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Parametrization of pion-nucleon phase shifts and effects
upon pion-nucleus scattering calculations

A. A. Ebrahim’ and R. J. Peterson
Nuclear Physics Laboratory, University of Colorado, Boulder, Colorado 80309-0446
(Received 17 June 1996

Pi meson interactions with free nucleons as known from recent experiments have been fit bgtAsiniit
the form of phase shifts. In the present work these phase shifts are fit by a simple parametrization, and
observables computed from the resulting parametrized phase shifts are compared successfully to important
examples of recent measurements. The parameters of this work are readily suited to pion-nucleus optical model
codes built upon the impulse approximation. Some examples of the effect of the new pion-nucleon data upon
these pion-nucleus calculations are shown, relative to older results based upon far fewer pion-nucleon data.
[S0556-28186)00211-1

PACS numbgs): 25.80.Dj, 25.80.Ek, 25.80.Gn

I. INTRODUCTION elastic, inelastic, and charge exchange scattering and to com-
putations identical except for the use of the RSL parameters.
Many pion-nucleus reaction models are built upon the imf there were to be significiant differences between calcula-
pulse approximation, using the interaction of the mesongions from the two parameter sets, an extensive reanalysis of
with free nucleons. Although there are several general conthe conclusions drawn from theoretical analyses of pion-
pilations of those free space interactions, it has been convélucleus scattering would be required. Section IV provides a
nient to use the parametrization and fitted results of RoweSummary of what effect the new-nucleon data will have
Salomon, and Landa(il] in pion-nucleus optical model UPON conclu_s;lons drawn from-nucleus impulse approxima-
codes, such as those [&,3]. tion calculations.
Rowe, Salomon, and Landau fit tkenucleon data avail-
able in 1978, before the high intensity meson facilities were Il. THE m-NUCLEON INTERACTION
able to generate the large body of data now available. Espe-
cially at low pion beam energies, the newer data differ sig- The 7-nucleon phase shifts to be fit were obtained from
nificantly from the data base used by Rowe, Salomon, anf€ SM95 solution incorporated in the prograsaip [4],
Landau. Since so many important conclusions have beefiom 30 to 300 MeV of laboratory-frame pion kinetic en-

drawn froma-nucleus interactions, and since many of those€rdY- This is the energy range most used fenucleus ex-

conclusions are based in some form upon#haucleon im- periments, and the restriction to 300 MeV maintains the elas-
pulse approximation, it is important to reexamine those calpc'ty of the 7r-nucleon amplitudes. The phase shifts fitted are

culations using a modern base #fnucleon interactions then purely real.
. 9 ) . - The form of the parametrization is exactly that of RSL,
In this work we use the systematically fitted compilation

) . . restricted to the partial waves listed in Table I. This form
pf Arndt et_al.[4] in their ProgramsAiD. Th_e SM95. solution incorporates the threshold behavior expected on general
is used, since the data set used in this solution has be

o . ; . ounds and the lowest resonance for each partial wave. All
critically examined, and includes important new measure-

ments with good statistical accuracy and with greatly im_otherq-r—nucleon phase shifts were set to zero. The form is
proved understandings of systematic uncertainties. The re- _ _
searchers involved in these studies have produced a series of |ABLE |- Resonance parameters for H@), using the lightest
7-N newsletters containing their results and their debate£">0"aNce for eaph partial wave. The resonance energy, s
[5]. width isT and|r| is the absolute value of the residue. For Ep.

In Sec. Il of this work the formulation of Rowe, Salomon, we usex=2]r|/I' andq for the center of the mass momentum of
and LandauRSL) is used to fit ther-nucleon phase shifts the =N system to reacluo. These values are from ReB].
from the SM95 solution irsAID. The parametrization so 0b- cpannel  x wo (MeV) g, (MeVic) T (MeV) |r| (MeV)
tained is then used to compute-nucleon observables for

comparison to a number of accurate and sensitive experB11 0.31 1535 464 150 23
ments and to observables calculated using the original RSE31 0.25 1620 527 150 19
parameters. In Sec. Il the results of using the new parampP11 0.23 1440 482 350 40
etrization in optical model calculations in place of the olderp13 0.20 1720 594 150 15
one of RSL for pions are compared to data for pion-nucleus31 0.30 1910 717 250 38
P33 0.83 1232 228 120 50

D13 0.53 1520 457 120 32

“Permanent address: Department of Physics, Assiut Universityp15 0.31 1675 566 150 23

Assiut 71516, Egypt.
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FIG. 2. Computed cross sections far -proton charge ex-
change at 39.4 MeV are compared for the three phase shift sets used
in this work. The dotted curve uses the RSL form, the dashed curve
the saD full solution, and the solid curve uses the parameters in
Table I.
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etrization, compared to those frosaID (to which we made a
fit), and to those from the work of Rowe, Salomon, and
- Landau. The horizontal scale uses the center-of-mass mo-
o | | L] mentum. Agreement between the present results anshibe
T e a0 mmo 300 results fitted is very good, of course. In Figallthe greatest

Qem. [MeV/c] difference fom the RSL results is found for tRd1 wave. In

o Fig. 1(b) the S11 wave from the work of RSL is significantly

above the newer results at low momenta, while the small
D-wave phase shifts differ above about 150 MeMh gen-

-6P13, 6S11, 6D13, 6D15 [deg]

o
<)

FIG. 1. Phase shifts fofr-nucleon elastic scattering are shown
for the partial waves 'con5|dered in the preS(_ent work. Dotted curvegral’ the phase shifts based upon newer data differ remark-
show the results using the RSL parametrizatjdh, the dashed : .
curves show the phase shifts from the fittingsip for the SM95 ablylllttle from those provided by RSL.
solution[4], and the solid curves show the phase shifts computed SII’!CE 7-nucleon 0b§ervables are generated by coherent
from the parameters of the present work, as listed in Table I. Thesgomblnatlons of amplitudes computed from these phase
were obtained by fitting theaid phase shifts with the parametriza-
tion form of RSL.

100 =

tané/ eroq6(2/+l) 50 b |
q7+—=b+cq2+dq4+W. (1)

The parameters for the resonances are listed in Table 1, ob-
tained from the most recent compilatip@]. These param-
eters are the location, width, and residue for each
m-nucleon resonance, using the strength parameter
x=2|r|/T", wherer is the residue of each pole.

In fitting the phase shifts fronsAiD the weight of each
point was obtained using a uniform 10% uncertainty. Since
no clearly established means of evaluating the uncertainties
for ar-nucleon phase shifts is agreed upon, this arbitrary . - . . - ‘ .
value was used. In the results below, the uncertainties in the 80 40 50 60 70
coefficientsb, ¢, d can then only indicate the relative sen- T (MeV)
sitivity of that coefficient to the phase shift. Starting param-
eters forb, c, andd were taken to be the final results from  FG. 3. 0° charge exchange differential cross sections are
RSL[1]. shown for the three phase shift sets used in the present work, with

Table Il lists the coefficientb, C, d obtained from fit- the meanings as in Fig. 1. Square data points showrthgroton
ting the phase shifts frorsaiD. Units of MeVic are used. data of Ref[8], and diamond points show half the values found in
Figure 1 shows the resulting phase shifts from this paramthe (7", #°) reaction to the isobaric analog state6€ [9].
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FIG. 4. Differential elastic cross sections at 68.6 MEM)],
shown as circles, are compared to calculations using the three phase
shift forms considered in this work, with the same meanings for the
curves as in Fig. 1. Positive pion results are shown above, and
negative pion results are shown below. Also shown are square data
points at 66.8 Me\{11].

shifts, there can be sensitivities not readily evaluated by ex-
amining only the phase shifts themselves. We have used the
programsAiD to computes-nucleon observables using all
three phase shift sets: SM95, RSL, and the present work.
Examples are taken from a wide range of energies for 30—
300 MeV, emphasizing observables particularly sensitive to
interferences. Only the partial waves listed in Table | were
used for the calculations with the parametrized phase shifts,
while partial waves up to thé wave are used in theaiD
computations.

Curves showing cross sections for pion charge exchange
at 39.4 MeV computed with the three phase shift sets are
shown in Fig. 2. These are almost indistinguishablesimp
and the present solutions, with the RSL values somewhat
different. No data such as these were available to RSL, but
new experimental results are very similar to the solid and
dashed lines in Fig. £7].

interference of the spin-independent isovec@oand P am-  results are shown below.
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FIG. 5. The analyzing powers for elastic” proton elastic scat-
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tering at 68.34 MeV are compared for the phase shift forms of the
present work, using the same meanings for the curves as Fig. 1.
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FIG. 6. Elastic differential cross sections at 141.15 Md\2]
Another view of the isovector interaction is available are compared to curves showing the results of using the three phase

from the 0° excitation function shown in Fig. 3. A distinc- shift forms of the present work, using the same meanings as found

tive minimum is found near 46 MeV, due to the destructivein Fig. 1. Positive pion results are shown above, and negative pion
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FIG. 7. Elastic differential cross sections atop the 3-3 resongifjeare compared to curves showing the cross sections computed from
the three phase shift forms considered in the present work. The meanings of the curves are as in Fig. 1. The left plots are for pion energies
of 168.8 MeV and the right plots are for 193.15 MeV, with positive pion results above and negative pion results below.

TABLE Il. Parameterd, c, d in powers of(MeV/c) for Eq. (1). The uncertaintiesbelow the values
were obtained assuming a uniform 10% uncertainty in the phase shift being fit.

Channel b c d
s11 1.05309% 103 —1.12370810°8 5.36695% 10~ 1
4.3531x 1076 2.0621x 10710 2.0612x10°%°
S31 —7.70995% 104 —1.465965¢10°8 8.485826<10° 14
6.8934x 10°° 4.2083x 10710 471771071
P11 —1.720423 1078 5.382523< 10 13 —3.055784< 1018
5.3515< 10° 10 2.2919x 104 2.3675<10°1°
P13 —7.30084% 10°° 9.093504< 1014 —4.63399% 10 1°
5.1073< 10 2.2270<10° % 2.1364x ~20
P31 —1.31360% 108 1.481661x 10713 —7.85322%10°1°
1.0436x 10 1° 4.6739<10°1° 4.5193< 10" %
P33 4.81057% 1078 —2.268685 1013 —1.29125810° 18
2.4549< 107° 1.6299< 10718 1.5329< 1018
D13 7.714106 10" —1.44448% 10718 991987510~ %
1.8386<10 15 8.0999x 10~ %° 7.9589x 10~ %°
D15 6.63685( 10~ —1.32550% 1018 8.011451x 10
4.9142x 1071 1.8248<10°1° 1.5784< 10" %*
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FIG. 8. The analyzing powers for pion charge exchange at 161
MeV [13] are compared to curves for calculations using the three
forms of the phase shifts considered in this work. The meanings of
the curves are the same as in Fig. 1.

plitudes. ThesaiD computations and the present results agree
with the data of Ref[8], while the RSL result is far from
adequate. Also shown in Fig. 3 are the 0° data for isobaric
analog pion charge exchange &fC, divided by two, from
Ref. [9]. It is evident that the distinctive minimum found in
free space is also present for the reaction on the complex
target, at much the same laboratory beam energy. e
An extensive data set for elastic-proton scattering at cosf, m '

low energies is available near 68 MeV. In Fig. 4 we show the
68.6 MeV data for both pion sigri40]. There are no signifi-
cant differences between the new results and those of RS(J-:rre shown for a beam energy of 263 MeV, using data ffar.

for negative pions at 68'6 MeV, and the _present CaICUIat'_On%he curves have the same meaning as in Fig. 1, and the dot-dashed
agree we_II wnh data at this energy. This |s_unexpgcted, SINCE1ve is added to show the effect of deleting &3 andD15

no negative p|0n+data could be included in the fits of RSL.phase shifts from those provided by the present work. Above are
The 68.6 MeV 7™ data do not agree at back angles with .+ resuits, withm~ below.

computations using the parameters of RSL. The 66.8 MeV

data of Bracket al. [11] are also shown in Fig. 4. The™

data at these two similar energies agree closely, butrthe also give agreement with the 263 MeV elastic scattering data
data do not agree at large angles. of Ref.[14], as shown in Fig. 9. Also shown in Fig(9 are

At a very similar energy,* proton elastic analyzing the calculated elastie™ cross sections from the new param-

power data calculations are shown in Fig. 5. It is somewhaglfization omitting theD13 andD15 waves, but with the

unexpected that this observable, so sensitive to interferencedner coefficients unchanged. Since it is difficult to include
and higher waves in pion-nucleus optical model codes,

's so much the same using all three phase shift sets. they are often simply omitted. This omission is not relevant
Near the 3-3 resonance, the fitting effort of RSL was tied y + Py : o
for ™ -proton scattering, where onlfy=3/2 waves are ac-

toa fa!rly large data set. It is.therefore quite surprising to S€% e The comparison for~ scattering in Fig. 9 shows this
how different the cross sections computed from their phaSSmission ofD waves to have a large effect, destroying agree-
shifts are from the dafd 2] and from computations using the ment with thew— elastic data at 263.4 Mév

new phase shift parameters at 141 MeV. A comparison is Pion charge exchange data are shown in Fig. 10 at two

shown in Fig. 6. Directly at resonance and closely above, allargies, compared to computed curves using the three sets

three phase shift forms give agreement with the elastic datgs phase shift§15]. At 128.5 MeV the dotted RSL curve is

of Ref.[12], as shown in Fig. 7. o far from agreement with the data and the other two curves,
Another result near resonance is shown in Fig. 8, for theyyt all three forms give agreement with the data at 184.8

analyzing power in charge exchanfe3]. As was the case MeV.

for elastic analyzing powers at 68 MeV, all three forms of We may conclude this section with the observation that

the isovector interaction at 161 MeV are in close concordhe large and reliable body ef-nucleon data available since

with one another and, here, with the charge exchange datathe work of Rowe, Salomon, and Landau has indeed made a
At higher energies, the three forms for the phase shiftsignificant change in their parametrization, and that inad-

do/dQ (mb/sr)

FIG. 9. Data and calculations for elastic scattering from protons
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cos@ : FIG. 11. Total(above and reactionbelow) cross sections for
em 52Cr are shown for negative pions as the higher set, and for positive
pions as the lower set of curves. Solid lines have used the phase
FIG. 10. Charge exchange data on free protons at 128&v¢  shifts of the present work, and the dotted curves use the phase shifts
and 184.8 MeMbelow) [15] are compared to the three curves using of RSL, in a first-order optical model calculation.
the phase shifts considered in this work, with the same meanings as
in Fig. 1.
’ from fitting pion-nucleus elastic differential cross sections.
At high energies, the twar-nucleon forms give very similar
equacies of that older parametrization are important for someesults, but differences of 2% are found at resonance and
cases of pion-nucleon scattering observables. Especially jubelow for the total cross sections. There is less difference
below the resonance, the RSL parameters gave poor agreeetween the computed reaction cross sections, indicating that
ment with recent elastic data at 141 Md¥2] and with it is the integrated nuclear elastic cross sections that differ
charge exchange data at 128.5 MEMB]. At other energies significantly.
the results of RSL give observables in agreement with recent A first order impulse approximation calculation using the
data. form of RSL has been used for analyses of a large body of
inelastic pion-nucleus scattering to discrete states in order to
IIl. EFFECTS ON #-NUCLEUS CALCULATIONS measure the transition matrix elements. These experiments
were carried out at the resonance energy in order to optimize
We have modified the first order pion-nucleus distortedthe isospin sensitivity to the difference between the
wave impulse approximation codevri [2] and the second s-nucleon channels. A summary and comparison of these
order codeDpwrIES [3] to use theS- and P wave pion- results can be found in RdfL7]. Several of these cases were
nucleon phase shifts from the present work. Many calculareexamined using the codevri, with all parameters exactly
tions using these codes have used #iaucleon interaction the same, except for the form of thenucleon phase shifts.
of RSL, and we here compare calculations based upon thigelastic differential cross sections computed with a given
two forms. All calculations use exactly the same methodsset of transition matrix elements are the same for the two
and parameters, except for that basic interaction. forms to within 1%. Shapes of computed angular distribu-
An overall view of the differences from the two forms can tions also showed no significant difference using the new or
be seen in the total and reaction cross sections, shown in Fithe RSL parameters. The conclusions reached from this large
11. The sample nucleus RCr, with parameters for the dis- experimental program to determine nuclear transition matrix
tribution of protons and neutrons from REL6], as obtained elements by resonant inelastic pion scattering thus have the
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FIG. 12. Data for elastic scattering of 180 MeV negative pions
on *Ca[18] are compared to DWIA calculations using the phase 10 =
shifts from the present work as the solid curves and those using the E
RSL phase shifts as the dotted curve. Also shown are the data and
calculations for positive pions, divided by 100.
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same validity using either form of the-nucleon interaction.
The most detailed studies of pion-nucleus interactions

come from elastic scattering. It must be remarked here that

the normalization scale for the pion-nucleus scattering ex-

periments were often derived from measurements of C

m-proton scattering in the same spectrometer, and that those 1078 20 pvs

m-proton scattering cross sections were often those derived 0, n [deg)

from the work of RSL. There was thus likely to be some :

desensitizing compensatioh when those RSL. cross sections FIG. 13. Above are shown dafd 8] and calculations for the

were also used for. the optical mo‘?'e' CaICUIat'QnS Compargglastic scattering of 292 MeV positive pions froffiCa and from

t_o the data. We did not renormallze_ the published data IM8ca, after division by ten. Solid curves use the phase shifts from

light of the newers-proton cross sections. _ _the present work, and dotted curves show the results using the phase
We show in Fig. 12 elastic cross sections for pion elasticshifts of RSL. Below are shown the corresponding data and calcu-

scattering on*’Ca at 180 MeV, from Ref[18]. Parameters |ations for negative pions. In the comparisond scattering from

are those of that work, where the geometrical distributions of°Ca, the dot-dashed curve uses an optical model formulation much

the nucleons in*’Ca were adjusted until the data were fit. different from that for the solid and dotted curves. See the text.
Elastic cross sections computed with the two phase shifts are
essentially identical. This was also found to be the case for
many other computations of elastic scattering near resgpresent and the RSL phase shifts to compute the two very
nance. similar curves in Fig. 1é) that nearly match the elastic data.
At 292 MeV, where more partial waves are required, cal- Inelastic scattering to the2state at 4.4 MeV was calcu-
culations of elastic scattering with both pion signs were comiated using a derivative transition density and the parameters
pared for targets of%Ca and“®Ca, as in the work of18].  of [19], with a deformation3 = 0.61. The purely first-order
Results are compared in Fig. 13, where no energy shift wasalculations are far from the data, but fairly reasonable
used for the present computations. The two sets of calculaagreement is found when second order terms are included in
tions are very close, but not in agreement with the data, irtalculations using either of the two phase shifts. These sen-
the same way that was noted originali8]. sitivities to second order parameters have been addressed
At lower pion beam energies we compare in Fig. 14 themore generally at 50 Me\21]; what is new here is the
elastic and the inelastic scattering to the first 8tate of comparison of calculations identical except for the choice of
12C computed in first order with the RSL and with the newthe free spacer-nucleon phase shifts.
phase shifts, using the codevpies [3]. Parameters for the  The elastic scattering of 30 MeW* from 2%%Pb at 30
density distribution of*?C were taken to be those of Ref. MeV is strongly influenced by Coulomb scattering, which
[19]. The two curves are in close agreement for both elastigvill interfere with the nuclear scattering calculated with the
and inelastic scattering, but not like the dg28]; it is known  two sets of phase shifts. We show in Fig. 15 the da
that second order effects are very important at low energiecompared tobwPIES calculations using the present phase
In Ref. [19] the second order parameters were used teshifts and those of RSL. The second order parameters were
match the elastic scattering for 50 MeV pions on carbontaken to be exactly those used &€ in Ref.[19]. Our point
These parameters were used in the calculations with both thie not to fit the data for each case, but to show the influence

do/dQ (mb/sr)
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20 - FIG. 15. Data for elastic scattering of 30 MeV positive pions

from 2°%Pb [22] are compared to DWIA calculations using phase
shifts from the present work for the solid curves and the phase shifts

E s - of RSL for the dotted curves. The second order optical model terms
R are those used fol°C in Ref.[19].
G 102
E K ] first derivative of the ground state distribution, and the reac-
] tion model is that of Ref[3], using the cod®wrIES It is
N e N ] evident that there is essentially no difference between the
i . = 1 results using the two phase shift forms. Also shown for com-
R ' o parison are the data from R¢f].
6.0 50 100 150 A greater sensitivity to the choice of phase shift forms is
0, . [deg] found at 50 MeV, as shown in the top panel of Fig. 16.

Geometrical parameters and second order parameters are

FIG. 14. Above are shown elastic” data near 50 MeV for a taken from the fits at 50 MeY19]. Differences between the
carbon targef20]. Optical model calculations from the DWIA code tV.VO computed shapes are small, however, compared to the
pwpPIES[3] are shown using the phase shifts from the present Worlglffere_-nce each has from the data Sho@_gﬂ] The source c_)f
for the solid curves and phase shifts from RSL for the dottegthe failure to match the data does not arise from the choice of
curves. The two curves sitting above the data are for first ordefN€ 7-nucleon data set. .
calculations, while the two curves nearly in agreement with the data  IN the bottom panel of Fig. 16 we show first or@ewPIES
use the second order terms[a]. Below are shown the daf20]  calculations for the IAS transition from*C with the same
and DWIA calculations forr* scattering to the 4.4 MeV 2state  geometrical parameters, at 246 MeV. At small angles the
of 12C, with the first order calculations falling below the large angle results from the use of RSL amplitudes are significantly be-
data, and the calculations including second order terms nearliow those using the present phase shifts. As for the other
matching the large angle data. examples computed in the DWIA, r® waves are included

in the 1“C calculations shown in Fig. 16.

of the choice ofr-N phase shifts. The difference f6?Pb is
not great, but the present phase shifts do give quite good
agreement with the elastic data. We have used the idea and the parametrization of Rowe,
Pion single charge exchange calculations on complex nuSalomon, and Landdu] for a new fit to pion-nucleon inter-
clei use the isovector amplitudes only, in contrast to the priactions from 30 — 300 MeV of pion kinetic energy. We used
marily isoscalar amplitudes examined by scattering. Our tegnore modern resonance terms, and we searched the terms in
case is the!*C(#*, 7% 1N reaction leading to the isobaric the parametrized expresssion of RSL to fit a consistent set of
analog 0" state at 2.31 MeV. This reaction proceeds onlyphase shifts determined by a recent analysis of a wide body
through anL=0 angular momentum transfer. The middle of 7-proton observablef4]. Since our starting parameters
panel of Fig. 16 shows first-order distorted-wave impulsewere taken to be the final results of RSL, the same fitting
approximation (DWIA) calculations for this transition at minimum is retained.
164.5 MeV, using both the RSL amplitudes and those from Overall, the phase shifts from RSL, which preceded most
the present work. Geometrical parameters are those of Redf the data now accepted, are found to be very similar to the
[19], designed for'?C, but applied here td“C for purposes modern results. Calculations using the present set of phase
of comparison. The transition density shape is taken to be thghifts, as listed in Table |, have been shown to match experi-

IV. DISCUSSION AND CONCLUSIONS
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500 T T T e e authors. The sharp minimum in the 0°charge exchange cross
section near 46 MeV is badly missed in the calculations
based on the RSL results, but matched with the present form.
See Fig. 3. Also, at 128.5 MeV the RSL charge exchange
calculations are greatly different from the data.

The only significant difference between the RSL and the
present computations for elastig-proton scattering was
found at 141 MeV, shown in Fig. 6. Use of the present phase
. shifts gives good agreement with recent data. At 168.8 MeV,
L N : the two calculations agree, as shown in Fig. 7.

When the present parametrization is used in the DWIA
F — codespwpri [2], in first order only, or inbwpPIES[3], in both

do/d0 (ub/sr)

!

first and second order, we found very little difference be-

) PSS PN I KU BT tween the total or the reaction cross sections from calcula-

3] 20 40 60 80 100 . . . . .

104 T T T tions using the RSL values. Elastic scattering calculations
164.5 MeV] using either set of phase shifts near the resonance energy

. ] were found to be nearly indistinguishable, as shown in Fig.

12. This was also found to be true for a wide range of in-

elastic scattering calculations, such that transition matrix el-

ements determined by resonance energy pion scattering are

secure. These two satisfying agreements are undoubtedly due

to the fact that at resonance threnucleon cross sections are

so large that the scattering is essentially that from a black

disk, and the details are not important.

Pion-nucleus elastic scattering at high energies is gener-
ally computed in the DWIA without including thB waves.

\ s ] We showed in Fig. 9 that this neglect spoils agreement with
R RO AU B RO m-proton data. To study the effect of the lack bf and

0 20 40 60 80 19 higher waves fofr-nucleus scattering, we show in Fig.(&B

a dot-dashed curve fd°Ca computed with the optical model
R B e B I code of Cheret al.[23], based upon the eikonal approxima-
tion, and including all partial waves. A Fermi-averaging pro-
cedure is used for the proper evaluation of the partial waves
within the complex nuclear target. The geometrical param-
eters for*°Ca were the same as those used for the dotted and
the solid curves usingwprl. It is seen in Fig. 1@&) that the
inclusion of a complete set of partial waves makes almost no
difference to the computed cross sections.

Low pion beam energies find a rather transparent nucleus,
and their scattering is known to be sensitive to the reaction
parameters. It is also at low pion energies that the data base
for the free scattering has changed the most since the work of
RSL. Nonetheless, the differences between first- or second
order calculations using the RSL or the present phase shifts

8 c.m. {deg ] were found to be slight. We examined this for 50 MeV elas-
tic and inelastic scattering offC and for 30.7 MeV elastic

FIG. 16. Calculations from the DWIA codewries [3] are  scattering from?°%Pb. Even for pion charge exchange, dif-
shown for the isobaric analog transition in tHi€(7",7°) “N re-  ferences between DWIA calculations with the two families
action, .using phase shifts from the present work for the solid curveg¢ phase shifts differ little at any energy. No major reconsid-
and using the RSL phase shifts for the dotted curves. The top pols a4ins of the role of the interesting second order parameters

tion is for a beam energy of 49.3 MeV, and uses the geometricals required, and the important conclusions drawn from these
and the second-order parameters of R&fl]. Data are from Ref. q ’ P

[9]. The middle portion is for 164 MeV, with data frof®]. The studies remain valid. . .
lower portion is for 246 MeV. It was pomted _out Ipng ago that a flrm foundation of
sr-nucleon interactions is required for reliable DWIA calcu-

mental 7-proton observables very well in all cases. Many lations of w-nucleus scatterin24]. A great investment in

more cases than presented here were examined. analyzingmr-nucleus data relied heavily on the parameters of
The greatest inability of the RSL phase shifts to accounRSL, with little consideration of changes in the data base of

for data was found for charge exchange. This is not surprissr-nucleon scattering. This dangerous situation has been rem-

ing, since no charge exchange data were available to thosalied by the present work, and future DWIA computations

103

T

(ub/sr)

102

do/df
Ty

T ||||||‘

246 MeV

do/d0 ( mb/sr )
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for 30—300 MeV can be very certain of a reliable connection ACKNOWLEDGMENTS
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