
between experimental observables and results derived
model calculations. Descriptions of the detectors emplo
and other technical details concerning the apparatus are
vided in Sec. III, along with information on the condition
present and procedures followed during data acquisition
Sec. IV we discuss data reduction and analysis issues,
centrating on polarimetry, yield extraction methods~which
differed for the two nuclei!, and conversion of yields to fina
observables. Section V contains brief descriptions of
model calculations, and compares the predictions of th
models to our data. Our most significant results and con
sions are summarized in Sec. VI.

II. THEORETICAL BACKGROUND

In order to illustrate the physics content of the spin tra
fer coefficients~theDi j ’s! and to make more explicit severa
of the assumptions that will be used in the discussion of
results, it is useful to examine the precise relationship
tween the nucleon-nucleus (NA) scattering observables an
those that parameterize nucleon-nucleon (NN) scattering.
Adopting the conventions of Kerman, McManus, and Tha
~KMT ! @31#, the most general form allowed by parity an
time reversal invariance for the freeNN scattering amplitude
in a nonrelativistic framework is given by@32#
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Mt~q!5A1Bs n̂
t s n̂1C~s n̂

t 1s n̂!1Es q̂
t s q̂1Fs p̂

t s p̂ ~2!

with

qW 5kW82kW , nW 5kW3kW8, p̂5q̂3n̂, ~3!

wherekW (kW8) is the incident~scattered! proton momentum,
the Pauli spin operatorss that are t superscripted~non-
superscripted! are for the target~projectile! nucleon, and the
complex amplitudesA, B, C, E, andF are assumed to exhibi
an isospin dependence of the formA5A11A2(tW t

•tW ), etc.
The plane wave impulse approximation allows us to e

press theNA scattering amplitudeM̄ (q) in terms of theNN
amplitudes defined above. For a 01 target excited via proton
inelastic scattering to a stateJp, this takes the form

M̄ ~q!5^Jmu(
t

M t~q!e2 iqW •rW tu0&, ~4!

whereMt is now to be interpreted as the amplitude for sc
tering of the incident proton from thetth target nucleon. We
candefinethe polarization transfer coefficientsDi j in terms
of the NA scattering amplitude and the nucleon spins, us
the conventions of Wolfenstein@32#:

ds

dV
Di j [

1

2
Tr @M̄ s i M̄† s j #, ~5!

wheres i (s j ) is the Pauli spin matrix for thei th ( j th! com-
ponent of the incident~scattered! nucleon polarization, and

ds

dV
[

1

2
Tr @M̄ M̄†# ~6!

is the usual unpolarized differential cross section. Written
this form, it is apparent that values for all of the reacti
observables can be easily generated, given a model calc
tion for M̄ . We also note that by explicitly separating th
target nucleon spin dependence inMt , the transition ampli-
tude can be factored into interaction-dependent and nucl
structure-dependent components.

We can see from the above equations that the polariza
transfer observableDi j relates thei th component of the ini-
tial ~incident! proton polarization to thej th component of the
final ~outgoing! proton polarization. Becausei andj each run
over four possible values, corresponding to the identity m
trix and the three Pauli spin-matrices, potentially 16 indep
dent spin observables would need to be determined to c
acterize a 01→Jp transition excited via either nucleo
inelastic scattering or nucleon charge exchange. Ohlsen
shown@8#, in an intuitive manner, that invoking parity con
servation and time reversal reduces the number of non
observables to eight, since interactions that respect th
symmetries cannot mix polarization components norma
the scattering plane with those that lie in the plane. T
relationship between the polarization components of the
cident and outgoing nucleon may therefore be expresse
the following general matrix form:
4-3
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dsp

dV F 1

pn8

pp8

pq8
G5

ds

dVF 1 Dn0 0 0

D0n Dnn 0 0

0 0 Dpp Dqp

0 0 Dpq Dqq

GF 1

pn

pp

pq

G
~7!

wheredsp /dV is the polarized cross section,

dsp

dV
5

ds

dV
~11Dn0pn!. ~8!

The observableD0n , which characterizes a reaction in whic
the incident beam is unpolarized and the normal compon
of the scattered beam is measured, is equivalent to the
duced polarizationP discussed previously, whileDn0 is the
scattered yield asymmetry due to a normally polarized in
dent beam, i.e., the reaction analyzing powerAy . In this
work, all spin observables will be described in the laborat
coordinate frame, in which the polarization components
the incident proton are measured in the unprimed coordin
system (N̂,L̂,Ŝ)[(n̂,k̂,n̂3 k̂), while those of the scattere
proton are measured in the primed coordinate sys
(N̂8,L̂8,Ŝ8)[(n̂,k̂8,n̂3 k̂8).

III. EXPERIMENTAL DETAILS

The measurements described in this paper were ca
out at the Indiana University Cyclotron Facility~IUCF! us-
ing the high-resolution K600 spectrometer@33# and its asso-
ciated focal plane polarimeter~FPP! @34#. From the preced-
ing discussion, it is clear that in order to determine t
complete set of normal-component polarization observa
(DNN8 , P, and Ay), one must know the component of th
proton polarization vector perpendicular to the scatter
plane immediately before and after the scattering (pN and
pN8 , respectively!. For this work, information on the inci
dent beam spin was obtained from a low-energy polarim
mounted between the injector and main stage cyclotro
while the FPP, mounted just downstream of the K600 fo
plane, provided information on the outgoing proton polariz
tion.

The 198 MeV polarized proton beam was produced us
an atomic beam polarized ion source@35#. In this type of ion
source, the beam polarization can be ‘‘flipped’’ from o
spin state to another~e.g., from ‘‘up’’ to ‘‘down’’ in the
laboratory frame! via rf transitions, without significantly af-
fecting either the intensity or trajectory of the transport
beam. During actual data acquisition, the beam polariza
direction was reversed every 30 seconds to minimize se
tivity to various instrumental asymmetries. The magnitude
the incident beam polarization for each spin state was m
sured approximately once every 24 h with a low energy
larimeter@36# that usedp14He elastic scattering as the an
lyzing reaction. Periodically, additional polarimet
measurements were taken with the atomic beam valve on
ion source closed; in this way, an unpolarized beam~albeit,
one of low intensity! was incident on the polarimeter targe
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and any left-right asymmetry observed could be used to c
rect for instrumental or geometric effects in the device. O
the running period of this experiment~approximately two
weeks!, the primary proton beam polarization averaged 0
for each spin state, with typical magnitude differences of l
than 0.01 observed between the two spin states. This di
ence is comparable to the error achieved in each meas
ment, due primarily to uncertainties in elastic scattering yi
extraction. In our final determination of the spin observabl
we therefore used a simple average of the spin-up and s
down polarization magnitudes, after each had been corre
for polarimeter false asymmetries. Long-term drifts in t
beam polarization, i.e., over a 24 h period, never excee
0.015.

In order to ensure that most sources of systematic e
were small and under control, a number of consisten
checks were included in our data collection and analysis p
cedures. A detailed description of the K600/FPP facility a
its calibration results have been provided elsewhere@34#, and
will be summarized only briefly here.

Charged particles emitted in the primary scattering re
tion are momentum analyzed as they pass through the di
fields of the horizontal-bend-plane K600 spectrometer. C
internal to the spectrometer provide kinematic~quadrapole!
and hexapole aberration corrections. The scattered part
then pass through the focal plane and FPP detector st
shown schematically in top view in Fig. 1. The focal pla
detection system consists of two parallel vertical drift cha
bers ~VDC’s! followed by a single thin plastic scintillato
~S1 in Fig. 1!. The VDC’s provide high resolution position
and angle information on the proton trajectory, while t
scintillator data are used for particle identification and f
timing. The polarimeter, mounted just downstream of t
focal plane stack and oriented approximately perpendic
to the central momentum ray, consists of a thick~5 cm!
graphite block, which functions as the polarization analyz
followed by two sets of pairedx–y multiwire proportional
chambers~MWPC’s!, backed by two planes of plastic scin
tillator. Hit pattern data from the MWPC’s are used to det
mine the proton’s trajectory upon leaving the analyzer;

FIG. 1. Top view of the IUCF K600 focal plane and focal plan
polarimeter detectors.
4-4
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MEASUREMENTS OF THE SPIN OBSERVABLESDNN8 , . . . PHYSICAL REVIEW C 63 034614
conjunction with the focal plane information, this establish
the true scattering angle in the analyzer and verifies that
~secondary! event origin lies within this block. The final two
scintillator planes, 0.64 and 7.62 cm thick, confirm the p
ticle identification information, and also provide a measu
of the inelasticity of the second~analyzer! scattering reac-
tion.

The trigger logic and readout electronics scheme u
were relatively simple. All modules were gated or strob
whenever the focal plane and FPP scintillators both fired
coincidence with at least one wire hit in each of the fo
plane VDC’s. For this experiment, we also incorporated
second level trigger, a decision based on the encoded
words available from the FPP MWPC’s via the LeCroy@37#
PCOS III system. Feeding this information into a fa
memory look-up unit for bit-pattern recognition enabled
to perform rapid (,500 ns! hardware rejection of events i
which the detected particle underwent no significant scat
ing ~less than;3°) in the graphite analyzer. By eliminatin
these ‘‘straight through’’ events, the effective data acqu
tion rate could be increased by approximately a factor o
For this work, we also accepted a prescaled fraction~typi-
cally 1 in 10! of all valid focal plane events, independent
the second level trigger requirement, to allow for absol
cross section and analyzing power determinations, as we
calibration information on the polarimeter geometry.

Because the K600 spectrometer has a horizontal b
plane, the longitudinal and sideways~‘‘in-plane’’ ! compo-
nents of the scattered beam polarization are mixed in pas
through the dipole fields, but the vertical component, norm
to the scattering plane, is unaffected. Thus a measureme
the left/right asymmetry observed in scattering from the c
bon block, combined with knowledge of the effective an
lyzing power of the FPP (AFPP), allows for direct extraction
of the normal component of the scattered beam polarizat
The value ofAFPP , determined in separate calibration stu
ies @34#, is dependent on the kinetic energy of the prot
being analyzed. For the measurements described here,AFPP
decreased smoothly from 0.471 down to 0.415 as the pro
energy decreased from 187 to 175 MeV. The correspond
efficiency of the FPP (hFPP) over the same energy interva
ranged between 1.96 and 2.27%, showing a slight rise w
decreasing proton energy. These values forAFPP andhFPP
are in reasonable agreement with those obtained in stu
conducted at other facilities using similar instrumen
@38,39#.

The 12C data taken at angles greater than 15.5° were
tained using a thin~10.8 mg/cm2) natural carbon target in
order to achieve high resolution, typically 35 keV full widt
at half maximum~FWHM!. In spite of the thinness of this
target, a reasonable count rate could be maintained by u
beam currents as high as 100 nA. At these angles, it
possible to collect the unscattered beam in a well-shiel
beam dump, located approximately 8 m beyond the scatter
ing chamber. For scattering angles forward of 15.5°, ho
ever, it was necessary to stop the beam in an electric
isolated Faraday cup mounted inside the scattering cham
which precluded extensive shielding. Under these conditio
increased room background from the Faraday cup led to
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increase in the leakage currents drawn by the MWPC’s,
incident beam currents of no more than;6 nA could be
tolerated. To compensate, a thicker~22.0 mg/cm2) natural
carbon target was used at the smaller angles, which degr
the energy resolution in the spectrometer to approxima
60 keV.

In the oxygen work, an 11.2 mg/cm2 target of H3BO3 was
used, for an effective16O thickness of 8.81 mg/cm2. The
boron was isotopically enriched in10B, since the11B(p,p8)
spectrum contains additional peaks in the excitation ene
region of interest. The target had 260mg/cm2 gold leaf at-
tached to the front and back surfaces to aid in heat diss
tion and to inhibit evaporation under beam heating. Desp
the intrinsic high resolution capabilities of the K600 spe
trometer system, the energy resolution of the states of in
est in 16O was typically limited to;70 keV FWHM, due
predominantly to nonuniformity in the thickness of the targ
material.

The entrance aperture to the spectrometer was define
a rounded slot, 1.27 cm wide and 2.54 cm high, mill
through a piece of thick (;1.3 cm! brass positioned 71.3 cm
from the center of the scattering chamber. This correspo
to a horizontal acceptance of approximately 1° and a vert
acceptance of about 2°, well within the width and heig
limitations set by the vacuum box within the K600 dipole
With this aperture, the solid angle subtended was 0.57 m

For these studies, the K600 focal plane detector sys
was configured in its ‘‘medium-dispersion’’ mode, and had
maximum momentum bite of about 9%. This translates to
energy bite of roughly 36 MeV for proton energies near 2
MeV. In the kinematic regimes and under the running co
ditions typically encountered in this work, use of the fu
focal plane would have resulted in at least 60% of the m
mentum acceptance~and often 75% of the total event rate!
lying outside the regions of excitation energy that constitu
the primary focus of this experiment. During production ru
ning therefore two techniques were used to eliminate th
events from the data stream. Protons on the high momen
side, such as those that scattered elastically in the prim
target, were stopped on a thick copper block mounted o
movable track inside the K600 vacuum box just upstream
the focal plane detector stack. To exclude the lower mom
tum ~higher excitation energy! contributions, preamplifier
cards on the focal plane VDC’s were selectively disabled
this way, the high flux of elastically scattered protons did n
produce any first-level triggers at all, while events that fell
regions of high excitation were vetoed out at a second le
in hardware. As a result, an energy acceptance of;14 MeV
was used for most of the work described here.

IV. DATA ANALYSIS

A. Overview of method

The observed differences in yield for protons that sca
left or right in the carbon analyzer, for incident beam pola
izations oriented ‘‘up’’ or ‘‘down,’’ can be related to the spi
observablesDNN8 , P, andAy that characterize the primar
scattering reaction. These relationships will be derived m
4-5
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explicitly below, after a brief discussion of the condition
imposed in software to identify valid spectrometer and p
larimeter events.

To be considered a useful event, the detected par
must first pass aDE2DE pulse-height correlation require
ment, formed between the thin focal plane scintillator a
the DE FPP scintillator~see Fig. 1!. This ensures its identi
fication as a proton of approximately the desired kinetic
ergy. ~The spectrometer acceptance already provides a fa
stringent ‘‘hardware’’ momentum cut.! The VDC informa-
tion, consisting typically of three or four consecutive wi
hits per chamber, plus associated drift time information
then thoroughly checked for internal consistency, and pre
values for the trajectory parameters~position and angle!
through the detector stack are determined. At this point,
horizontal position at which the proton crossed the fo
plane, which is closely correlated with the scattered pro
momentum, can be calculated, and the process is consid
a valid spectrometer event. The distribution of yield acro
the focal plane can also be sorted by the spin state of
incident proton beam, and cross sections and analyzing p
ers for the discrete states or excitation energy regions
interest can then be deduced by the usual methods.

If the focal plane polarimeter is in use, valid spectrome
events are subjected to a second set of software tests.
checking the integrity of the FPP MWPC event structure,
trajectory of the protonafter exiting the graphite analyzeris
determined. Combined with the focal plane information
secondary scattering vertex can be located. The analysis
gram requires that this vertex~calculated separately in thex
and y directions! lies within the physical boundaries of th
analyzer, after allowing for uncertainties due to the fin
angular resolution of the wire chambers and for multip
scattering effects on the proton’s trajectory as it pas
through the thick carbon analyzer. The FPP scintilla
pulse-height data are then converted to absolute en
losses and corrected for geometric effects~based on the
MWPC information!, and tighter particle identification cut
are applied. Additional internal consistency checks were a
used in this work to recover most of the events in wh
multiple hits were recorded in one or more of the FPP w
chambers. By eliminating spurious or nonphysical trajec
ries, it was usually possible to reduce the event informat
to a single allowed proton track, and then subject the dat
the same sequence of energy and angle cuts as the sing
events.

For our final data sample in these studies, we kept o
those events in which thex ~horizontal! projection of the
analyzer scattering angle fell between 5.5 and 23.2°, and
which the energy deposition measured in the 7.62-cm-th
FPP scintillator was within;6 MeV of the energy deposi
tion one would expect if the proton had undergone a sin
elastic scattering on a12C nucleus within the analyzer.~A
similar, but less stringent, requirement was also imposed
the measured FPPDE information.! These two criteria,
which respectively select a particular range of scatter
angles and discriminate against inelastic scattering proce
were chosen empirically to maximize the figure-of-merit
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the FPP, while maintaining a high effective analyzing pow
for the device.

Events which satisfied the above conditions~‘‘valid FPP
events’’! were then sorted by scattering direction in the an
lyzer ~left or right! and incident spin state~up or down!, and
histograms of yield along the focal plane were generated.
illustrative example is presented in Fig. 2, for scattering
198 MeV protons from12C at 16°. The top~bottom! pair of
spectra are for incident beam spin up~down!, and the left
~right! pair represent scattering to the left~right!, as defined
by the Madison convention. The narrow peaks near chan
4700, 5300, and 5600 correspond to excitation of the 12
15.11, and 16.11 MeV states in12C, respectively.

The final step in the data analysis involves extraction
the relative yields for the transitions of interest from the
four ‘‘spin-state sorted’’ spectra, followed by calculation
the asymmetries associated with each polarization obs
able. The procedures used for yield extraction are quite c
plex, and differed for the12C and 16O spectra; these will be
described in some detail in the following subsections. F
now, we note that once the spin-sorted proton yields h
been obtained, it is quite straightforward to derive expr
sions for the normal-component spin observables in term
these yields. Consider the number of valid FPP events
which the proton is scattered to a given side~left or right! for
a given incident spin state. We have

N5hFPP I ~11pN8 AFPP!, ~9!

whereN is the yield measured in the FPP,hFPP is the FPP
detection efficiency,I is the flux of scattered protons~from
the primary reaction! for the transition of interest,pN8 is the
vertical polarization of this scattered flux, andAFPP is the
effective analyzing power of the polarimeter. Looking
these factors individually, we note that the FPP efficien
can be expressed somewhat schematically as

FIG. 2. Focal plane spectra of 198-MeV protons scattering fr
12C, sorted by scattering angle in the analyzer and incident pro
spin state. The left~right! pair represent scattering to the left~right!
and the top~bottom! are for incident beam spin up~down!.
4-6
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hFPP5 K ds

dV
•t•DV L

FPP

, ~10!

in which ds/dV is ~predominantly! the elastic scattering
cross section for protons on12C, t is the analyzer thickness
andDV is the solid angle acceptance of the FPP. Note t
these parameters must be averaged over a range of inc
energies, excitation energies, and scattering angles,
therefore depend not only on the particular hardware c
figuration used, but also on the choice of software conditi
imposed. Thus ‘‘effective’’ values must be determined e
pirically through precise calibration procedures@34#.

From Eq.~8!, we see that the scattered fluxI is related to
the flux one would measure with an unpolarized incid
beamI 0 plus a term dependent on the normal componen
the incident beam polarization,

I 5I 0~11pNAy!. ~11!

The normal component of the scattered beam polarizatio
shown in Eq.~7! to be given by

pN85
P1pNDNN8

11pNAy
. ~12!

We now combine Eqs.~9!–~12! to obtain our primary result

N5hFPP I 0 ~11pNAy1PAFPP1pNDNN8AFPP!. ~13!

This equation shows explicitly the relationship betwe
the measured FPP yield~N! and the spin observables of in
terest for the primary reaction (Ay , P, andDNN8). This re-
lationship is expressed in terms of the FPP performance
rameters (hFPP and AFPP), the incident proton beam
polarization (pN), and the scattered proton flux (I 0); this last
quantity can be measured directly using the spin-sorted f
plane yields~see below!, and is a function of the~primary!
reaction cross section, integrated charge, spectrometer
angle, and primary target thickness.

The FPP yieldN can be measured for protons scattered
the analyzer to the left@Eq. ~11!# and to the right (AFPP flips
sign!, using incident proton beams with spin up (pN.0) or
spin down (pN,0). If we assume that the incident bea
polarization ‘‘flips’’ exactly, i.e., thatupN↑u5upN↓u[pN , and
also thatI 0 is the same for each spin state, then these f
FPP yields can be combined to produce the following sim
relationships between the spin observables of interest and
measured quantities:

Ay5
1

pN
~L↑1R↑2L↓2R↓!/S, ~14a!

P5
1

AFPP
~L↑2R↑1L↓2R↓!/S, ~14b!

DNN85
1

pN•AFPP
~L↑2R↑2L↓1R↓!/S, ~14c!
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where S is the sum of all four yields,S[L↑1R↑1L↓
1R↓ , and whereL↑ represents the number of protons sc
tered to the left for a spin-up incident beam, etc.

In this work, Eqs.~14! were used to determine the sp
observables, with small modifications applied to correct
deviations from the two assumptions made above. First,
raw FPP yields were normalized to account for sp
dependent differences inI 0 due primarily to electronic and
computer livetime, wire chamber inefficiencies, and in
grated primary beam flux. Second, we note that any diff
ence in the magnitudes of the incident beam polarizations
the two spin states requires that the above equations foAy
andDNN8 be modified~to first order! by including an overall
multiplicative factor

bcor5@12DpN Ay#
21, ~15!

where DpN[ 1
2 (upN↑u2upN↓u). ~The corresponding correc

tion for P is only slightly more complicated.! Given the typi-
cal differences between the up and down polarization m
nitudes, as measured with the low energy polarimet
(<0.01; see Sec. III!, and the small size ofAy for most of
these transitions, this correction would in all cases amoun
less than a 0.5% renormalization of the observables. T
factor was therefore not applied to the data, as the fractio
uncertainty in the beam polarization and the FPP analyz
power are each several times larger than this, as are the
tistical errors for most observables.

FIG. 3. Comparison of values forAy deduced from the prescale
focal plane data~diamonds! and the focal plane polarimeter da
~squares! for the 11 states in12C.
4-7
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For completeness, it is useful to note that, just as the fo
of the FPP yields as described in Eq.~13! leads to the spin-
transfer observables via Eqs.~14!, the form of the spin-
dependent focal plane yield, described in Eq.~11!, leads to
two additional equations:

I 05
1

2
~ I ↑1I ↓!, ~16a!

Ay5
1

pN
~ I ↑2I ↓!/I 0 , ~16b!

whereI ↑ and I ↓ represent the~normalized! yields measured
in the spectrometer focal plane for spin-up and spin-do
incident proton beams, respectively. From these equati
we see that the analyzing power for the primary reacti
Ay , can be calculated using only the spin-sorted spectr
eter events~independent of the FPP! or from analysis of just
the FPP yields@using Eq.~14a!# As a consistency check, w
can compare the values ofAy deduced from these two tech
niques which involve almost mutually exclusive data se
and which are sensitive to different forms of systematic
ror. One set of comparisons, for the two 11 states in12C, is
presented in Fig. 3. The results are in very good agreem
with each other, and indicate no statistically significant d
ference between the results of the focal plane and FPP an
ses for this observable.

FIG. 4. Typical raw excitation spectra for 198-MeV proto
scattering from12C ~top! and 16O ~bottom!.
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For reference, in Fig. 4 we present typical spectra
198-MeV proton scattering from12C and 16O over the exci-
tation energy regions studied in this work. While these sp
tra display the high resolution attainable with the K600, th
also indicate the significant amounts of background that
derlie the peaks of interest. In general, this ‘‘backgroun
yield may contain contributions from the tails of adjacent
very broad peaks and from continuum~knockout! processes,
plus slit-edge scattering from the entrance collimator or sp
trometer vacuum cans, and even time-uncorrelated ro
background events. The yields from all of these proces
will, in general, vary with scattering angle and may be sp
dependent, and thus must be accounted for before one
determine the correct peak area for the transitions of inte
for each spin state. It is also clear that these backgro
components enter differently in the12C and 16O spectra.
Different yield extraction methods were therefore develop
for each nucleus, and will be described next.

B. Yield extraction for 12C

The intrinsic widths of the unnatural-parity 11 states in
12C at 12.71 and 15.11 MeV (G50.018 and 0.042 keV, re
spectively! @40# are very much narrower than the widths a
tained experimentally (;35 keV!, the latter being deter-
mined by resolution limits of the beam and spectrome
system. In this region of excitation energy, however, mos
the peaks observed result from natural parity transitio
which often have intrinsic widths significantly greater th
35 keV. Moreover, many of these natural parity transitio
and especially those with large cross sections, tend to
characterized by spin observables that are quite similar f
state to state, and resemble those for elastic scattering~i.e.,
DNN8'1, etc.!. It is not unreasonable therefore to expect th
from roughly 10 to 18 MeV excitation, the polarization ob
servables for the background yields should differ consid
ably from those for the two states of interest, and, m
importantly, will vary smoothly in energy on a scale som
what larger than the observed widths of those states.

FIG. 5. Expanded oxygen spectrum with ‘‘background’’ give
by Eq. ~18!. The solid curve under the data represents the smo
background assumed to be due to quasielastic scattering.
4-8
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TABLE I. Normal-component spin observables for the 11, T50 ~12.71 MeV! state in12C.

uLAB uc.m. q ~MeV/c! Ay P P2Ay DNN8

7.00 7.72 80.5 20.15760.008 0.24860.030 0.40560.032 20.38960.041
11.00 12.13 123.4 20.26060.007 0.21260.026 0.47260.027 20.23860.035
12.50 13.78 139.6 20.31160.009 0.23660.034 0.54760.036 20.18760.046
16.00 17.63 177.5 20.28760.008 0.04860.033 0.33560.034 20.35260.042
19.00 20.92 209.8 20.30960.011 0.02760.039 0.33660.041 20.54060.053
22.00 24.21 242.0 20.09360.014 20.21160.053 20.11860.055 20.63460.071
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With this in mind, extraction of the spin-sorted pea
yields for the two 11 states in12C began by first calculating
the focal plane and FPP asymmetries described in Eqs.~16!
and ~14!, respectively, on a channel-by-channel basis ove
region of excitation energy from approximately 11 to
MeV. The polarization observables of the background dis
butions ~that is, all regions of excitation energy excludin
those of the narrow states! were then fitted using error
weighted cubic spline functions, as were the unpolarized
tal yield and FPP efficiencyhFPP . The three polarization
observables were indeed found to vary smoothly over
6-MeV-wide fitting range in all cases, while the FPP ef
ciency ‘‘observable’’ was always approximately consta
with excitation energy, as one would hope. The fitted obse
able functions thus deduced were then inserted into Eqs.~11!
and ~13!, and a set of background functions, different f
each spin state, was generated. This procedure was us
provide background functions for both the focal plane a
FPP data, for a total of six spectra at each angle.

The main advantage gained with this procedure is that
uses fits to the~high statistics! focal plane background ob
servables, Eqs.~16!, to determine much of the character
the ~low statistics! FPP background. In particular, the on
background function that doesnot vary smoothly with en-
ergy, I 0, can be obtained without reference to the FPP sp
tra. The few background functions that must be extrac
from the FPP spectra~the DNN8 and P asymmetries and
hFPP) are determined for all four FPP spectra simul
neously. In this way, the backgrounds for the polarime
spectra can be constrained much more tightly than could
done using the polarimeter spectra alone.

The background-subtracted yields for the two states
interest were then used in Eqs.~14! to determine the polar
ization observables for each transition. The statistical un
tainty in each of these yields,dN, was taken to be

dN5~P12B!1/2, ~17!
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where P is the number of counts in the~background-
subtracted! peak, andB is the number of counts in the fit to
the background beneath the peak. These values fordN,
which represent upper bounds to the statistical uncertain
in the background subtraction, were propagated through
the usual way to calculate uncertainties in the measured
servables. For this last step, we assumed the yield error
be statistically uncorrelated; though not precisely true~due to
the method used for background determination!, this was
shown to be an excellent approximation in a few test cas

C. Yield extraction for 16O

The technique just described, in which the focal plane a
FPP background spectra are fit simultaneously, impo
physically reasonable constraints on the yield extraction p
cedure, and thereby on the observables deduced. Unfo
nately, this technique could not be applied to the states
interest in16O, as it was not possible to determine ‘‘smoo
backgrounds’’ in the sense described above for12C. Due to
the higher level density near the 42 states in16O, the tails of
nearby states often interfered with the peaks of interest,
spite the high resolution of the K600 spectrometer. Thou
some of the transitions in the region of the 42 states have
natural parity and are quite broad, many other nearby st
have widths comparable to those of the 42 states (G&45
keV!. Under these conditions, the background observab
can be expected to vary over a range of excitation ene
that is comparable to the width of the strong states of in
est, rendering these background functions discontinu
across the states. The yield contribution due to quasiela
scattering is also larger than that observed in12C, due to the
higher excitation energies and lower particle thresholds
volved.

It was therefore necessary to invoke a more complex
ting procedure for16O. In this case, we decided to fit a larg
number of states simultaneously, extending in excitation
TABLE II. Normal-component spin observables for the 11, T51 ~15.11 MeV! state in12C.

uLAB uc.m. q ~MeV/c! Ay P P2Ay DNN8

7.00 7.72 81.5 0.04260.004 0.00960.013 20.03260.014 0.00860.018
11.00 12.13 123.8 20.01060.005 0.01460.018 0.02460.018 0.14860.023
12.50 13.79 139.9 20.09860.008 20.00260.028 0.09660.029 0.13460.037
16.00 17.64 177.7 20.20060.012 20.05560.045 0.14560.046 20.02660.057
19.00 20.93 209.6 20.51860.036 20.05560.103 0.46360.110 20.16360.139
22.00 24.22 241.6 0.02660.073 20.02460.267 20.04960.277 0.04160.348
4-9
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TABLE III. Normal-component spin observables for the 42, T50 ~17.78 MeV! state in16O.

uLAB uc.m. q ~MeV/c! Ay P P2Ay DNN8

20.50 22.07 225.5 0.14660.013 0.21460.054 0.06960.055 0.39760.071
28.00 30.11 304.6 0.14260.011 0.18860.045 0.04660.046 0.56360.059
37.00 39.70 397.4 0.07260.011 0.09260.043 0.02160.044 0.68760.058
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ergy from about 16.5 to 21 MeV, i.e., from;1 MeV below
the lowest energy 42 state to 1 MeV above the highest. T
do so, we used the program@41#, designed to perform line
shape analyses of spectra. Prior to the actual peak fit
though, parameters for the spin-dependent, smooth b
ground underlying these peaks~see below! were determined
by fitting the regions between peaks, imposing constra
similar to those used in the12C analysis described in th
previous subsection. These background parameters were
put into ALLFIT by hand, and the fit to the data proceeded
top of these externally determined backgrounds. By simu
neously fitting the peaks for all of the transitions of intere
as well as for all nearby states, we were able to determine
spin-dependent, raw yields for each of the three 42 states.
This fitting procedure had to be applied separately to eac
the six ‘‘spin-sorted’’ spectra, as the version ofALLFIT we
used could fit only one spectrum~and thus only one spin
state! at a time.

In determining the background parameters, it was
sumed that most of the ‘‘smooth’’ features were due
quasielastic nucleon knockout reactions, which set in ab
particle threshold. This suggested we use a function that
approximately constant but slowly rising at higher excitati
energies, and had an abrupt turn on at threshold. This gen
shape is apparent in Fig. 5. Because these data were obt
with 10B-enriched H3BO3 targets, spectra from pure10B
were required to isolate continuum contributions from ea
nucleus. After suitable subtraction, a parameterized func
was obtained which reproduced the underlying continu
fairly well. This background function, which is shown in Fig
5, is given by

bkgd50; Eex,E1 ,

5a~Eex2E1!1/2; E1,Eex,E2 ,

5a@~Eex2E1!1/21~Eex2E2!1/2#, E2,Eex , ~18!

wherea is an empirically adjusted normalization parame
andE1 (512.1 MeV! andE2 (515.7 MeV! are the proton
and neutron threshold energies, respectively. From Fig. 5
can see that this function is approximately linear over
range of interest in16O, so that two peak-free ranges at t
low and high excitation ends of the spectra were sufficien
determine all needed background parameters. After the h
statistics focal plane spectra had been thus analyzed,
backgrounds of the four FPP spectra were determined u
the same ranges, but constrained in a manner similar to
used for the12C analysis.

An asymmetric Gaussian line shape was used for
peaks in each spectrum. To begin the analysis, the sh
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defining peak parameters were first adjusted for each ru
order to reproduce the spectrometer response to a str
isolated peak, such as a low-lying natural-parity state or
possible, to the elastic scattering peak. With these peaks
parameters and those of the~previously deduced! back-
ground held fixed, the fitting would proceed by initially in
cluding peaks for all known16O states between 16.4 and 2
MeV of excitation.~Data taken separately on thin, press
10B targets indicated that there are no strongly excited st
in this nucleus over this energy range.! In the fitting proce-
dure, only the peak amplitudes were allowed to vary;
each state, its position~excitation energy! was fixed at its
nominal value@40#, while its width was determined by add
ing in quadrature the intrinsic width quoted in the data tab
@40# with the measured resolution of the spectrometer. T
latter quantity was taken to be the width observed for
narrowest state in the spectrum, the 42 state at 18.977 MeV
(G5864 keV, well below the experimental resolution!.

In subsequent iterations, the amplitudes of all peaks
well as the widths and centroids of the three 42 states, were
allowed to vary. In all cases, the fitted centroids for the2

states corresponded, within statistical error, to their quo
excitation energies@40#. In a few instances, when the da
showed a peak that was cleanly resolved from the rest of
spectrum, the width of that peak was also allowed to v
along with its height. However, for the majority of the state
which were generally weak and overlapping with oth
states, the data did not sufficiently constrain the fit, and
centroids and effective widths~as described above! were
held fixed. Once a suitable fit had been obtained to the d
in the high statistics spectrum, the same parameters w
used in fits to the six spin-sorted spectra, and only the p
amplitudes were allowed to vary. The statistical uncertain
in the yields obtained using this technique are from the e
matrix in ALLFIT , and include the statistical, but not any sy
tematic, uncertainties in the background determination.

With the spin-sorted yields in hand, it was then straig
forward to use Eqs.~14! to generate our final values for th
observables. These are presented in Tables I–V and F
6–10 for the five excited states of interest in this work.
these tables, and in all the figures that follow, the err
shown include contributions from both statistical and s
tematic uncertainties. The former dominate in all cases
the observablesP, P2Ay , and DNN8 , while the errors for
Ay are predominantly due to uncertainties in the precise m
nitude of the beam polarization.

V. RESULTS AND DISCUSSION

A. Theoretical calculations

Though the main purpose of this paper is the presenta
of our measured values for the normal-component spin
4-10
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TABLE IV. Normal-component spin observables for the 42, T51 ~18.98 MeV! state in16O.

uLAB uc.m. q ~MeV/c! Ay P P2Ay DNN8

20.50 22.08 225.5 0.22560.007 0.25860.029 0.03460.030 0.02160.038
28.00 30.11 304.3 0.29160.008 0.25060.033 20.04060.034 20.07960.043
37.00 39.71 396.9 0.41660.014 0.34660.055 20.07060.057 20.07960.072
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servables, much can be learned by comparing our resul
the predictions of state-of-the-art theoretical models. All c
culations shown here were carried out in the distorted w
impulse approximation~DWIA ! using the computer code
@42#. We first describe the various components that serve
input to these calculations.

A fairly good description of spin-flip transitions@17# has
been obtained using the density-dependent DBHF~Dirac-
Brueckner Hartree-Fock! interaction of Sammarruca an
Stephenson@43,17#. This interaction starts with a one-boso
exchangeNN potential ~an updated version of the Bonn-
potential @44#! that provides an excellent fit to the curre
NN database below pion threshold@45#. By solving the
Bethe-Goldstone equation in infinite nuclear matter,
density-dependent effective interaction is obtained that
cludes effects due to Pauli blocking, nuclear binding, a
relativistic corrections that arise from the large~and partially
canceling! scalar and vector nuclear mean fields. TheG ma-
trix thus produced is converted to a Yukawa function rep
sentation, and can then be inserted into the DWIA code.
DBHF calculations were run usingDWBA86, as this program
allows for finite range DWIA for the exchange contribution
This is an important concern for an accurate description
spin-flip transitions.

For both nuclei, the incoming and outgoing wave dist
tions were calculated using a folding model potential. Us
the parameterized charge density for each nucleus@46#, and
assuming equal proton and neutron distributions for th
N5Z nuclei, the central and spin-orbit interaction term
were averaged over the target nucleon distributions. T
same distribution also yielded the local density at which
effectiveNN interaction was evaluated. In this sense, use
a tr approximation for the optical potential means that t
distortions are calculated ‘‘self-consistently,’’ in that th
same amplitudes used in the impulse approximation to d
the transition are also used to distort the nucleon wav
However, prior work suggests@47# that relativistic medium
effects are weaker in the elastic channel than in the effec
interaction that drives (p,p8) inelastic scattering, and bette
agreement with measurements of elastic scattering data
be obtained by using that portion of the model that incor
rates only Pauli blocking and nuclear binding effects. The
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fore, for comparisons between our data and this effec
interaction, we have chosen to include only these nonrela
istic medium modifications in ourtr approximation for the
distorted waves.

As discussed in Sec. I, the transition form factors for ea
of the three strong 42 states in16O can be well described by
a singled5/2p3/2

21 ‘‘stretched’’ particle-hole configuration. The
particle and hole wave functions are treated as states
standard Woods-Saxon well, rather than using a harmo
oscillator potential, using the ansatz discussed in Ref.@17# to
obtain the well parameters. These parameters, and the s
troscopic factors, were adjusted in order to reproduce
transverse form factors measured in the inelastic (e,e8) stud-
ies of Hyde-Wright@24#. This procedure provides a tigh
constraint for theT51 state, a weaker constraint on th
lower T50 state, and little information for the upper isosc
lar state@17#, due to the isospin mixing of these states. T
isospin composition of these states had been previously
termined using measured strength asymmetries betweenp1

andp2 inelastic scattering@25#. The pion cross sections an
angular distributions were calculated in a DWIA assuming
simple three-state mixing model, with the relative isosp
mixing amplitudes adjusted@26# to provide the best fit to the
data. These results suggest that the strong state observ
18.98 MeV is almost pure isovector, while the states at 17
and 19.80 MeV are predominantlyT50, but contain small
(;20%) T51 amplitude admixtures of comparable size b
opposite sign.

Due to the insensitivity of inelastic electron scattering
DS51 isoscalar transitions, the nuclear structure for theT
50 state at 12.71 MeV in12C is not as well determined a
that of the 15.11 MeV,T51 state. In particular, the overa
magnitude of the isoscalar transition form factor is relative
unconstrained, which compromises the information co
tained in the polarized cross sections to be discussed be
In addition, for lower spin, unnatural-parity states such
these, there are many particle-hole combinations that
contribute to the structure, and electron or pion scatterin
of limited value in sorting out the relative amplitudes f
each. Because spin observables are sensitive to the choi
amplitudes, one must be guided by model calculatio
TABLE V. Normal-component spin observables for the 42, T50 ~19.81 MeV! state in16O.

uLAB uc.m. q ~MeV/c! Ay P P2Ay DNN8

20.50 22.08 225.4 0.23960.011 0.33260.045 0.09360.047 0.64760.060
28.00 30.12 304.2 0.20460.009 0.33960.040 0.13560.041 0.78560.054
37.00 39.71 396.5 0.04760.009 0.07860.037 0.03260.038 0.80260.051
4-11
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which introduces a significant ambiguity into the interpre
tion of these data. For this work, predictions for the 11 T
50 transition used Cohen-Kurath amplitudes for the nucl
wave functions@48#, which include particle-hole amplitude
only for the p3/2 and p1/2 shells. For theT51 state, more
current amplitudes were obtained from Millener, who pr
vided an improved version of the particle-hole matrix e
ments found in Table I of Ref.@49#. It is important to point
out that the amplitudes used are clearly invalid beyond m
mentum transfers ofq;225 MeV/c for the T50 state, and
;300 MeV/c for the T51, at which point the predicted
cross sections start to fall well below the data@50#, as can be
seen in the upper left panels of Figs. 8 and 6, respective

B. Discussion of the observables

The values obtained in this work forDNN8 for the two
isovector transitions are shown in the upper panels of Fig
and 7, along with the DBHF predictions described abo
TheDNN8 data for both of these states are fairly close to z
over the entire range of momentum transfer covered by
experiment, indicating that the normal component of
scattered polarization is largely independent of the nor
component of the incident beam. The DBHF calculati

FIG. 6. Differential cross section, normal-component spin o
servables, and polarized cross sections for the isovector 11 state at
15.11 MeV in 12C. The solid lines are DWIA calculations using th
DBHF interaction of Sammarruca and Stephenson@43#, while the
dashed lines use the free interaction of the same group.
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~solid line! for the 15.11 MeV state in12C ~Fig. 6! follows
the data very well, which is a considerable success for
interaction, given earlier problems encountered in reprod
ing this observable@9,20,34#. The calculated effects of the
nuclear medium, indicated by the differences between
two curves, are often quite large, and are clearly importan
include for comparisons with data at this level of precisio
The cross section@50# is also reproduced very well, at lea
over the first lobe. The situation is similar for the 18.98 Me
state in16O, though theDNN8 calculation exhibits a stronge
slope than is seen in the data. We return to this point in
next section. For all of the 42 state calculations, the fre
interaction curves are not shown, as they are largely in
tinguishable from the medium-modified DBHF curves. Th
is to be expected for stretched states, whose high ang
momentum components lead to very surface-peaked tra
tion wave functions.

Figures 8–10 show the data and calculations for the
scalar transitions in12C and 16O. For the 12.71 MeV state in
12C, there are clearly problems: the cross section is und
predicted and starts to deviate in shape from the data at fa
small values of momentum transfer. Theq dependence of
DNN8 , on the other hand, is well described by the DBH
calculation, but appears slightly more negative. Though
shown, we mention that use of a similar BHF interactio
i.e., one in which first-order relativistic effects havenot been

- FIG. 7. Same as Fig. 6, but for the isovector 42 state at 18.98
MeV in 160. The free interaction predictions are not shown.
4-12
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included, leads to almost perfect agreement with the data
DNN8 . This may be related to the concern discussed abov
reference to use of the DBHF interaction to generate
distorting potential; the resulting potential appears to be
repulsive in the nuclear interior. This sort of problem wou
tend to affect low spin transitions, e.g., 11 states, much more
severely than high spin, surface-peaked transitions. For
isoscalar 42 states in16O ~Figs. 9 and 10!, DWIA calcula-
tions using DBHF reproduce the general shape ofDNN8
fairly well, though are again somewhat off in overall magn
tude, more so for the lower~17.78 MeV! than the upper
~19.81 MeV! state. This discrepancy is indicative of a larg
problem with the isoscalar interaction, as evidenced by
inability of these calculations to predict the peak location
the cross sections for these states. The source of this pro
will be discussed below, once polarized cross sections h
been introduced.

As pointed out earlier, nonzero values of (P2Ay) can be
attributed to the presence of nonlocalities in the effectiveNN
interaction. However, Moss has shown@6# that for unnatural
parity transitions in which a single combination of@LSJ#
dominates~as is true for the stretched 42 states in 16O),
(P2Ay) will also vanish due to its structure. With a fe
simplifying assumptions, Love has independently dem
strated@10# that for stretched states neither the convect
current nor spin terms contribute; thus the composite s

FIG. 8. Same as Fig. 6, but for the isoscalar 11 state at 12.71
MeV in 12C.
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current terms, which will generally make nonzero contrib
tions to (P2Ay), vanish. These arguments are borne out
Figs. 7, 9, and 10, in which both data and calculations sh
(P2Ay) always close to zero for the 42 states in16O. This
is true despite the nonzero values observed forP and Ay
separately, which are both predicted quite well by the DB
calculations for all three states.

The situation is somewhat different for the12C 11 states,
where the calculations have a more difficult time reprod
ing the single-spin asymmetriesP andAy . For the isoscalar
state~Fig. 8!, Ay is predicted reasonably well, though on
for values of momentum transfer up toq;250 MeV/c, be-
yond which data and predictions diverge wildly. The ba
shape of the difference function (P2Ay) is also reproduced
though it appears to be shifted slightly inq. We will attempt
to sort out these shortcomings of the isoscalar interac
below. The real puzzle, however, is the isovector sta
shown in Fig. 6. In this case, we are reasonably confid
that the effective interaction is under control@17#. Based on
the comparisons of calculations and data for the remain
observables, one might also conclude that the structure
this transition is well described by the amplitudes of Millen
@49#. Viewed in this context, it is very surprising that th
difference function (P2Ay) is reproduced so poorly, du
largely to the inability of the calculation to follow the in
duced polarizationP. Historically, this long-standing prob

FIG. 9. Same as Fig. 6, but for the isoscalar 42 state at 17.78
MeV in 160.
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lem has been dismissed as a simple structure problem@21#.
However, because the nuclear currents which give rise
(P2Ay) are the result~at least nonrelativistically! of ex-
change processes@14#, which sample the effective interactio
at momentum transfers much larger than those relevan
the direct process, this discrepancy might also suggest
the isovector interaction does require some modification
very highq values, in order to reproduce the data.

C. Polarized cross sections

To fully exploit the information contained in these sp
observables, one would like to establish a more direct c
nection between the measured data sets and the indiv
terms of theNN interaction as parametrized, for example,
Eq. ~2!. To do so requires that one has access to the comp
spin-transfer matrix, which contains eight nonvanishing
efficients @8#. For the five transitions discussed here, su
matrices do exist when the present data set, consisting o
normal-component spin observables, are combined with
in-plane measurements of Olmeret al. @16#. With these com-
plete data sets in hand, it is useful to define the follow
combinations of observables:

Dls[@11DNN81~DSS81DLL8!cosu2d sinu#/4,

Dq[@12DNN81DSS82DLL8#/4,

FIG. 10. Same as Fig. 6, but for the isoscalar 42 state at 19.81
MeV in 160.
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Dn[@11DNN82~DSS81DLL8!cosu1d sinu#/4,

Dp[@12DNN82DSS81DLL8#/4, ~19!

whereu is the center of mass scattering angle andd[DLS8
2DSL8 . It has been pointed out by several authors@6,7# that
with a few simplifying assumptions~e.g., neglecting distor-
tions!, these particular combinations of observables can
related to specific amplitudes of the effective interaction

s ls[sDls5C2 xT
2 , sq[sDq5E2 xL

2 ,

sn[sDn5B2 xT
2 , sp[sDp5D2 xT

2 . ~20!

In the above expressions,xT (xL) is the spin transverse~lon-
gitudinal! form factor, ands is the differential cross section
Note that by studying transitions to discrete states such
these,all of the spin-dependent KMT amplitudes can
probed, rather than just the two combinations available,
example, in quasielastic measurements@2–5#.

The experimental values for the polarized cross secti
sl[sDl , with Dl defined in Eq.~19!, are presented in the
bottom halves of Figs. 6–10 for each of the five transitio
Turning to the isovector states first, it is not too surprising,
light of the preceding discussion, that the DBHF calculatio
work very well for both the12C and 16O states. As expected
on general grounds@51#, the polarized cross sections ls ,
driven primarily by the strength of the spin-orbit amplitud
is indeed found to be very small, especially in the lowq
regime probed by the 11 state. The division of strength
among the three tensor components is also seen to be a
right over most of the range of momentum transfer stud
here, though some small amount of fine-tuning may be
quired near 200 MeV/c. The only real discrepancy arises
the very highest values ofq, where the predicted magnitud
of sq is clearly far too strong, reflecting most of the overe
timate seen in the differential cross section for the16O is-
ovector 42 state. This may have some bearing on the pr
lems noted above with regard to exchange processes an
inability to predict the observable (P2Ay). Overall, though,
the ability of the DBHF interaction to reproduce essentia
all features of the isovector amplitudes is remarkably go
and must be viewed as a major success of this OBENN
interaction and the medium modifications imposed on it.

For the isoscalar interaction, on the other hand, signific
problems remain. In this isospin channel, the spin-orbit a
plitude is dominant, and appears to be of approximately
right magnitude for both the12C and 16O states. A simple
interpretation is rendered more difficult, though, due to
mismatch seen between the predicted and measured
sections for these states. For the 42 state in 16O at 17.78
MeV, for example~Fig. 9!, the predicted values for boths
ands ls deviate from the data in a very similar pattern. Th
is, in large part, a result of an overestimate of the size of
isoscalar spin-orbit component of the effective interaction
large momentum transfer when medium effects are includ
and arises from the part of the calculation that treats P
blocking and nuclear binding in infinite nuclear matter. B
4-14
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making the amplitudeC of Eqs.~2! and~20! too large at high
q, the result is to push the peak ins ls , and hences, out to
larger angles.

While the spin-orbit strength appears to be about ri
~albeit with an incorrectq dependence!, the tensor ampli-
tudes calculated in DBHF are in general too weak in
isoscalar channel, though some of this may simply reflect
uncertainty in the magnitude of the transition form fact
The polarized cross section data forsn are relatively small,
but the predictions for this quantity are smaller yet,
roughly a factor of 2. Similarly, the calculated values forsp
consistently fall below the data at all but the largest mom
tum transfers. Unfortunately, while complete data sets s
as these can help to pinpoint problems, they provide li
guidance as to the underlying source of these discrepan
One concern, though, becomes apparent in a detailed ex
nation of the one-boson-exchange model itself at the e
gies and momentum transfers being examined here. Fo
isoscalar tensor amplitudes, the direct component is due
marily to the exchange ofv andh mesons, whose contribu
tions largely cancel for the choice of coupling constants e
ployed in the model@17#. The tensor exchange is also drive
by canceling mesons, in this case between the attractivp
term and the equally repulsiver, when evaluated at the re
evant momentum transfers ofq;600 MeV/c. These cance-
lations tend to keep the tensor strength weak, but also m
the calculations highly sensitive to even small changes in
contributions of the various mesons, such as those produ
by the presence of the nuclear medium. Some prelimin
studies of several possible sources of these types of ef
have already been carried out@17#.

VI. SUMMARY AND CONCLUSIONS

To exploit the increased sensitivity predicted for polariz
tion observables to the spin-dependent terms of the effec
NN interaction, we have made high precision measurem
,

s

.

ev
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of the normal-component polarization observablesDNN8 , P,
andAy for the inelastic scattering of 198 MeV protons fro
five unnatural-parity states in light nuclei. These transitio
are the two dominant 11 states in 12C at 12.71 MeV (T
50) and 15.11 MeV (T51), and the three 42 stretched
states in 16O at 17.78 and 19.81 MeV (T50) and 18.98
MeV (T51). These data, when combined with previous
measured in-plane observables, provide complete sets of
transfer observables for all five of these transitions, and s
cific linear combinations of observables have been form
which can isolate individual terms of the effectiveNN inter-
action.

The new data, as well as these combinations of obs
ables, have been compared with a distorted wave imp
approximation calculation in which the nuclear medium h
been treated microscopically in order to yield an effect
NN interaction which accounts for Pauli blocking, nucle
binding, and relativistic corrections. The comparisons in
cate that the isovector interaction is predicted very well, w
problems arising only at the very largest values of mom
tum transfer, i.e., those relevant for tensor exchange co
butions. In the isoscalar channel, large differences betw
data and theory show that the net effect of the medium mo
fications has been to shift the dominant spin-orbit amplitu
towards larger values ofq in the calculation than the dat
require, and that the tensor strengths, while quite weak,
predicted to be even weaker. These data should continu
provide important and stringent tests as new and more c
plete models of the effectiveNN interaction are developed
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@3# O. Häusseret al., Phys. Rev. C43, 230 ~1991!.
@4# T. N. Taddeucciet al., Phys. Rev. Lett.73, 3516~1994!.
@5# T. Wakasaet al., Phys. Rev. C59, 3177~1999!.
@6# J. M. Moss, Phys. Rev. C26, 727 ~1982!.
@7# E. Bleszynski, M. Bleszynski, and C. A. Whitten, Jr., Phy

Rev. C26, 2063~1982!.
@8# G. G. Ohlsen, Rep. Prog. Phys.35, 717 ~1972!.
@9# S. Seestrom-Morriset al., Phys. Rev. C26, 2131~1982!.

@10# W. G. Love, inSpin Excitations in Nuclei, edited by F. Petro-
vich, G. E. Brown, G. T. Garvey, C. D. Goodman, R. A
Lindgren, and W. G. Love~Plenum, New York, 1984!, p. 205.

@11# D. A. Sparrowet al., Phys. Rev. Lett.54, 2207~1985!.
@12# R. D. Amado, Phys. Rev. C26, 270 ~1982!.
@13# J. Piekarewicz, R. D. Amado, and D. A. Sparrow, Phys. R

C 32, 949 ~1985!.
@14# W. G. Love and J. R. Comfort, Phys. Rev. C29, 2135~1984!.
.

.

@15# E. Rost and J. R. Shepard, Phys. Rev. C35, 681 ~1987!.
@16# C. Olmer, inAntinucleon- and Nucleon-Nucleus Interaction,

edited by G. E. Walker, C. D. Goodman, and C. Olmer~Ple-
num, New York, 1985!, p. 261.

@17# F. Sammarruca, E. J. Stephenson, K. Jiang, J. Liu, C. Olm
A. K. Opper, and S. W. Wissink, Phys. Rev. C61, 014309
~2000!.

@18# J. B. McClellandet al., Phys. Rev. Lett.52, 98 ~1984!.
@19# X. Y. Chen, J. R. Shepard, M. R. Braunstein, T. A. Carey,

W. Jones, J. B. McClelland, L. Rees, T. N. Taddeucci,
Tanaka, and A. D. Bacher, Phys. Rev. C44, 2041~1991!.

@20# S. P. Wellset al., Phys. Rev. C52, 2559~1995!; S. P. Wells
and S. W. Wissink,ibid. 61, 014601~2000!.

@21# T. A. Careyet al., Phys. Rev. Lett.49, 266 ~1982!.
@22# K. H. Hicks et al., Phys. Lett. B201, 29 ~1988!.
@23# R. A. Lindgren and F. Petrovich, inSpin Excitations in Nuclei,

edited by F. Petrovich, G. E. Brown, G. T. Garvey, C.
Goodman, R. A. Lindgren, and W. G. Love~Plenum, New
York, 1984!, p. 323.
4-15



nd

S
tti
.
W

s.

t

, C
.
.

ys

ad,

.

.

.

v. C

cl.

.

A. K. OPPERet al. PHYSICAL REVIEW C 63 034614
@24# C. E. Hyde-Wrightet al., Phys. Rev. C35, 880 ~1987!.
@25# D. B. Holtcampet al., Phys. Rev. Lett.45, 420 ~1980!.
@26# J. A. Carr, F. Petrovich, D. Halderson, D. B. Holtkamp, a

W. B. Cottingham, Phys. Rev. C27, 1636~1983!.
@27# B. Larsenet al., Phys. Rev. C53, 1774~1996!.
@28# E. Donoghueet al., Phys. Rev. C43, 213 ~1991!.
@29# H. Baghaeiet al., Phys. Rev. Lett.69, 2054~1992!.
@30# Jian Liu, E. J. Stephenson, A. D. Bacher, S. M. Bowyer,

Chang, C. Olmer, S. P. Wells, S. W. Wissink, and J. Lisan
Phys. Rev. C53, 1711~1996!; E. J. Stephenson, J. Liu, A. D
Bacher, S. M. Bowyer, S. Chang, C. Olmer, S. P. Wells, S.
Wissink, and J. Lisantti, Phys. Rev. Lett.78, 1636~1997!.

@31# A. K. Kerman, H. McManus, and R. M. Thaler, Ann. Phy
~N.Y.! 8, 551 ~1959!.

@32# L. Wolfenstein, Annu. Rev. Nucl. Sci.6, 43 ~1956!.
@33# G. P. A. Berget al., IUCF Scientific and Technical Repor

1986, p. 152.
@34# A. K. Opper, Ph.D. thesis, Indiana University, 1991.
@35# See, for example, W. Haeberli, Annu. Rev. Nucl. Sci.17, 373

~1967!.
@36# E. J. Stephenson, A. D. Bacher, G. P. A. Berg, V. R. Cupps

C. Foster, N. Hodiwalla, P. Li, J. Lisantti, D. A. Low, D. W
Miller, C. Olmer, A. K. Opper, B. K. Park, R. Sawafta, S. W
Wissink, J. A. Tostevin, D. A. Coley, and R. C. Johnson, Ph
Rev. C42, 2562~1990!.
03461
.
,

.

.

.

@37# LeCroy Research Corporation, 700 Chestnut Ridge Ro
Chestnut Ridge, NY 10977.

@38# M. W. McNaughtonet al., Nucl. Instrum. Methods Phys. Res
A 241, 435 ~1985!, and references therein.

@39# E. Aprile-Giboni et al., Nucl. Instrum. Methods Phys. Res
215, 147 ~1983!, and references therein.

@40# F. Ajzenberg-Selove, Nucl. Phys.A506, 1 ~1990!; D. R.
Tilley, H. R. Weller, and C. M. Cheves,ibid. A564, 1 ~1993!.

@41# J. J. Kelly, programALLFIT ~unpublished!.
@42# R. Schaeffer and J. Raynal, programDWBA, Saclay Report No.

CEA–R4000, 1970; modifications by S. M. Austin, W. G
Love, J. R. Comfort, and C. Olmer~private communication!.

@43# F. Sammarruca, E. J. Stephenson, and K. Jiang, Phys. Re
60, 064610~1999!.

@44# R. Machleidt, Adv. Nucl. Phys.19, 189 ~1989!.
@45# V. G. J. Stokset al., Phys. Rev. C48, 792 ~1993!.
@46# H. de Vries, C. W. de Jager, and C. de Vries, At. Data Nu

Data Tables36, 495 ~1987!.
@47# R. J. Furnstahl and S. J. Wallace, Phys. Rev. C47, 2812

~1993!.
@48# S. Cohen and D. Kurath, Nucl. Phys.A101, 1 ~1967!; T. H. S.

Lee and D. Kurath, Phys. Rev. C21, 293 ~1980!.
@49# F. P. Bradyet al., Phys. Rev. C43, 2284~1991!; D. J. Mille-

ner ~private communication!.
@50# J. R. Comfort, R. E. Segel, G. L. Moake, D. W. Miller, and W

G. Love, Phys. Rev. C23, 1858~1981!.
@51# W. G. Love and M. A. Franey, Phys. Rev. C24, 1073~1981!.
4-16


