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Pion-nucleus spin-flip strength at low and resonance energies
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Cross sections have been measured for 65 Mé\scattering to thé’8 ground and first four excited states.
The 1.74 MeV excited state results provide the first measurement of the energy dependence of the isovector
spin-flip strength parameter. Our analysis indicates that the observed empirical enhancement of the isovector
spin-flip strength has little or no dependence on energy at and below resonance. A mass dependence for the
empirical enhancement factor may ex{€0556-28187)03703-3

PACS numbds): 25.80.Ek, 21.30.Fe, 27.26n

[. INTRODUCTION as the current density is equal to zero for such transifibhs
If low energy pions far from resonance are used, the contri-
A useful approach to providing a clearer description ofbutions from theA-hole component for isovector transitions
the pion-nucleus reaction mechanism is to identify and studwre minimal, and if high spin transitions are used, those same
transitions of relatively simple structure. With data for suchA-hole admixtures in isovector states are neglig[i2le The
transitions, models of the reaction mechanism can be strinspin-current term, usually ignored, would be small at low
gently tested. One insightful representation of the pionenergies sincet-S/dE is expected to be smdlL].
nucleus reaction mechanism is that proposed by €gal. From this discussion, then, it is seen that the spin-flip
[1]. In this model, the spin-dependent portion of the effectivestrengthtS can be isolated by obtaining cross sections for
pion-nucleus interaction for unnatural parity transitions, isjow energy pion excitation of unnatural parity stretched
characterized by a single isospin- and energy-dependentates. Such measurements provideeapirical determina-
strength parametet-S. The parametrization of the pion- tion of the spin-flip strength for the scattering potential. On
nucleus potential in this approach contains couplings to spinthe other hand, the strength parameter of the spin-orbit por-
orbit, spin-current, central, anl-hole components: tion of the scattering potential can also peedictedby ex-
amining thep-wave portion of the spin-orbit operator of the
pion-nucleon interaction, basing those predictions on pion-
nucleon phase shiffs3,4]. A test of the performance of the
approach of Ref[1] would be possible by comparing em-
A judicious choice of states to be studied can simplifypirical and predicted values.
tests of this potential by isolating or eliminating one or more  While the experimental conditions are restrictive, suitable
of the terms given in Eq(1). For instance, with “stretched” experiments for determining the isovector portion of the
transitions, the effects of the spin-orbit and spin-currensstrength parameter can be performed. In this work, we report
terms can be isolated, since the central component vanish#e results of 65 MeVir* scattering to a number of states,
but particularly the 1.740 MeVJ"=0";T=1) excited state
of 19B. Excitation of this state provides a stretched, unnatural
*Present address: Texas Instruments, P.O. Box 405, MS/34gfparity, pureM 3, and spin-flip and isospin-flip transition. All
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Lewisville, TX 75067. of the low-lying excitations of!°B have reliably measured
Present address: Dept. of Physics, University of Minnesota, Min€nergies so that the precise locations of those states are
neapolis, MN 55455, known[5]. With acceptable energy resolution, cross sections

*Present address: Payerstrasse 49, 72764 Reutlingen, Germanyor these states can be measured and, with the data from the
$present address: Arete Associates, 1725 Jefferson Davis High-74 MeV state, an empirical determinationtb? (where the
way, Suite 703, Arlington, VA 22202. subscript 1 indicates an isovector transijican be made.
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By using the data reported here coupled with inelastic 10%
pion scattering data obtained at resonance energies for this
transition[6], as well as data collected for other stretched
transitions in other nuclei as detailed below, an indication of .
the energy dependence of this isovector strength parameter 10t 0.90 Tp = 65 Mev
can be obtained. This same analysis is also extended to iso- ~ O = 80°
scalar stretched transitions by analyzing previously pub-
lished data on those transitions in the same framework.
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Il. EXPERIMENTAL METHOD

The experiment was performed using the Low Energy 10
Pion (LEP) channel[7] at the Clinton P. Anderson Meson
Physics Facility. The experimental apparatus used within the
channel included the SCRUNCHER and the Clamshell spec-
trometer. The SCRUNCHER is a superconducting radio fre-
guency cavity coupled to the accelerator radio frequency sig-
nal such that the electric fields within the cavity compress
the pion beam momentum spread; the device is described in 1 . . . . .
detail elsewher¢8—10]. The principal feature of the Clam- -1 0 1 2 3 4

shell spectrometer is a varying width dipole magnet, provid- MISSING MASS (MeV)

ing a smoothly varying, easily determined acceptance as a

function of scattered pion momentum; characteristics and the FIG. 1. 1% spectrum below 4 MeV in missing mass energy
operation of the spectrometer is described in detail elsewhembtained after subtraction dfB content. The laboratory scattering
[11,12. By using the unique characteristics of these devicesangle is 80°. Excitations of interest it’B are labeled by spin,

an enhanced pion flux with minimized energy spread wagarity, and energy. Also shown is the result of the peak fitting
obtained, which improved the overall energy resolution forProcedure described in the text.

the scattered pions to a level sufficient to separate the states

of interest, as detailed below. a scattered pion line shape for the spectrometer. The elastic

The incident™* kinetic energy was 65 MeV for all data and first excited states dfC, which dominated the graphite
reported here. The momentum spread selected for the chaspectrum, have energies which bracket the missing mass re-
nel was 2%, yielding a pion flux of about 18~ for full gion of interest in'°B, providing an accurate energy calibra-
production beam current. The SCRUNCHER was located iriion for the scattered pions detected with the spectrometer.
the LEP cave following the last quadrupole of the LEP chan-To obtain an absolute cross section normalization, carbon
nel, and operation with that device reduced the contributiorlata obtained here were normalized to the previously mea-
of the channel momentum spread to the scattered pion eisured[13] elastic cross sections at 65 MeV.
ergy resolution obtained by about a factor of 4-5. The line shape used to fit th¥B spectra for each scat-

To achieve measurable cross sections for the transition déring angle was obtained by fitting the elastic peak observed
interest, measurements at large scattering angles were rigthe spectra of the carbon target for each scattering angle
quired. Data were obtained at laboratory scattering angles dfising the programNewrIT [14]). The graphite target was
65°, 80°, and 100°, the latter being the maximum angle posideal for this purpose sinc&C has nearly the same charge,
sible for the Clamshell spectrometer with the SCRUNCHERdensity, and thickness as theB target used, and has clearly
in place. Spectrometer acceptance measurements showedeaparated ground state and first excited state peaks. To acco-
smooth uniform increase of acceptance with decreasing scatodate the slight differences in thickness between the three
tered pion momentum as measured previo(ily;,12. Uti- different targetspnly the elastic peak width was varied
lizing the capabilities of the SCRUNCHER and Clamshell,the fits to the boron spectra; all other parameters were fixed
the overall energy resolutions obtained varied from 390 keMo the carbon line shape for each angle.
at 65° to 490 keV at 100°. All 1%B spectra were fit with peakfixed to the known

Data were obtained for targets of sintered graphite an@énergieg5] for excitations of'%B in the energy range 0.0 to
isotopically enriched!®B and ''B. The sintered'B target 7.0 MeV, though we only report data here for states below 4
was 107 mg/crhin thickness and composed of 92¥8B and  MeV. The spectrum obtained at 80° fdfB after the sub-

8% 'B. The binder used in the sintering process left a smaltraction of the'B content is shown in Fig. 1. Also shown is
residue of nitrogen which provided an inconsequential cona typical fit to such a spectrum. No backgrounds were found
tribution to the background of the final spectra. The purein the carbon spectrum for each angle, so no background was
1B target was 128 mg/chin thickness and was used for assumed for energies above the ground state. Some back-
removing the contributions of thé'B content of the'®  ground around 4 MeV is observed in thB spectra and is
target by subtracting spectra, normalized for thickness andhost likely a combination of the 5.11 Me{2~;0) and 4.92

pion flux, obtained for the'B target at the three spectrom- MeV (0 ;0) excited states of“N. Below the ground state,
eter angles. nitrogen and aluminum ground states can be seen, the latter

A graphite target 131 mg/cfrin thickness was used for most likely due to some scattering of the tails of the pion
energy calibration, absolute normalization, and determinindbeam patrticle distribution from target chamber materials. No

YIELD (arb. units)
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TABLE |. Center of mass differential cross sections measured in this work for 65 Me\écattering
from levels in1%B, in wb/sr. Uncertainties indicated include statistical and normalization uncertainties.

Energy level do/dQ|cm (ublsn
(MeV) 0|ab: 65° 0|ab: 80° 0|ab: 100°
0.0 1060: 120 1473-90 2500+ 400
0.718 19-2 29+2 93+ 16
1.740 41 9+1 14+ 3
2.154 14+ 2 25+ 2 38+6
3.587 51 12+1 29+5

other strength is observed in the region below 4 MeV otheovector cross section calculated using the distorted wave im-

than 1°B excitations. The cross sections obtained are given ipulse approximatiofDWIA), and theZ, are spectroscopic

Table I. factors.f2, is a center-of-mass correction factor given by
Cross sections for the 1.74 MeV state are small due to the

large momentum transfer required and, with the experimen- A \L

tal energy resolution obtained, this peak somewhat overlaps fﬁ_m_z(m) ,

the 2.154 MeV state. Nonetheless, the peak is visible in Fig.

1 as a knee on the low energy side of the 2.154 MeV state,

and cross sections for that peak can be extracted due to tiéhere A is the atomic mass of the nucleus ahdis the

precise knowledge of the locations of the low-lying states inangular momentum transfer in the reaction. The spectro-

198, To buttress confidence in the peak area extracted for thécopic factors are directly related to the reduced transition

198 (0*;1) state, its statistical significance was verified by Probabilities. Pion-nucleon phase shift results were used to

examining changes in the fig2 for the region surrounding 9enerate the spin-flip strength parameters of equation 1 for

the state when the fit was modified. Removal of the 1.74he DWIA calculations, so that the deduced normalization

MeV peak from the fit caused the to change by a factor of factors provided an empirical measure of the enhancement of

2 within the region 0.5 and 3.0 MeV. If the 0.718 and 2.154that strength. . . _

MeV states were allowed to vary in energy from their accu- Comparisons of the predicted cross sections using these

rately known positiongto 0.93 and 2.10, respectivélywith- normahzanqns was ma_lde to the other states W|t_h'|n a given

out inclusion of the 1.74 MeV state, the? resulting from nucleus which have mixtures of these multipolarities to de-

such a grossly distorted fit was inferior to the fit including termine empirical values of the spectroscopic factors so that
the 1.74 MeV state. reduced transition probabilities could be inferred for those

states. The resulting probabilities were compared with previ-
ous work from pion scattering and other probes. The general
agreement found from these comparisons provided confi-
A. Overview of analysis method dence for this approach, as detailed below.

In this section, we describe how the enhancements of the FOr the 1B transitions of interest here, the multipoles
spin-flip strength as compared to the predictions for thosdvolved areE2, M3, or admixtures of these multipoles. In
parameters based on pion-nucleon phase shifts were detéder to calculate cross sections, then, it was necessary to
mined empirically by using the cross sections measured hef@€términe the normalization factddy, for each of these

and in previous studies. By following the procedure outlinedmultipolarities. _ _
in this section, an empirical determination of the isovector FOr M3 transitions, the spectroscopic facioy was first
spin-flip transition strength, using the normalization factordetermined by finding the value &, needed to force the
found for the pureM 3 1.74 MeV transition, was made for 65 calculations using the MSU potential to reproduce the re-
MeV pions. A similar analysis was then conducted at resoduced transition probabilit(M3) for the 1.74 MeV, pure
nance energies for data published previously on both isoscdd 3, isovector transition. As noted below, this transition
lar and isovector stretched transitions!iB as well as other ~Probability has been deduced in other studies, and the previ-
nuclei. These analyses are discussed in turn in the followin§us!y published value is used as input here to determine the
sections. Spectroscopic factaf,. The transition density calculated us-
The common theoretical framework for our analysis wasiN@ this spectroscopic factor was then used to generate
the MSU potentia[17], and our approach was similar to that PWIA predictions for the cross sections. The normalization
used by Clausest al.[18,19. Following that approach, the factor forM 3 transitiondNy,; was then deduced as the factor

differential cross section for a particular pion scattering tranf1eeded to obtain agreement between the DWIA predictions
sition for a specific multipolarity was given by and the cross sections measured here for this 1.74 MeV tran-

sition; this same factor was used to normalize all predictions
with M3 character.
' Next, the procedure was repeated using the 0.718 MeV
transition in 1% in order to find the normalization factor
whereNs, is an empirical normalization factor determined Ng, appropriate folE2 transitions. For the 0.718 MeV tran-
for a particular multipole, ¥1,)? is the pure isoscalar or is- sition, theE2 multipole dominates the transition. The tran-

IIl. THEORETICAL ANALYSIS

2

do 2 2
d_Q: Ny A X fc.m.X(Ml) X

Mo
M_lZO+ Zl
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TABLE II. Values of the MSU potential parameters obtained at 65 and 162 MeV using the procedure
described in the text. The parameters at 50 MeV are supplied for comparison. The paramatets, were
not determined at 65 MeV d¢=2Z for the 1% nucleus.

MSU potential Parameter skt X2 minimized X2 minimized Previously
parameters 50 MeV parameters at parameters at determined at
[17] 65 MeV 162 MeV 162 MeV[15,16,18
by fm —0.061, 0.006 —0.055, 0.000R —0.083, 0.02D —0.083, 0.02D
b; fm —0.130,—0.002 —0.130,—0.002 —0.125, 0.008 —0.125, 0.008
Co fm?3 0.700, 0.02B 0.530, 0.358 0.265, 0.500 0.450, 0.67D
C1 fm?3 0.460, 0.01B 0.460, 0.01B 0.385, 1.550 0.240, 0.33D
Bo fm* —0.020, 0.11D0 —0.085, 0.072 —0.200, 0.08D —0.150, 0.280
Co fm® 0.0, 0.0 0.0, 0.0 0.0, 0.0 0.0, 0.0
C, fm® 0.360, 0.540 0.183, 0.71v 0.400, 6.500 1.290, 2.95
N 1.400 1.615 1.000 1.000
sition is isoscalar, and, thus, the spectroscopic factor deter- B. Analysis of 65 MeV data

mined wasZ,. The reduced transition probabiliB(E2) for We now discuss how the measurements reported here

thls transition has also been detgrmmed in other studies gere used to estimate the isovector spin-flip strength at 65

discussed below, so the calculations were forced to reproyey/. Though we will use the procedure discussed in the

duce thisB(E2). Then, as before, the normalization faCtorprevious section, we emphasize tiiae MSU potential pa-

Ne, was determined by ascertaining the factor needed toymeters, matter densities, and fundamental E2 and M3

obtain agreement between the cross sections measured hgtgsciroscopic factors were determined by data independent

and the DWIA predictions for the transitiolin this case, f the pion data measured in this work.

however, subsequently adding sori3 contribution im- Parameters for the MSU potential at 65 MeV have not

proved the predictions for the largest scattering angle as dgseen previously determined, so the parameters were obtained

duced elsewheréor instance, Ref{6]). by performing ay? minimization of the cross section predic-
To deduce any energy or mass dependence for any efons made with the MSU potential to the measured angular

hancement deduced for the strer;gth parameters, we extendgdripution of Blecheret al. [13] for elastically scattered
our analysis to data taken fot’B at resonance and to 7+ on 1C. In performing they? minimization, the MSU

stretched transitions in other nuclei. The spectroscopic faGygtential parameters were generally constrained to have val-
tors Z, for transitions in nuclei other thaf®B were taken ues between previously determined values at 50 NIE¥]
from published studies, either using the published values fog,q 162 MeV[15,16. The value of\, however, was not
the Z, or from forcing agreement with published reduced consirained as analyses have shown that it could have values
transition probabilities to deduce the spectroscopic factors]arger than the value found previously at 50 ME30].
(In the MSU formalism, proton, electron, and pion scattering  The previously determined values for the potential param-
are related through a common spin transition density wheRiers resulted from global fits of pion-nucleus scattering data
examining stretched transitions, so data from probes oth&fjth 5 database for targets from carbon to lead. It is thus not
than the pion may be usgd’hese spectroscopic factors were gyrprising that refinement of the parameters would result in a
then used to deduce the normalizations required to make th@uch better description of the existing carbon data than
predicted DWIA cross sections agree with the experimentajvould those resulting from the global fit. The MSU potential
data for those nuclei, and, in turn, generated empirical estiparameters obtained in this fitting process to the carbon elas-
mates for the enhancements of the spin-flip strengths fotic data are given in Table Il, and the good agreement be-
those nuclei. tween the predictions of the potential and the Blectteal.
Calculated cross sections were generated using the cordata is shown in Fig. 2. Also included in the table, for com-
puter codesALLWRLD [15] and msubwri [16]. Both codes parison, are the previously published paramefdrg ob-
used the MSU potentidll 7] to generate the calculated cross tained at 50 MeV. The values obtained are generally seen to
sections. TheALLWRLD code was used to generate the tran-either be close to the previously determined 50 MeV param-
sition densities for input to the DWIA pion scattering code eters or between the 50 MeV values and those determined
MSUDWPI, which in turn was used to generate the differentialpreviously for 162 MeV. This comparison provides support
cross sections. At each energy, the MSU potential parametetBat the parameters determined are reasonable.
were determined by fitting the predictions of this potential to  Turning attention to'°8B, a quadrupole contribution to the
previously published carbon elastic differential cross secelastic scattering cross sections fB had been observed
tions at each energy. Carbon was used because of its similgreviously to be of some importance in measurements made
charge and, as noted below, data exists at 65 MeV and at resonance energi¢6]. However, at 65 MeV, the same
resonance. Matter densities for nuclei were generally takeformalism used in Ref6] indicates that this contribution is
from published elastic scattering densities, though in fewsmaller than our experimental uncertainties. Thus, this con-
cases some modifications were made as noted below. tribution was ignored for the 65 MeV analysis. The harmonic
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using the parameters given in Table Il and the differential cross '§_ \g
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theoretical 23] values of the reduced transition probabilities
for the first four excited states of’B. Electron scattering
data for the 1.74 MeV purd3 transition in 1°B [22,26
provided an experimental value of the reduced transition FIG. 3. Comparisons of differential cross sections obtained here
probability B(M 3). Existing proton scattering data provided for the elastic and first four excited states YB to predictions
an empirical determination of the reduced transition prob{made using the procedure discussed in the text. Error bars indicate
ability B(E2) for theE2 portion of the 0.718 MeV transition Statistical uncertainties in the measured cross sections. The dashed
[23]. By performing the analysis in this manner, the quadru_(dot-dasheﬁ curves representE2 (M3) contributions to the
pole enhancements of tHE2 portions[6,24] of the transi- summ_ed cross section predictions; the sums are indicated by the
tions under consideration would be empirically incorporatec©'id lines.
in the calculations(If one were to consider the effects of
core polarization, as in a previous study using resonance efput to MSUDWPI. The cross sections computed B$UDWPI
ergy pions[25], no enhancements would be necessary. Thisvere then fit to the data using)@ minimization procedure.
approach, however, was not used in this analysis as it wakhese predicted cross section fits were then scaled by the
desired to present the results according to standard pracormalization factoiNy;. The normalization factoNy,; ob-
tices) tained in this manner was used for 8I3 portions of tran-
The reduced transition probability used to obtain the specsitions studied. Subsequent normalizations of k& por-
troscopic factor for the pur®3 transition to the 1.740 MeV tions of the other transitions gave inferred values for the
(0%:1) excited state was 8:22.0e? fm®, a corrected value spectroscopic coefficients for those transitions and, thus, the
[26] obtained from the original experime[®2]. This value reduced transition probabilities.
is consistent with the reduced transition probability of The normalization of th&2 portion of the 0.718 MeV
9.5+0.12? fm® determined experimentally using resonancetransition was found in a similar manner. Usingavalue so
energy piong6]. The well-known reduced transition prob- that theB(E2) value computed bxLLWRLD was identical to
ability determined from the radiative width of the the empirically determined value, the predicted cross sec-
(17;0)—(3";0) transition was used to obtain tig spec- tions were fit to the data. The resulting fit assumed that the
troscopic amplitude for thé&2 portion of the 0.718 MeV predicted cross sections were compose&dfandM 3 por-
excitation[5]. tions. A normalization for each portion was then determined.
The predicted value of the reduced transition probabilityThe E2 normalization value was noted and used in determin-
for the pureM 3 transition at 1.74 MeV was computed using ing the predicted cross sections of the 2.154 and 3.587 MeV
ALLWRLD. Since theB(M3) value is scaled by thg, spec- transitions. The isoscalar spectroscopic fackgr for the
troscopic factor Z,=0), the factor was chosen such that theM 3 portion of the transition was then adjusted so that its
computedB(M3) value would be the same as the empiri- product with the normalization factd®ty ; gave the normal-
cally determined value. This value @f also scales the tran- ization found for theM 3 portion of the 0.718 MeV transition
sition densities computed byLLWRLD, which are used as during thex? minimization fit to the data for that state. This
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TABLE Ill. ReducedE?2 transition probabilities determined in this work for transitions'{8. The E2
value for the 0.718 MeV state has been set to the accepted (&lughe third column indicates the accepted
values for these transitiorf§]. The final column provides the experimental values at resonance energies for
comparison from Ref(6].

B(E21) (e? fm*)

Excited state J7; T) This work Accepted value 7t at 162 MeV
0.718 MeV(17;0) 1.808 1.8%0.03 0.92£0.15
1.740 MeV(0™";1) - - -

2.154 MeV(17;0) 0.63+0.02 0.7G:0.08 0.46:£0.12
3.587 MeV(27;0) 1.13+0.03 0.870.25 0.670.12

Z, thus yielded a determination of the reduced transitionV. These empirical results can be compared to predictions
probability B(M3) for the M3 portion of this transition. by Lewis et al. [23]. In some cases, the empiricB{ M 3)

The first three nonstretched transitions ¥8 were as- values deduced here indicate a preference for the predictions
sumed to be mainly composed B2 andM3 portions. The for one of the potentials used in R¢23]. For instance, the
normalizationsNg, and Ny,; obtained as described above empiricalB(M3) for the 0.718 MeV state is comparable to
were used in determining th&, spectroscopic amplitudes the value obtained from the Cohen-Kurd8t16) potential,
for the E2 and M3 portions of the 2.154 and 3.587 MeV while theB(M3) for the 3.587 MeM2 *;0) state agrees with
states by performing a? minimization of the predicted the Barker set | and Ill values. TH&(M3) value obtained
cross sections to the data assuming the transitions were corfor the 2.154(17;0) state does not agree with the results of
posed ofE2 andM 3 portions. Values for the reduced tran- any of the sets of values but would seem to prefer the lower
sition probabilitiesB(E2) and B(M3) of these transitions values from the Barker set | and Il potential, whereas the
were thereby obtained. previously determined experimental value at resondb¢e

Normalizations for theE2 and M3 contributions of the was indistinguishable for the results using the Cohen-Kurath
cross section predictions were determined to be ©@86  or Barker potentials. Generally speaking, no clear preference
and 1.83-0.22, respectively, with the normalization uncer- for one potential is exhibited by the data obtained here,
tainties generated from average values of the individual unthough the lower states agree better with the Cohen-Kurath
certainties. The results of the calculations based on thed®-16) potential while the higher states are more in agree-
normalizations are illustrated in Fig. 3. The shapes and maghent with Barker set 3.
nitudes of the measured angular distributions are described Overall, the agreement with previous work and the agree-
quite well with these calculations. ment illustrated in Fig. 3 provides confidence that the ap-

The empiricalE2 reduced transition probabiliti®(E2) proach outlined in the previous section is valid. With these
inferred from these calculated angular distributions are giveieduced transition probabilities in hand, the empirical isovec-
in Table Ill. The inferredB(E2) values for the 2.154 and tor spin-flip strength parameter at 65 MeV was obtained in
3.587 MeV states agree with the accepted vaJ6gsthough  the same manner as in a previous stlidly The strength
the value obtained here for the 3.587 MeV state is just withiParameteS; is related to the'S parameter in Eq(1) by the
the uncertainty in the accepted valiid. Reduced transition relation
probabilities obtained using resonance energy pl@jisare

also given in Table Ill. TheB(E2) values previously in- t!_s:277ﬁzsi

ferred at resonance are both lower than the values deter- ' Wc '

mined in this work and in poorer agreement with the ac-

cepted values. wherew, is the reduced energy in the pion-nucleus center of

The empirical M3 reduced transition probabilities mass frame and the subscriptefers to either the isoscalar
B(M3) determined here for states B are given in Table (i=0) or isovector (=1) portion. For the data obtained

TABLE IV. ReducedM3 transition probabilities determined in this work for transitions'fB. The
B(M3) value for the 1.740 MeV state is set to the value obtained from electron scaft2i2g. The third
column provides the experimental values for the same stat¥8ifrom Zeidmanet al.[6] at 162 MeV for
comparison. The last columns give theoretical values from Lewial. [23] based on the Cohen-Kurath
(8-16) potential, Barker set 1, and Barker set 3 predictions, denoted aBaKandB-3, respectively.

Energy of state Experiment&8(M371) TheoreticalB(M37)
7T This work =" at 162 Me\P CK B-1 B-3
(MeV) (e? fm®) (e? fm®) (e? fm®) (e? fm®) (e? fm®)
0.718(17;0) 0.15+0.01 0.42:£0.16 0.13 0.33 0.31
1.740(0%;1) 8.2 9.5:0.12 7.47 7.76 7.17
2.154(1%;0) 0.17+0.02 0.43:0.12 0.50 0.37 0.34

3.587(2%;0) 0.04x0.01 - 0.01 0.03 0.04
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here at 65 MeV, the isovector spin-flip strength parameter

was found to be 0.160.02 fnf. The uncertainty in the em- 0.60 SR e e
pirical value obtained for this quantity results from the un- 0.50 _ ¢ Tn = 1627164 MeV _
certainties in the experimentally determined reduced transi- .. [ % 3
tion probability and differential cross sections. g 0.40 E ;% weishled
For comparing this empirically deduced strength param- £~ F— — — *% - - - me%ge—g
eter to phase shifts, the spin-orbit parameters for the calcu-«_ 0.30 e _
lation of the reduced radial transition potential were deter- ©¢ " & — E
mined using the pion-nucleon phase shifts of Arndt and 3 0.20 3 5 co Mg Si 3
Roper[3]. The mean square target independent strength pa- © = £ E
rameter|S;|2 derived from pion-nucleon phase shifts was é 0.10 3 Arndt & Roper 3
found to be 0.056 fff) whereas the empirical value obtained TUE Rowe. et azp
in this work, as noted above, is 0:2@.02 fnf. Thus, the 0.00 EL Lo et L d
empirical value for the isovector spin-flip strength parameter o 10 20 30 40
is enhanced over the phase shift value by a factor of 1.8 (a) A
+0.4 at 65 MeV. Y — — — S I S :
Arndt & Roper n - 165 164 Mev
C. Analysis of resonance energy data 0.50 F — —Rowe, et al. 3
Published data obtained at resonance for stretched transi-‘gg 3 E
tions in 1%, %0, C, 28si, 2%Mg, S5%e, and 5Ni & 040 3 o
[6,18,19,27-3p can also be analyzed in this framework. « 2 E
(Data for **C and '°0 were measured at 164 MeV. All other = 0.30 3 _
data were measured at, and all calculations were performed% oso b B O M :5;%1;;? Fe 3
for, 162 MeV) MSU potential parameters were obtained for ¢ YR % 3
162 MeV in the same manner as at 65 MeV by performing a é NN - T — — — — 3
x? minimization of the potential predictions to published 0.10 a 3 : =
12C elastic scattering daf&1]; those parameters are given in 0.00 E o o o N N T
Table 1l. Comparison of the MSU potential parameters ob- o 10 20 30 40 50 80 70
tained here for 162 MeV incident pions to previously deter- () A

mined values using a different set of data show that the
imaginary portion of theC, absorption parameter is roughly

twice those values while thee andp-wave scattering param- for the isoscalafa) and isovectorb) spin-flip strength parameters

etersby and ¢, are very nearly the samiel5,16,18. The  for the resonance energy data discussed in the text. The phase shift
differences which can be noted in Table Il between the besiredictions of Arndt and RopdB] and Rowe, Salomon, and Lan-

fit obtained here for”C and the global fit to data fot"C,  gau[4] are indicated by the solid and dashed lines, respectively.
283i, >%Fe, and®Ni nuclei obtained in Ref[18] are typical  Long-short-dashed lines i@ and (b) represent the weighted aver-
of the variations in the parameters needed to fit data for age of the empirical measurement. The weighted average of the
particular nucleusin this case'?C) in a fashion superior to  |S,|? data does not include the nickel or iron data.

that provided by the parameters of a global fit.

As the isovectos- andp-wave MSU potential parameters parameter Fermi distributions with parameters given in pre-
do not enter into the calculations fdd=Z nuclei [for  vious analyse$18,19,3(. The spectroscopic amplitudes and
N=2Z, 8p(r) is assumed to be]0those parameters could not shell model levels used in the analysis’80 and 2Si were
be determined with elastic scattering data f6€. Hence, those given in a previous analy$. The parameters for the
13C elastic scattering data were used to deterntipgand  other nuclei were taken from Refd8,19,21,3Q In a simi-
¢, [32]. An optimal fit to the13C data was found using the lar manner to that described for 65 MeV, the isoscalar and
value for b; given in Ref. [18] and using c; isovector strength parameters at 162 MeV were obtained,
=(0.385,1.55) fm3. Though thisc, value is larger than the and those are illustrated in Figs(a#and 4b).
previous value used,; =(0.19,0.35) fm?3, very similar pre- The empirical strength parameters at resonance deter-
dictions are obtained with the larger value, as well as im-mined in this analysis for thé8, %0, and Si nuclei are
proved fits to the data obtained f&fC and®*Fe. The result- larger in magnitude than those determined previously using
ing fits are comparable in quality to the results at 65 MeVMSU potential parameterfl5,18. The enhancement ap-
shown in Fig. 2. pears to be the same for the three nuclei, however. A

Further optimizations of the fits fol°B, 60, and 2’Si  weighted average of the empirid&,|? and|S,|? values ob-
solely involved varying the radius and second parametertained at 162 MeV for the specified nuclei gives values of
() of the harmonic Gaussian matter density distributions in(0.376+0.010) fnf for the isoscalar strength and
order to obtain an optimaj? fit to the published elastic (0.189+0.005) fnf for the isovector strength.
scattering dat§6,33,34. The radius and second parameters As at 65 MeV, these empirical values of the strength pa-
(r,w) obtained for'°B, €0, and ?%Si were(1.77 fm, 0.45 rameters differ from the values using the phase shifts of
fm), (1.78 fm, 1.04 fm, and(2.09 fm, 2.24 fm), respectively. Arndt and Ropef3]. The weighted average value for the
The nickel, magnesium, and iron densities were two-enhancement of the isovector strength at 162 MeV was

FIG. 4. Empirical measurements of and phase-shift predictions
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D. Energy dependence of isovector spin-flip strength

Combining the results of the analyses at resonance and at
65 MeV provides the first determination of the energy de-
pendence of isovector strength parameter, as is illustrated in
Fig. 5, where some of the error bars are omitted for clarity.
The isovector strength enhancement at 65 MeV is consistent
with the weighted average enhancement observed at reso-
nance when theFe and®™Ni data are excluded from the
average. Though more data would be useful, the data shown
in Fig. 5 suggest that the energy dependence of the isovector
strength enhancement is small or nonexistent.

Results for the isovector strength using different phase
shifts are illustrated by a comparison, shown in Fig®),4
4(b), and 5, of the predictions using the phase shift analyses
of Arndt and Ropel3] and those of Rowe, Salomon, and
Landau[4]. No significant difference based on the choice
between these two phase shift analyses is observed for the
isovector spin-flip strength. A similar analysis shows some

— —— e dependence on the choice of phase shifts for the isoscalar

40 80 120 160 =00 predictions, as is also shown in Figgay 4(b), and 5.
Ty~ (MeV) This reaction mechanism formalism assumes that the
strength parameters do not include any variation with target

FIG. 5. Comparisons of the target independent strength paranmass. Examination of the data in Figgaand 4b) suggests
eter using the phase shifts of Arndt and Rogsolid lineg and  that the strength parameters may in fact have some weak
Rowe, Salomon, and Landddashed lings[3,4]. The long-short-  dependence on target mass since, when the nickel data are
dashed lines are given by the weighted average of the empiricallnot included, the trend of the strength parameters suggests a
determined values for the resonance energy data. The nickel dagiapendence o. This enhancement, since it, at least ini-
point shown is for an isovector transition, though it overlaps isosatia"y, grows with A, may be attributable to a mass density
calar data for other data. The weighted average forTthel data  effect, since an increasing portion of the nucleus is at central
does not include th&*Fe and®Ni data. density as the mass increases.

1§11

mod(S,)? (fm)®

found to be 2.4%0.06, while that for the isoscalar strength IV. CONCLUSIONS
was found to be 1.380.03. The resulting predictions are , i
illustrated as the solid lines in Figs(a}, 4(b), and 5. In conclusion, these measurements of low energy pion

The large value inferred for the enhancement of theScattering have per_mitted the de_termination of the energy
isovector strength at resonance is due mostly to the larg€Pendence of the isovector portion of the strength param-

normalization needed to make the predicted cross sectioriie" for the pion-nucleus interaction. A consistent enhance-
for S°Ni agree with the data. If one were to examine thement of the empirical isovector strength parameter by a fac-

lighter nuclei, without including thé“Fe and ®Ni data in 10" Of about 1.7 over that obtained from phase shifts is
the computation of the isovector strength, the enhanceme@Pserved at both energies studied, suggesting that the energy
factor needed would be 1.59.09 and the weighted average d_e!oen(_jence is small or _nonexistent. At resonance, the em-
value would be 0.120.01. The error associated with the pirical isoscalar strength is enhanced by a factor of about 1.3.

strength parameter is again related to the uncertainties of t)l%s“ght mass dependence in both of these enhancement fac-

measured cross sections and statistical variations. Curvé8' 'S also suggested.
representing these two enhancements without inclusion of
the ®*Fe and®Ni data are shown as the long-short dashed
curves in Figs. @), 4(b), and 5. We gratefully acknowledge helpful discussions with J. A.

Hence,at both 65 MeV and at resonance energies, theCarr, W. B. Kaufmann, and R. J. Peterson. This work was
empirically measured spin-flip strength is enhanced over thesupported by the National Science Foundation and the U.S.
value expected from phase shifts. Department of Energy.

ACKNOWLEDGMENTS

[1] J. A. Carr, F. Petrovich, D. Halderson, D. B. Holtkamp, and [4] G. Rowe, M. Salomon, and R. H. Landau, Phys. Rev18C

W. B. Cottingame, Phys. Rev. £7, 1636(1983. 584 (1978.
[2] T. Suzuki, S. Krewald, and J. Speth, Phys. Ld07B 9 [5] F. Ajzenberg-Selove, Nucl. Phy8490, 1 (1988.
(1981). [6] B. Zeidmanet al, Phys. Rev. C38, 2251(1988.

[3] R. A. Arndt and L. O. Roper, prograsaid (Scattering Analy- [7] R. L. Burman, R. Fulton, and M. Jakobson, Nucl. Instrum.
sis Interactive Dial-lj, SM95. Methods131, 29 (1975.



55 PION-NUCLEUS SPIN-FLIP STRENGTH AT LOW AN . .. 1303

[8] J. D. Zumbro, H. A. Thiessen, C. L. Morris, and J. A. McGill, [18] B. L. Clausenet al, Phys. Rev. C1, 2246(1990.

Nucl. Instrum. Methods Phys. Res.4®/41, 896 (1989. [19] B. L. Clauseret al, Phys. Rev. (18, 1632(1993.
[9] J. M. O’Donnell,et al, Nucl. Instrum. Methods Phys. Res. A [20] J. A. Carr, private communication.
314, 409 (1992. [21] H. De Vries, C. W. De Jager, and C. De Vries, At. Data Nucl.
[10] J. M. O’'Donnellet al, Nucl. Instrum. Methods Phys. Res. A Data Tables36, 495 (1987.
317, 445(1992. [22] E. J. Ansaldo, J. C. Bergstrom, R. Yen, and H. S. Caplan,
[11] J. Mitchell, Ph.D. thesis, University of Colorado, Los Alamos Nucl. Phys.A322, 237 (1979.
Report No. LA-10941-T. [23] P. R. Lewiset al,, Nucl. Phys.A532, 583(1991).
[12] J. M. Applegate, M.S. thesis, Arizona State University, Los[24] T.-S. H. Lee and D. Kurath, Phys. Rev.&%, 293(1980.
Alamos Report No. LA-12487-T. [25] T. Sato, N. Odagawa, H. Ohtsubo, and T.-S. H. Lee, Phys.
[13] M. Blecheret al,, Phys. Rev. @8, 2033(1983. Rev. C49, 776 (1994.
[14] C. L. Morris, NEWFIT curve fitting program, LAMPF software, [26] J. C. Bergstrom, private communication.
1990, unpublished. [27] C. Olmeret al,, Phys. Rev. Lett43, 612(1979.
[15] J. A. Carr, F. Petrovich, D. Halderson, and J. Kelly, scattering[28] D. B. Holtkampet al, Phys. Rev. Lett45, 420(1980.
potential codeaLLWRLD, unpublished. [29] D. B. Holtkampet al, Phys. Rev. C31, 957 (1985.

[16] J. A. Carr, 1985 version of the computer prograrsupwe, [30] D. F. Geesamast al, Phys. Rev. 30, 952 (1984.
unpublished; adapted from the computer progmari, R. A. [31] J. Piffarettiet al, Phys. Lett.71B, 324 (1977).
Eisenstein and G. A. Miller, Comput. Phys. Commad, 95 [32] S. J. Seestrom-Morris, Ph.D. thesis, University of Minnesota,
(1976. Los Alamos Report No. LA-8916-T.

[17] J. A. Carr, H. McManus, and K. Stricker-Bauer, Phys. Rev. C[33] B. Zeidmanet al, Phys. Rev. Lett40, 1539(1978.
25, 952(1982. [34] Q. Ingramet al,, Phys. Lett.76B, 173(1978.



