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Measurement of the vector analyzing power iT» in n+- Li scattering
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The vector analyzing power iT» was measured for m. +- Li elastic and inelastic scattering (3+,
2.19 MeV) at 100, 134, 164, and 219 MeV, in an angular range between 40' and 125' using a vector
polarized LiD target. Sizable spin effects were observed over most of the angular range. The data
were compared with a number of theoretical predictions based on different scattering models and
nuclear structure input. None of the calculations is able to reproduce the data set; however, it ap-
pears that the vector analyzing power iT» is mostly sensitive to the nuclear wave function chosen.
The angular distribution of iT» in m - Li elastic and inelastic scattering is discussed in terms of nu-
clear form factors and elementary mN amplitudes.

I. INTRQDUCTIDN

In two previous publications' we reported on pion
elastic scattering from polarized ' N at T =164 MeV.
The measured values of the asymmetry 2 were found to
be consistent with zero. This came as a surprise because
it was not predicted by any calculation in this mass re-
gion, and there is currently no explanation for such a re-
sult based on our understanding of the pion nucleus in-
teraction. Instead of continuing our polarization studies
with ' N by measuring the dependence of 2 on pion en-

ergy and charge, we proceeded with Li for experimental
and theoretical reasons.

Polarized Li became available several years ago in the
form of small samples of irradiated LiD, ' but the task
of producing sufficient quantities of this material to be
useful for scattering experiments has been hampered by
considerable difficulties. Only quite recently a break-
through occurred, enabling sizable quantities of lithium
hydride and lithium deuteride to be produced. The Li
polarization (around 50%%uo) is much larger than that
which can be obtained for ' C, ' N, and ' N. Lithium
deuteride has the additional advantage that data on ~+0
scattering can be obtained simultaneously. The present
experiment is the first to make use of a polarized Li tar-
get for nuclear research.

From the theoretical point of view Li is an attractive
object for nuclear structure and nuclear reaction studies
because of the large degree of clustering. The nucleus
can be viewed as an a particle coupled to a neutron-
proton pair, and the various techniques which have been
developed for solving the three-body problem may be ap-
plied in this case. The nuclear structure of Li has been
probed extensively in strong, electromagnetic and weak
interaction. Within this wealth of data there have been
relatively few experiments on the interaction with pions.

Pion elastic and inelastic scattering from Li was mea-
sured only at few energies over a limited angular range.
Zichy et a/. measured the elastic and inelastic (3+, 2.19
MeV) scattering cross sections at 164 MeV with negative
pions. Antonuk et al. produced differentia cross sec-
tion data for elastic and inelastic scattering (3, 2.19
MeV) with positive and negative pions at 100, 180, and
240 MeV. Kiziah et a/. ' focused their attention on the
measurement of the excitation function for the AT=1
transition to the 0+, 1 (3.56 MeV) state at a constant
momentum transfer (q = 109 MeV/c). In addition to
pion elastic and inelastic scattering there have been vari-
ous measurements in pion induced reactions: Li(n+, p)
inclusive (Ref. 11), Li(vr, y) (Ref. 12), Li(m, 2 )(nRef.
13), Li(n +, 2p) (Ref. 14), Li(7r, m' —d ) (Ref. 15), and
Li(m+, He) (Ref. 16).
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Most of the theoretical efFort has been devoted to elas-
tic and inelastic scattering. Germond' studied m+- Li
scattering in the framework of the Glauber multiple
scattering formalism. He used experimental ~o. and ~N
scattering amplitudes as well as realistic n-n-p wave func-
tions' as input. His calculation agreed well with the
measured differential cross sections at 180 and 240 MeV,
but underpredicted the cross sections at 100 MeV. This
may indicate that the Glauber approximation is no longer
valid at this energy. Germond also predicted the vector
analyzing power iT» at 100, 180, and 240 MeV. It was
found to be small except in the vicinity of the minima of
the difFerential cross sections. There, values for iT» up
to 0.5 were predicted.

Eramzhyan et al. ' calculated pion scattering from Li
within a momentum space coupled channel formalism. It
contained the usual first-order term and the phenomeno-
logical p term, the parameters of which were determined
from ~-' C experimental data. A. Cluster model wave
function' and a phenomenological shell model wave
function were used for the nuclear states to study nuclear
structure effects. Using the cluster model, the elastic
scattering cross section could be well reproduced at for-
ward angles, but beyond the first minimum in the cross
section serious discrepancies appeared. In this angular
region good agreement could be achieved by turning off
the second-order (p ) term The. inelastic scattering to
the 3+,0 (2.19 MeV) state was well described, but there
were problems in reproducing the cross sections for the
transitions to the 2+, 0 (4.31 MeV) and 0+, 1 (3.56 MeV)
states. In addition to the total and difFerential cross sec-
tions polarization observables were also predicted. It was
shown that the vector analyzing power is very sensitive to
the nuclear wave function.

There have been two calculations based on the 6-hole
model, one by Junker, the other by Nagaoka and
Ohta. ' Junker used the 6-hole formalism of Hirata
et al. including the 5-spin-orbit potential introduced
by Horikawa et al. Shell model wave functions were
used for Li, with different well parameters for the s-shell
and p-shell nucleons. For the p-shell nucleons the empir-
ical wave functions of Donnelly and Walecka were
used. Wl &ln this model the diffe entlal cross sections
could be well described. Polarization observables were
also calculated. Sizable values of iT&& were predicted,
and similar rapid variations with energy and angle were
observed as in the calculation by Germond' and Eram-
zhyan et al. '

Nagaoka and Ohta ' investigated ~+- Li scattering on
the basis of Watson's multiple scattering theory. A real-
istic u-n-p three-body wave function' was employed for
the ground state and the excited states of Li. The first
order optical potential was extended in such a way that
the 6 dynamics could be described straightforwardly.
The in-medium pion-nucleon T matrix was decomposed
into the ~X single scattering and the ~X scattering medi-
ated by the ~-nucleus interaction. The model of Nagaoka
and Ohta is equivalent to the model of Hirata et al. if
the target nucleus is of a closed shell type, and the partial
wave mixing due to the Pauli principle is switched off.
Many effects were studied in detail by the authors, i.e.,

Fermi corrections, m.X background and Coulomb interac-
tions, binding and Pauli corrections, and spreading
efFects, in particular the importance of the spin-orbit po-
tential. In these model studies reasonable agreement was
obtained with the measured differential cross sections at
forward angles but considerable discrepancies remained
at larger angles. Predictions of the vector analyzing
power iT&& in pion elastic scattering were only presented
for 100 MeV. This prediction agrees fairly well with
those from Germond, ' Eramzhyan et al. ,

' and Junk-
20

From this brief description of the various calculations
it is already clear that the measurement of polarization
observables in m. - Li scattering is an urgent experimen-
tal task. As a first step, the vector analyzing power iT»
could give important information on the degree of e clus-
tering in the wave functions of the ground state and the
excited states in Li. In addition one may be able to con-
strain certain aspects of the reaction dynamics, e.g. , pion
absorption as it enters the p term in the second-order po-
tential in multiple scattering theories, or the spreading
potential in the 6-hole approach. With this purpose in
mind we have measured iT& i in pion elastic and inelastic
scattering from polarized Li at four energies, i.e. , 100,
134, 164, and 219 MeV. The lowest energy was chosen as
a bench mark test since rather similar results were pre-
dicted from all four types of calculations.

v'3 T20o.
i
—,i=a 1++37,iTii — p Tzzz+22 " v'6 (2)

From this equation one obtains
—

(
+ 0) +( — 0)
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and the error in iT»

(3)

II. THE EXPERIMENT

A. Method

The differential cross section o."", for pion scattering
from polarized Li (spin 1) can be expressed in terms of
o. , the cross section for scattering from the unpolarized
Li, as

~pol ~ ( 1 ++ 11 i ~l i ++ 20 +20+ a 21 +21 ++ 22 ~22 )
0

where iT» and Tpo T2, Tp2 are the vector and tensor
analyzing powers, respectively. Their individual contri-
butions are determined by the coefFicients a», a2O, a2&,
and a2z, which are functions of the target vector and ten-
sor polarizations p, and p„(p„=2—Q4 —3p, ), and the
orientation of the spin quantization axis with respect to
the scattering plane, which can be expressed in terms of
two angles a and p (see Ref. 25). With the proper choice
of the angles a and p one can eliminate some coefficients
and/or enhance others in order to measure different com-
binations of the analyzing powers. In the present experi-
ment we chose a=90 and p=0, i.e., the quantization
axis is perpendicular to the scattering plane. In this case,
the polarized cross sections are given by
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Note that by definition p„ is always positive, the + super-
script on p„ in Eq. (3) only refers to the corresponding
p,—. In the case of p,+=p, =p and p,+, =p,, =p„ these
expressions simplify to

1
Il 0 (4)

and

(AiT„) = 1
(b, IT+ ) +(b,o. )

12(p 0)2

2

0 (4')

In principle, one can measure the composite tensor ob-
servable r2~ = ( T22+ T~o /&6) simultaneously with iT»
with this setup (a=90', 13=0'), however, the measure-
ment of ~22 requires much better counting statistics for
the cross sections because p„ is much smaller than p, . In
addition, systematic errors in the determination of p,+
and p, enter critically in 5~22 as discussed in Ref. 26.
For this reason, in the present measurement we have fo-
cused our attention on the accurate determination of iT&

&

only.

III. DATA REDUCTION

A. Determination of the cross sections

The polarization observable iT» is calculated from the
cross-section ratios o. +/o. , o. /cr and the target polar-
izations p, and p„[Eq. (3)]. In forming the cross-section
ratios, the solid angle, the number of target nuclei, and
the factor accounting for pion decay in the spectrometer
cancel, i.e., only relative cross sections are required.
These are obtained from the yield y in the energy loss
spectra, the corresponding number of pions incident on
the target, nb, the efticiency of the multiwire chambers in
the spectrometer, e,h, , and the computer efficiency,
E'

p
according to the equation:

3'
~rei

nb ~cham~comp

In determining the yield of the ~+- Li and ~+d peaks
the background from the metal target cell and helium
coolant must be subtracted. This background has been
carefully measured in separate experiments. Typical
foreground and background subtracted spectra are shown
in Fig. 1. Note that the large width of the m. +d scattering

x10

B. Experimental procedure

The experimental setup was the same as for our
m+ —' N measurements. The SUSI pion spectrometer at
the Paul Scherrer Institute (formerly SIN) in Switzerland
was used, together with the polarized target. The LiD
target material was prepared at SACLAY, as described in
Ref. 6. The target material was polarized by microwave
irradiation in a magnetic field of 2.5 T, and the target po-
larization was determined by comparing the dynamically
enhanced polarization NMR signal with the thermal
equilibrium signal. Typical polarizing times (for reaching
90% of the maximum values) were 8h. Because of these
relative long polarizing times the data taking procedure
was similar to the one in the ~+ —' N experiment, name-
ly, instead of reversing the polarity of the target several
times while keeping the spectrometer angle Axed, the en-
tire angular distribution was measured before the sign of
the target polarization was changed. In this way, o.+,
o, and o. were measured in several cycles. The back-
ground in the spectra originating from pion scattering off
the walls of the target cell and the He/ He coolant was
measured separately after removing the helium and the
target material from the target cell. Data were taken at
four pion energies (100, 134, 164, and 219 MeV) in the
angular range from 40' to 125 .

x10
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o
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FIG. 1. Typical foreground and background subtracted ener-

gy loss spectra for pion scattering from LiD (positive target po-
larization). (a) Full spectrum. (b) Cu background subtracted.
(c) Cu and He background subtracted.
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peak is due to the fact that ~ - Li scattering kinematics
was used to calculate these energy-loss spectra. The
background subtracted spectra were then subjected to a
multiple peak fitting program. From these fits the yields
were determined for ~+- Li scattering to the ground
state, the 3+,0 (2.19 MeV) state, and for ~ d scattering.
In the spectra higher excited states may be identified, but
no effort was made to extract the yields because the un-

derlying background from the pion induced breakup of
Li into He+ n +p (at 3.70 MeV) and into Li+n (at

5.66 MeV) is not known. On the other hand, the breakup
into He+d (at 1.48 MeV), which is located below the3,0 (2.19 MeV) peak was estimated from the ~ - Li
spectra in Ref. 9 where an energy resolution of 900 keV
allowed a clean separation of the ground state and first
excited state peaks.

In Fig. 2 spectra normalized to equal numbers of pions
incident on the target are compared for the two polariza-
tion states. The solid line corresponds to spectra ob-
tained with positive, the dashed line with negative polar-
ization. As one can see from the difference, there is a
large asymmetry in the yields for ~+- Li scattering to the
ground state and first excited state, and also for m+d
scattering.

In spite of the fact that the target thickness was not
well known in the present polarization experiment we
were able to extract "absolute" ~+- Li cross sections by
normalizing the simultaneously measured relative vr+d
cross sections to data from literature (at 100, 134, and
164 MeV interpolated from neighboring energies). The
fair agreement between our normalized Li cross sections
at 164 MeV and the previous measurement (Fig. 3), as
well as between our 100 MeV data and a previous mea-
surement, as shown in Fig. 12 in Sec. V C, provides a
measure of confidence of our data extraction procedure.
In addition, new data at 134 and 219 MeV are produced
for comparison with theoretical predictions. At this
point, a word of caution for the theorists may be in order.

A critical examination of the data presented by Antonuk
et al. shows considerable inconsistencies. The large
discrepancies between the ~+ and ~ elastic and inelastic
cross sections in some angular regions is hard to under-
stand. Similarly, there may also be errors in the elastic
and inelastic cross section data of Zichy. For example,
due to poor energy resolution and insufficient statistical
accuracy in the measurements, the cross section extract-
ed for the (0+, 1), 3.56 MeV state was later found to be
incorrect. Therefore the existing data on differential
cross sections should be checked and measurements ex-
tended to other energies.

B. Determination of the target polarization

10' =

do'

dA 10—

mb
SP

\

l

The polarization of Li (as well as that of D) has been
determined by NMR techniques, from the ratios of the
dynamically enhanced (DYN) polarization signals to the
thermal equilibrium (TE) polarization signal at 2.17 K.
Figure 4 shows a TE signal, corresponding to p =0.23%
and a Li DYN signal, corresponding to p = SO%%uo.

Deuteron signals, not shown, were of comparable quality.
While the Li polarization was monitored continuously
during the experiment, the deuteron polarization was
measured only in regular intervals, and it was found to be
consistent with the values predicted from equal spin tem-

16-
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1P' 6&+— Li

(G.S.,2.19 MeV)
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——80
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FICz. 2. Comparison of corresponding energy loss spectra for
positive (solid line) and negative (dotted line) target polariza-
tion. Note the large positive asymmetry for ~+d and ~+- Li
(3+, 2.19 MeV) scattering and the negative asymmetry for n+-
Li (ground state) scattering.

FIG. 3. Consistency test for extracting cross sections at 164
MeV from the present polarization experiment, In the lower
half of this figure "relative" m+d cross sections from this experi-
ment (full circles) are normalized to n+d cross sections from
Ref. 27, interpolated to 164 MeV (solid line). Applying this nor-
malization factor "absolute" ~+- Li cross sections (full circles)
are obtained, and compared with ~ - Li data from Ref. 8

(dashed line).
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perature theory.
The NMR system used in this experiment was brieAy

described in Ref. 2; a detailed technical report is forth-
coming. A strongly damped series resonance circuit
was used for the measurement of the Li and D polariza-
tion in place of the high-Q parallel resonance circuit used
for ' N in ' NH3. Corrections for the dispersion term of
the magnetic susceptibility were obtained from a
mathematical simulation of the Q-meter circuit, illustrat-
ed schematically in Fig. 5. The ratio of the NMR signal

l, p, y R)

2000-

FIG. 5. Schematic diagram of the Q-meter circuit used to
calculate the corrections to the measured target polarization.

1500- (b)

amplitude to the corresponding voltage level was calcu-
lated from the following equations:

/z, (~,x")
/

—fz, (~,o)[
S(co,X") =

iz4(coo, 0)i
(&)
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(a)

Z4(co, X") = (1/Z3+ 1/R, +i AC„)

Z~+p tanh(yl )z= +R)+
I+Z2tanh(yl)/p ' i AC,

Z2 =icoL(1+G(X' iX"—))+R, ,

where R, is the input resistance of the rf amplifier, L, is
the inductance of the coil, R, is the resistance of the coil,
C, is the tuning capacitance, R, is the damping resistor,
y is the propagation constant of the cable, I is the cable
length, p is the wave resistance, X" is the absorption,
normalized to a maximum of 1, X' is the dispersion cal-
culated from the Kronig-Kramers equation, G is the
fillirig factor of the coil, and coo is the middle value of fre-
quency sweep.

The Q-meter parameters were measured at room tem-
perature. Since they may change slightly at low tempera-
tures, they were checked by fitting the measured reso-
nance curve ~Z4~ =F(co) in a frequency range of about 10
MHz. The ratio of the signal amplitude to the detector
voltage level, E„was known from Q-meter measure-
ments, and we were able to determine the filling factor G
by iteration according to Eq. (5).

We assumed the absorption to have a Gaussian line
shape:

—
(

—~ )'/~'
X =E/E, e

where E is the "true" enhancement of the dynamical sig-
nal over the thermal equilibrium signal. The corrections
C to the measured polarization value po were calculated
for difFerent values E and E„according to the expression

0 ,aLI+L&i&4 ..~~J«i, ~~
O'I+qp'V&1/ "I+&~ I

'
~~~ i)J),~ v;k i+~

i Ir P ~~l ~
' I'I'p~

15.7715.71 15.73 15.75

—(a) —coo) /0
dco

—( — ) /f S(coE/Ee " ' )dc@
1

EI S(co, 1/E, e
co

1

1 7

NMR FREQUENCY MHz
FIG. 4. Typical thermal equilibrium {a) and dynamically

enhanced (b) NMR signals for polarized Li.

where co& and co2 determine the frequency range sampled.
The corrected polarization p is obtained from

p =pc /(1+ C),
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C was found to be 0.04 for positive, and —0.06 for nega-
tive polarizations. With these corrections the maximum
lithium polarizations amounted to p+ =50.4% and

p =48.2%%uo, while the corresponding deuteron polariza-
tions were p+ =52. 2%%uo and p =49.9%. We estimated
the error bp /p to be +5%. 0.2

C. Determination of iT)I

B
/T)( = —,AlT() LT))

3A

2 '2 1/2
AB
B

The determination of iT,
&

from the measured cross
sections and the target polarizations followed the pro-
cedures described in an earlier publication. The "fitting
method" makes use of Eq. (1). Since p„can be approxi-
mated by p„=—',p, . Equation (1) becomes a quadratic
equation in p„ i.e.,

cr~"(p, ) = A +Bp, +Cp,

where 3 =o', 8 =&3&x iT&& and C =(3&3/8)o r22
Fitting this function to the measured cross sections for
di6'erent target polarizations at a given scattering angle
and pion energy, the coefFicients A, B, C can be deter-
mined. From A and B the vector analyzing power iT&&

and the error AiT» can be calculated:

30 60 90 120 150 180

FEG. 6. Comparison of the vector analyzing power iT» for
~+d scattering from this experiment (solid circles), with corre-
sponding data from an earlier experiment (Ref. 26; open circles).
The solid line is the result of a calculation of Ferreira and
Dosch (Ref. 29; see text).

IV. OUTLINE OF THK THEORETICAL CALCULATIONS

A comparison has been made of our experimental data
with the predictions from the isobar-hole and coupled
channel models. ' Here we summarize the formalism
and specify the nuclear structure input.

A. Isobar-hole model

With this method a mean value for iT&& is obtained,
weighting the separate measurements according to their
individual errors.

The "matrix method" displays values for iT» calculat-
ed from each pair of relative cross sections o.+/o. and
o. /o. in the form of a matrix. Comparing the average
iT» value for rows and columns one can recognize sys-
tematic errors.

In the "summation method" for each target polariza-
tion all spectra taken at each angle are added up and the
sum-yield is determined. From this yield, the integrated
number of incident pions, and the average computer and
chamber e%ciencies, the cross section is calculated. The
analyzing power iT» is then determined from the o.+,
o. , and o. cross sections and the beam weighted aver-
ages of the positive and negative target polarizations, re-
spectively. With this method, the yields are obtained
with diQ'erent statistics providing an independent test of
the fitting of the spectra.

The target material LiD has the advantage that the
analyzing power iT» can be measured for m+- Li and
~+d scattering simultaneously, providing an additional
consistency test. In Fig. 6 we compare m+0 data from
this experiment with recent measurements from our
group, where both a different scattering technique (rr+d
coincidence method) and a different target material (deu-
terated propandiol) were used. The curve is the result of
a ~+d calculation of Ferreira and Dosch within their
Xb, model. For this calculation all existing 7r+d cr(9)
and iT&&(0) data between 117 and 325 MeV have been
fitted for each energy individually and a surprisingly con-
sistent variation of the fitting parameters has been ob-
tained.

The model is particularly designed for applications in
the vicinity of the A-resonance, which occurs in the
pion-nucleon P33 wave at T„=190 MeV. For pion ener-

gies above and below the resonance it corresponds to a
conventional first-order optical potential. Here, the dom-
inant mode of pion-nucleus interaction is the excitation
of a nucleon to a 6 resonance. This process leaves a hole
in the nuclear state under consideration. Then the pion-
nucleus scattering T matrix is given as

T = To+F 1 F+,
D (E H) —W ——8' —8'

P SP

where To receives a contribution from nonresonant mX
amplitudes only. At energies well below the resonance a
repulsive s-wave term proportional to nuclear density
squared is to be added to To. The strength of the term is
a free parameter of the model. The denominator in Eq.
(9) represents an isobar Hamiltonian in the space consist-
ing of the b, resonance and (2 —1) nucleons. Further,

stands for a self-energy term associated with pion re-
scattering and 8'~ represents the Pauli-principle correc-
tion. Its meaning is simple. Such an isobar decay is for-
bidden when it leads to an already occupied nucleonic
state.

An important assumption is inherent in the isobar-hole
model. Namely, the ~%~A vertex function in the nu-
clear medium is assumed to be the same as in free space,
however, corrected for the right momentum dependence
corresponding to the transformation to the ~-nucleus
center-of-mass system. Then, providing that the nuclear
wave function and shell model potential are known, one
can calculate Hz, 8', 8'~, and I'. The latter symbol
stands for a transition operator connecting a 6-hole state
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was constructed within the harmonic oscillator model.
Here, P; denotes the valence nucleon wave function
and i labels the (lp) configurations. In the case of the
Li ground state, we used the admixture coefficients a; as

obtained by Donnelly and Walecka and also their value
of the oscillator parameter b =2.03 fm for p-shell nu-
cleons. Further, %' is the a-cluster wave function ap-
proximated here by the (Os) configuration. A different
value of the oscillator parameter was chosen for the s-
shell nucleons. The value b =1.65 fm allows one to
reproduce the longitudinal e- Li elastic form factor at
least in the region of small transferred momenta.

The ansatz (11) was used also in the case of the (3+,0)
excited state. However, the valence nucleons were al-
lowed to occupy higher oscillator states up to lf3p-
configurations. The corresponding admixture coefficients
were obtained by fitting the experimental transition C2
form factor in inelastic e- Li scattering ' assuming the
normalization of the 4 + wave function also to be a free

i

parameter. The resulting values of admixture coefficients

TABLE I. Admixture coefficients a; in the +,+ wave func-

tion.

Configurations of valence
n j I n

nucleons

—0.129 95
—0.389 84

0.165 40
0.519 79
0.233 91

—0.389 84
—0.571 76

to a low-lying nuclear excited (or ground) state plus a
noninteracting pion.

On the other hand, it is very difficult to calculate the
4-hole coupling either to higher nuclear excited states or
to multi-isobar configurations. Such contributions,
denoted as W, in Eq. (9) are usually taken into account
in a phenomenological way. We introduced the spread-
ing potential 8",

p
as

(10)
p(0)

where p(r) is the nuclear density and VLs(r) was assumed
to have a Gaussian shape. The complex strength parame-
ters 8'0 and 8'0 were adjusted to reproduce total and
elastic ~- Li differential cross sections.

In the case of the Li nucleus, where the nucleon p
shell is partially filled, the Pauli blocking term 8' has a
rather complicated structure. The operator couples the
core and valence particle spaces. This mixing was
neglected in our calculations and 8' was assumed to be
diagonal in the p-shell states, and p-state independent.

The nuclear wave function

are given in Table I. The norm of the 0' + wave function

turned out to be N =~(4 + ~4, + )~ =5.448. In what

follows the model will be referred to as "shell model J."

T(E)= V(E)+ V(E)PG(E)T(E) . (12)

Here, G(E) is the pion-nucleus Green's function, V(E)
stands for a potential matrix and I' is a projection opera-
tor, which projects onto the group of nuclear states being
taken explicitly into account. The potential matrix

V(E)= V' "(E)+V"'(E) (13)

can be split into a first-order term V" (E) and a phenom-
enological term V' '(E), which accounts for pion absorp-
tion and higher-order processes.

Using the impulse approximation, we can express the
matrix elements of the potential V"'(E) in terms of the
elementary vrN amplitude t(E) and nuclear form fac-
tors. ' The meaning of impulse approximation is the fol-
lowing: the amplitude t (E) is assumed to be the same in
nuclear medium as in the free space. Therefore the
coupled-channel model in its present form does not allow
one to introduce medium modifications to the intermedi-
ate isobar propagation and in this sense is more restric-
tive than the isobar-hole model.

On the other hand, the nuclear structure information
enters the matrix element of V'"(E) via nuclear reduced
matrix elements

M„s"(q)= A (J„T„~~~r' j'l(qr)[I'I o' ']J~~~J T ),
(14)

where, e.g. , cr' '= 1 for S =0 and 0' ' =0 for S = 1. Fur-
ther, J (T ) is the spin (isospin) of the nuclear state m.
The matrix elements (14) can often be deduced from elec-
tron scattering experiments. Therefore, it is easier to
work with a reliable nuclear structure input within the
couples-channel model than in the isobar-hole model,
which operates directly with nuclear wave functions.

Since the coupled-channel model was applied to the
pion scattering from p-shell nuclei and, in particular, to
m- Li scattering, we only summarize its essential
features here.

(i) The second order potential V' '(E) is assumed to be
diagonal in nuclear states and to be a scalar-isoscalar
quantity. The functional form of its matrix element was
chosen as the Fourier transform of the nuclear density
squared and the energy dependence of the second-order
potential was obtained by fitting the w-' C scattering
data. For further details we refer to Ref. 30.

(ii) The nuclear Fermi motion is treated here in the fac-
torization approximation: Instead of averaging over the
nucleonic motion, we use fixed optimal values of nucleon
momenta. This is the reason why the spin-fhp part of the
first-order potential is build up solely from the spin-Rip
part of the mX amplitude.

B. Coupled-channel model

Within the momentum-space coupled-channel formal-
ism, the pion- nucleus scattering matrix T(E) is given as
a solution of
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(iii) The separable potential model was used to define
the off-energy-shell extrapolation of m.N amplitudes. The
separable mX potential here plays much the same role as
the ~%~A vertex function in the isobar-hole model.

Two different models of nuclear structure were used in
our calculations. The first one is also based on the ansatz
(11) and the work by Donnelly and Walecka. ~ A slightly
more complicated parametrization of the a-cluster wave
function 4 was used here, which provides a better fit to
the experimental longitudinal e- Li elastic form factor in
the region 0(q (3 fm '. In the case of the (3+,0) excit-
ed state, only the (lp) configuration was assumed. How-
ever, the transition reduced matrix element

MIs+ o)(i+ o) (q) [see Eq. (14)] was replaced by an empiri-

cal expression deduced from inelastic electron scattering
experiments. ' A reasonable fit to the measured longi-
tudinal form factor was obtained in the region 0 ~ q ~ 2. 5

fm ' by using the parametrization

lFL, (q)l =(aq) [1—(cq) +(dq) ] exp( —
,', b q ) . —

(15)

Here, a =0.375 fm, c =0.220 fm, d =0.313 fm and
b =2.03 fm. Parameter a was chosen to reproduce the
reduced transition coefficient B (C2, 0) measured by Yen
et al. In what follows this model will be referred to as
the "shell model M."

The n-X-N cluster model by Krasnopol'sky et al. '

was also used in our coupled-channel calculations. The
nuclear wave functions are obtained within this model by
variational techniques using realistic V&& and V & poten-
tials as dynamical input. Pauli principle effects are taken
into account to some extent. This model will be referred
to as the "cluster model. "

the ground-state magnetic moment quite well, while the
quadrupole moment turns out to be wrong as far as its
magnitude and sign concerns. The shell model J and M
yield the same value of p and Q as the underlying Don-
nelly and Walecka model in reasonable accordance with
experiment. By its construction, the shell model M
reproduces the experimental B ( C2, 0) value.

This value was not included in the list of fitting param-
eters in obtaining the admixture coeScients in Table I.
Nevertheless, the shell model J yields B(C2,0) in a
reasonable agreement with the experiment.

Further, the ground-state longitudinal form factor is
shown in Fig. 7. The shell model J and M predict smaller
F(C2, q) in the interval 0&q ~2.2 fm ' than the cluster
model. In this interval, the sign of F(C2, q) turns out to
be positive in the cluster model and negative in the shell
model J and M. The cluster model yields the resulting
longitudinal form factor ~FI (q) ~

—= [F( CO, q)
+F(C2, q) ]'~ in very good agreement with the experi-
ment in the whole interval of transferred momenta con-
sidered (0 ~ q 3.6 fm '), while the parametrization
chosen in the shell model J and M reproduces the data in
the intervals 0 ~ q ~ 2. 1 fm ' and 0 ~ q ~ 2. 6 fm ', re-
spectively.

Neither the cluster model nor the shell model J and M
(i.e., the Donnelly and Walecka wave functions) repro-
duce the ground-state transverse form factor satisfactori-
ly. This can be seen in Fig. 8. The cluster model overes-
timates the experimental data at small q and the dip in
FT(q) occurs at larger q than in the experiment. The
wave function by Donnelly and Walecka reproduces the

6L.

C. Nuclear structure input

The polarization observables were shown' to depend
strongly on the underlying nuclear structure input. We
arrive here at the same conclusions. To make the
differences between various nuclear wave functions used
in our calculations more evident, we discuss here the ex-
tent to which they account for the properties of Li as ob-
served in electromagnetic processes. In Table II we give
the ground-state quadrupole (Q) and magnetic (p) mo-
ments and the reduced transition probability B (C2, 0).

It can be concluded that the cluster model reproduces

TABLE II ~ Predictions of several nuclear models for static
properties of Li in comparison with experiment.

1O-'.-

10 ';
I

I l
g I

10
0.0

I

0.5 1.0 1.5 2.0 2.5 3.0 3.5

Q (mb) p (nm) 8(C2, 0) (fm)

Cluster model

Shell model J
Shell model M

Experiment

2.4

—0.807

—0.807

—0.80+0.08

(Ref. 7)

0.832

0.8228

0.8228

0.82201

(Ref. 7)

20.24

21.8

21.8+0.8

(Ref. 32)

FICz. 7. Longitudinal form factor in elastic scattering by Li.
Cluster model (Ref. 18); CO form factor (dotted line), C2 form
factor (dash-dotted line) and resulting ~FL (q) ~

(solid line). Shell
model (Ref. 24): C2 form factor (triple-dot —dashed line). Pa-
rametrization of ~FL(q)~ by Junker (long-dashed —dotted line)
and Mach (dashed line). Experimental data are from Refs. 31
and 34.
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Li(e,e)
1+, T=0

F fqj

10

10,
0

i( I

I i I I i

0.5 1.0 1.5 2.0 2.5 q(frri')

FIG. 8. Transverse form factor in elastic electron scattering
by Li. Shell model (Ref. 24; dotted line) and cluster model
(Ref. 18; full line) calculations. Experimental data are from Ref.
31, Lapikas et al. (open circles) and Bergstrom et al. (full cir-
cles).

data very well for 0 ~ q ~ 1.0 fm ', but the dip in F&(q)
occurs here at too small q in comparison with the experi-
ment.

Both the parametrization (15) and the 4 + wave func-3,0
tion based on the admixture coeKcients a; from Table I
reproduce the longitudinal transition (1+,0)~(3+,0)
form factor ' perfectly in the whole interval
0.4 ~ q ~ 2. 5 fm ', where data exist.

If one assumes the states (1+,0) and (3+,0) to be pure
p-shell configurations (shell model M), the transverse
form factor receives contributions from the spin part of
E2 and M3 form factors only, since the convection
current contributions vanish in such an approximation.
The corresponding E2 (j=2) and M3 (J =3) form fac-
tors are simply related to reduced matrix elements (14),
which have now a particularly simple form

V. RESULTS AND DISCUSSION

The experimental results for the vector analyzing
power and the "normalized" cross sections for ~+- Li
scattering are listed in Tables III and IV. These data sup-
plemented by cross sections from Antonuk et ah. at 100
MeV and from Zichy et al. at 164 MeV are displayed in
Figs. 9 and 10 together with theoretical predictions by
Junker (isobar-hole model) and Mach (coupled-channel
model).

Before comparing the experimental data with the
theoretical predictions some general observations should
be made. In contrast to our results for ' N, a large
analyzing power is observed for elastic and inelastic
scattering. The shape of the angular distributions of iT»
changes little between 100 and 164 MeV. Further, it is
interesting to note that for elastic scattering iT» passes
through zero at angles corresponding approximately to
the cross-section minima. For inelastic scattering on the
other hand iT» has its maximum value near the minima
of the cross sections.

In Fig. 9 the cross section and iT&& data are compared
to calculations by Junker (see Sec. IV A). In these calcu-
lations the cross sections of Antonuk et al. (180 and 240

TABLE III. iT&l for ~+- Li scattering.

T
(MeV) e,

- Li (ground state) w+- Li (3+,2. 19 Mev)

100 57.0
67.2
77.3
87.4
97.4

107.3
117.2
126.9

0.137+0.037
0.020+0.041

—0.048+0.056
—0.219+0.044
—0.222+0.046
—0.194+0.058
—0.262+0.063
—0.353+0.078

0.205+0. 116
0.291+0.140
0.338+0.074
0.280+0.075
0.240+0.087
0.096+0.091
0.114+0.071
0.140+0.056

A. Comparison of experimental data with theoretical predictions

134 52. 1 0.052+0.024 0.122+0.064

2 2

M, + „,+,(q) =cJ(bq) exp

Here, b =2.03 fm is the harmonic oscillator constant and

c2 and c3 is proportional to the admixture of (p3/2, p, /z)
and (p3/2) configuration in the Li ground-state wave

function, respectively. This is the reason why the M3
transition would dominate in the inelastic transverse
form factor.

As was pointed out in Ref. 34, there is experimental
evidence that the (3+,0) level is almost completely longi-
tudinal, and therefore the (I+,0)~(3+,0) transverse
form factor has not been measured yet.

The electromagnetic properties of Li will be discussed
in a forth-coming application of the 6-hole model to ~-
Li scattering.

219

62.4
72.5
82.7
92.7

102.7
112.7

42. 1

52.4
62.8
73.1

83.4
93.4

103.4

54.4
68.7
82.9

0.007+0.047
—0.304+0.044
—0.246+0.047
—0.306+0.041
—0.298+0.047
—0.357+0.068

0.051+0.016
0.036+0.036

—0.075+0.082
—0.292+0.059
—0.242+0.032
—0.268+0.041
—0.234+0.048

0.105+0.096
0 205+0 054
0.056+0.055

0.185+0.065
0.337+0.049
0.273+0.064
0.268+0.049
0.229+0.036
0.191+0.035

—0.059+0.041
0.058+0.037
0.131+0.038
0.213+0.034
0.242+0. 034
0.205+0.028
0.194+0.023

—0.010+0.047
0.002+0.050

—0.047+0.061
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MeV) have been fitted with four parameters (complex
central and spin-orbit potential in the spreading poten-
tial). At 100 MeV two more fitting parameters were re-
quired for the repulsive S-wave p term of the back-
ground amplitude To. Using parameters interpolated
from those for 100, 180, and 240 MeV the cross sections
at 134 and 219 Me V are well reproduced. Having
satisfied this necessary condition, namely a good agree-
ment with the cross sections, iT» was predicted. In the

case of elastic scattering there are certainly discrepancies
with the iT» data, but their trend, in particular the
change in sign between 164 and 219 MeV, is reproduced.
In the case of inelastic scattering to the 3+ state, the
trend of the iT» data is also reproduced rather well.
There is an almost perfect agreement with the data close
to the b, » resonance ( T = 164 MeV), while discrepancies
occur below ( T = 100 and 134 MeV) and above it
(T =219 MeV). For both the elastic and the inelastic

I I I I I I I I I I I I I I
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FIG. 9. Vector analyzing power iT» for ~+- Li (ground state) and ~+- Li (2.19 MeV) scattering at 100, 134, 164, and 219 MeV,
together with previously measured differential cross sections [Antonuk et al. (Ref. 9) at 100 MeV and Zichy (Ref. g) at 164] and "nor-
malized" cross sections from this experiment (at 134 and 219 MeV). The solid lines are the theoretical predictions of Junker "shell
model J" (see text).
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scattering the predictions for iT» show rapid changes in
the angle which may be due to the wave function used.
Particularly in the case of pion inelastic scattering lead-
ing to the (3,0) state our nuclear structure input may be
oversimplified. The admixture coefficients a,. in Eq. (11)
are not determined uniquely by fitting just the C2 transi-
tion in (e, e') scattering. This is the reason why the spin
structure of our (3+,0)-state wave function is not very re-
liable.

In Fig. 10 we compare the data with theoretical predic-
tions by Mach. The solid and the dashed lines are calcu-
lations using shell models and cluster model wave func-
tions, respectively, as described in Ref. 19 and Sec. IV B.
For the excited state only the shell model wave function
was available. For the elastic cross sections, there is
reasonable agreement with the data except at T =164
MeV. Both wave functions produce almost identical re-
sults. This insensitivity to the nuclear structure input is

7r+~ Li(GS)
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FIG. 10. The same data as shown in Fig. 9 compared with theoretical predictions from Mach. The solid lines correspond to shell
model wave function "M," the dashed lines to cluster model wave function I,see text).
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T
(MeV) 0,

m+- Li (ground state)
do/dA,

(mb/sr)

~+- Li (3+,2. 19 MeV)
do. /d A,

(mb/sr)

100 57.0
67.2
77.3
87.4
97.4

107.3
117.2
126.9

2.658+0. 163
0.948+0.070
0.469+0.043
0.722+0.039
1.012+0.052
1.005+0.077
0.906+0.084
0.677+0.079

0.745+0. 176
0.324+0.069
0.435+0.047
0.563+0.048
0.790+0.074
0.984+0. 110
1.161+0.124
1.280+0. 110

TABLE IV. m+- Li cross sections normalized to m+-d cross
sections from Ref. 27.
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103.4

5.017+0.164
0.886+0.061
0.358+0.028
0.410+0.029
0.420+0.023
0.331+0.021
0.219+0.023

11.558+0.575
1.895+0.161
0.231+0.039
0.178+0.020
0.267+0.016
0.177+0.014
0.105+0.010

1.691+0.168
0.772+0.072
0.444+0.039
0.416+0.040
0.510+0.034
0.578+0.028
0.561+0.032

4.829+0.465
1.993+0.177
0.711+0.060
0.388+0.025
0.342+0.022
0.342+0.019
0.296+0.013
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FIG. 11. Vector analyzing power iT» for ~+- Li (2.19 MeV)
scattering. The solid lines correspond to the coupled channel
calculation, the dashed lines denote the PWIA results.

mation (DWIA), we can write the pion-nucleus amplitude
in the form

219 54.4
68.7
82.9

0.341+0.074
0.115+0.018
0.060+0.009

0.852+0. 129
0.134+0.021
0.054+0.009

B. Analysis of iT» in terms of
nuclear form factors and m.Xamplitudes

Recently, the vector analyzing power in pion elastic
scattering by polarized p-shell nuclei has been analyzed
by Mach and Kamalov in terms of nuclear form factors
and elementary aX amplitudes. Here we extend such an
analysis to the case of pion inelastic scattering by polar-
ized nuclei. Using the distorted-wave impulse approxi-

no longer observed for iT&&, where the two wave func-
tions produce very different results, with a definite prefer-
ence for the shell model. For the inelastic scattering the
theoretical predictions are certainly in qualitative agree-
ment with the trend of the cross-section and ET» data.

As far as the pion elastic scattering is concerned, the
predictions by Junker are in quite good agreement with
the shell model calculations by Mach. Comparing the
predictions from Junker (shell model J) with those from
Mach (shell model M) one finds considerable similarity in
the angular distribution of iT&&, in spite of the fact that
the two reaction models are very different. This leads us
once again to the conclusion that different reaction mod-
els may lead to similar predictions for iT» provided that
similar nuclear wave functions are used.

&f17 li &
= ~ &4d;.,'I &+f..)l Vo+i~~V) I+.'..(& Ipd";„'&,

(17)
where v is the unit vector perpendicular to the scattering
plane and Vo and V& are the scalar and spin-Aip parts of
the mX amplitude, respectively. Since the nucleon spin
operator is averaged in Eq. (17) between nuclear states
and the matrix elements &+f„,&lo I%'„'„,&& receive contri-
butions from valence nucleons only, one can expect large
sensitivity of iT&& to the nuclear structure input, particu-
larly to spin distributions in nuclei.

A quite different situation occurs in inelastic scattering
of polarized protons by unpolarized nuclei. Equation (17)
is also applicable there ( Vo and V& have dift'erent mean-
ing), however the spin matrix elements &Pd;,t'lo lg~d+, „'&
enter Eq. (17) in such a case. Therefore, iT» in p-A in-
elastic scattering is very sensitive to the distortion in ini-
tial and final state.

In Fig. 11 we show the role of the distortion effects in
m+- Li inelastic scattering at two energies. A compar-
ison is made between iT» calculated using the coupled-
channel (CC) approach and plane-wave impulse approxi-
mation (PWIA), i.e., neglecting completely the distortion
in initial and final state. Apart from the region of small
scattering angles the two results are quite similar. Partic-
ularly, CC and PWIA predict the peak in iT&& at approx-
imately the same angle.

Since the shape of iT» ln 7T- Li scattering is not deter-
mined by distortion effects, it is meaningful to use the
PWIA for discussing gross features of the vector analyz-
ing power. In the case of the (1+,0)~(3+,0) transition
we have
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Im(V0 V, )M;„(q)[M,„' (q)+(4V2/7)M3„' ( )]
&Z

~ V, ~'M,'„"'(q)'+,'
~ V, ~'[M,""(q)'+,'M,""(q)'] (18)

where M;„(q)=M, + „,~,(q) are defined in Eq. (14). If we suppose the (1+,0) and (3+,0) states to be pure p-shell

configurations, M;„(q) has the same simple form (16) as the spin form factors and the q-dependent part of nuclear in-

put cancels out in Eq. (18). Since 02 and c3 in Eq. (16) have the same sign, the E2 and M3 matrix elements add con-
structively in Eq. (18). We can conclude that the angular distribution of iT» is determined in this case by the isoscalar
combinations of mX amplitudes Vo and V&. The same amplitudes determine iT

& &
in m d scattering. Therefore, similar-

ity of iT» in ir+d elastic and Ir+ -Li inelastic (1+,0)~(3+,0) reaction is not surprising.
The situation in ~+ -Li elastic scattering is quite different. Here we have

Z

Im(V,*V, )[M,0,000(q) — q M,21200(q)]F,s, (q)
i T„=&2/3

2(M 0000(q)2 +q2M 2200(q)2)+ V 2FS(q)2 /

in PWIA approach. Further,
2

FS ( ) M1010( )
'q M1210( ) (20)

C. Sensitivity of iT» to nuclear structure
input and reaction formalism

and M, 1 (q)—:M„+ „,+,(q) are defined again in Eq.
(14). Recently, it has been shown that the shape of iT»
in pion elastic scattering by p-shell nuclei is influenced to
large extent by the shape of the spin form factor F,1(q).
In particular, the leftmost zero of iT» is associated in the
resonance region with the zero of the spin form factor
Eq. (20). We can conclude that the difFerent shapes of the
angular distributions of iT&

&
in the elastic scattering and

the inelastic (1,0)~(3+,0) transition are caused mainly
by the very different shapes of the corresponding nuclear
spin form factors.

10

CT

dQ
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t 6L.

eV

rnb
' sr 100:-

10 '-

not far away. On the other hand, quite different results
are obtained by Mach and Junker with shell model wave
functions. They come closer to the data. Also note, that
the differences between the various predictions for iT»
are largest at angles close to the minimum of the cross
section, indicating delicate interferences between the
spin-Rip and non-spin-Rip amplitudes.

From the discussion in the previous section and in Ref.
36 it follows that the shape of iT» in pion elastic scatter-
ing from Li is strongly inAuenced by the shape of nu-
clear spin form factor. The form factor F,1(q) is not

Regarding the question of the sensitivity of the polar-
ization observable iT&& to the reaction model and the nu-
clear wave function we show in Fig. 12 the cross sections
of Antonuk et al. , our normalized cross sections from
this experiment, and the vector analyzing power, together
with the predictions from the four theory groups men-
tioned in the introduction. Germond' (solid line), Eram-
zhyan' (dot-dashed line), and Nagaoka and Ohta ' (dot-
ted line), all used the a-n-p three body cluster wave func-
tion of Krasnopol'ski et al. ' Mach (dot —long-dashed
line and Junker (dashed line) on the other hand used shell
model wave functions in the calculations shown. With
the exception of Junker (who fit the data of Antonuk to
determine the parameters of the spreading potential) all
cross section predictions agree more or less among each
other, and with our "normalized" cross sections. This re-
markable agreement shows how insensitive cross sections
are to the scattering model and to the nuclear structure
input. The vector analyzing power iT&

&
on the other

hand, appears to be sensitive mostly to the nuclear struc-
ture. The scattering models of Germond' (Glauber
model) and Eramzhyan et al. ' (momentum space cou-
pled channel calculation) produce identical results, and
the prediction of Nagaoka and Ohta ' (b, -hole model) is

~ 6 I I I I I I I I I I I I I I I I I0
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iT„00
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0 40 80 120 'l60

FIG. 12. Vector analyzing power iT» and "normalized"
cross sections from this experiment (solid circles); cross sections
from Antonuk et al. (Ref. 9; open circles). The five curves are
theoretical predictions from Germond (Ref. 17; solid line),
Eramzhyan (Ref. 19; dot —short-dashed line) Nagaoka and Ohta
(Ref. 21; dotted line), all using the cluster wave function from
Ref. 18. Junker (dashed line) and Mach (dot —long-dashed line),
both using shell model wave functions. Note the remarkable
sensitivity of the predictions for iT» to the nuclear wave func-
tion in the region of the minima of the cross section.
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directly accessible in electron scattering experiments.
However, the transversal form factor I'T is expected to be
very close to F,&(q) because the convection current con-
tribution almost vanishes in e- Li scattering, if L =0 is
really the dominating configuration in the Li ground-
state wave function. We recall once again Fig. 8, where
experimental data for FT(q) are shown along with the
cluster model (solid line) and shell model (dotted line)
predictions and remind the reader that the nuclear wave
functions used in our isobar-hole and coupled-channel
calculations (shell model version) lead to exactly the same
FT(q) (dotted line). It is interesting to note that the zero
of FT(q) as obtained from the shell model, q =1.3 fm
occurs at too low a momentum transfer in comparison
with the experiment (q =1.4 fm '). At the same time,
the first zero of iT&& as predicted by both the isobar-hole
and coupled-channel models (shell model version) also
occurs at scattering angles which are too low in compar-
ison with experiment. This can clearly be seen at
T =134 and 164 MeV. On the other hand, the cluster
model wave function produces a zero of FT(q) at too
large q: q =—1.6 fm '. The coupled-channel calculations
(cluster model version) for iT„ch agne sign at scattering
angles which are too large (see Fig. 10) in comparison
with the experiments. In fact the main reason why the
cluster and shell model predict such different iT&& in m.-

Li elastic scattering is the different shape of the spin
form factor F„(q) obtained using the two models.

In order to see whether a better representation of the

7r+~ Li(GS)

dA Io' =

transverse form factor may improve the theoretical pre-
dictions for iT&& a phenomenological transition density
which fitted the elastic transverse form factor was used in
the coupled-channel calculation (shell model M). As one
may have suspected the resulting angular distribution of
iT&& was found to be between the ones for the cluster and
the shell model wave functions, but closer to the cluster
wave function. This means worse agreement with the ex-
periment. These observations strongly indicate the neces-
sity of using reliable wave functions in predicting spin ob-
servables in pion nucleus scattering.

Having shown the sensitivity of do. /dO and iT» to
the nuclear wave function, we would also like to give an
example of their sensitivity to modifications of the
scattering model. In Fig. 13 we compare the predictions
for do. /dA and iT&& from Mach for the full calculation
(dashed line) with the calculations when the 2nd order
potential is turned off (solid line). In both cases, the clus-
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FIG. 13. Effects of the second-order potential in the calcula-

tion by Mach using the cluster wave function. The solid curve
is the prediction with the first order potential only, the dashed
curve is the full calculation with the second-order potential in-
cluded. The data are the same as shown in Fig. 9 and Fig. 10.
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FIG. 14. Theoretical prediction for T2O in the coupled-

channel model by Mach for m+- Li scattering to the 3+, 2.19
MeV state.
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ter model wave function was used. The data are the same
as shown in Figs. 9 and 10.

At forward angles, the cross-section data favor the in-
clusion of the second-order potential. For iT&& we see lit-
tle differences between the first- and second-order models
at 134 MeV, but large differences at 164 MeV. This
strong energy dependence is quite surprising and not yet
understood.

V. CONCLUSIONS AND OUTLOOK

After the striking result which we have obtained for
the asymmetry 3 in m+-' N scattering, the first data on
the vector analyzing power iT&& in ~+- Li scattering also
show remarkable discrepancies from theoretical predic-
tions. From the comparison of calculations using
different scattering models and/or different wave func-
tions for Li it already appears that the vector analyzing
power iT&& will give more information on the nuclear
wave function than on the scattering formalism, although
it cannot be ruled out that by fine tuning the scattering
theory, in conjunction with more extensive data on
several polarization observables, new information may be
also obtained on details of the scattering models.

Since we are just at the beginning of this research pro-
gram there are many interesting aspects for further m+-
Li studies. The present measurements of the vector

analyzing power iT&& must be extended in the angular
and energy range. Also, large values for the tensor
analyzing power T2o for the 3+, 2.19 MeV state are pre-
dicted by the 6-hole model and the coupled-channel
model. Prediction from the latter one are shown in Fig.
14. This observable should be explored. In addition, the
spin dependence in the most important pion induced re-
action channels should be investigated in kinematically
complete experiments. Similar studies of spin depen-
dence are in progress at LAMPF and TRIUMF for the
nuclei Li and ' C. Such systematic measurements will
finally provide a better understanding of the spin depen-
dence in pion nuclear interactions.
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