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Elastic scattering of 50 MeV m+ projectiles from targets of 'Li and ""Chas been studied. Effects due to
isotopic differences between targets are clearly visible in the data. The results are compared to three model
descriptions for the cross section ratios for isotope pairs; in the case of ' C-"C a simple core-plus-valence-
neutron model works well for "C if the core ("C) potential describes observed "C elastic scattering. Such a
model does not work for the Li- Li ratio due to improper treatment of the scattering process and the
quadrupole moments of the Li ground states.

NUCLEAR REACTIONS Elastic scatteringof 50 MeV ~+ from enriched ~Li, ~Li,
C, and C. Angular distributions: 30' —01, —145'. Optical model analysis of

differences in scattering due to isotopic effects.

I. INTRODUCTION

It has been known for some time now that elastic
low-energy pion-nucleus scattering exhibits large
and interesting differences between experiment and
simple theoretical predictions. ' ' These differ-
ences arise presumably because of the fact that the
elementary wN (3, 3) resonance is not so pervasive
at these energies, so that the m has a. longer mean
free path in nuclear matter. Thus, effects due to
the nuclear medium enter the problem at the out-
set, making the prob1.em more complicated than
a simple surface absorption mechanism. Recent
calculations4 ' which include nuclear medium ef-
fects have narrowed the differences with experi-
ment and a somewhat clearer picture of this im-
portant process is beginning to emerge.

One of the main reasons that p-nucleus physics
is of interest is the hope that we will be able to
construct a given w-nucleus process (e.g. , elastic
scattering) from the basic r-nucleon amplitude and
a suitable many-body theory. At energies below
-300 MeV, the basic zN amplitude' contains the
usual s- and p-wave terms and a term responsible
for nucleon spin flip. Each of these terms contains
an isoscalar and isovector part, making six terms
in all. In appropriate circumstances, all of them

will manifest themselves in m-nucleus elastic scat-
tering.

Until now, all nuclei studied, with the exception
of 'He (Ref. 9), have been even-even nuclei with
zero ground state spin. For these targets, effects
due to the nucleon spin-flip term will average to
zero when scattering from the whole nucleus is
calculated. In the case of self-conjugate even-even
targets only the isoscalar part of the potential will
be accessible, the isovector piece entering when
N4 Z isotopes are studied. Information about the
isospin structure of the non-spin-flip terms is
thus potentially available from experiments already
done. ' ' However, no information directly per-
taining to the spin-flip term. is currently avail-
able.

A straightforward way of studying this issue is
to perform elastic scattering from even-odd nuclei,
hoping to describe the process as scattering from
a care-plus-single-valence nucleon. The extent
to which the extra nucleon can be described via
the free z-N interaction would be a measure of the
presence of nuclear matter, and would provide in-
formation regarding the effective p-N interaction
in its presence.

As a first step in addressing this problem, we
have studied elastic n' scattering at T, -50 MeV
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18 ELASTIC PION SCATTERING FROM ' Li AND ' 3 C

from the isotope pairs "Li and ""C. The ex-
perimental details are discussed in Sec. II, the
theoretical analysis in Sec. III, and the conclusions
in Sec. IV.

I20—

Projected Vertical (x) Target
Position for Split Target Run

II. EXPERIMENT

The experimental work was performed on the
EPICS channel at LAMPF under experimental
conditions close to those reported in Ref. 2. The
targets used were isotopically enriched slabs of
material (see Table I) ranging in thickness from
150 mg/cm' for Li to 926 mg/cm for "C. The
lithium targets were prepared by the Oak Ridge
National Laboratory, while the "C target was
fabricated at LASL using material obtained from
the Mound Laboratories of the Monsanto Corpora-
tion.

Because of the large beam spot available at
EPICS, each pair of isotopes was run simultan-
eously, with each target occupying -48/g of the
beam area. The targets, mounted on a common
frame, were separated from each other by 1 cm
in the vertical (dispersion) direction and scattered
pions from each were resolved spatially using
three helical delay line proportional chambers. '
The scattered pions were stopped, identified and
their energy determined in the dual crystal intrin-
sic Ge spectrometer described earlier. ' " Figure
1 shows a vertical target projection of events iden-
tified as z', the 1 cm gap is clearly visible.

Halfway through each run the targets were ver-
tically exchanged and rotated 180' so that all tar-
gets would be run at the same mean pion energy
and so that systematic errors would be minimized.
As in Ref. 2, the runs were normalized by com-
paring to pp differential cross sections" and using
a set of ion chambers for angle-to-angle normali-
zation.

For the Li and "C runs contaminant events had
to be removed from each spectrum. The Li targets
were each protected from oxidation by polyethylene
bags which contributed a "C contaminant near the
elastic peak of interest. The 'Li target had the
additional problem of an unresolved inelastic peak

TABLE I. Information pertaining to the targets used in the
experiment.
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FIG. 1. The number of pions scattered from C and
~3C as a function of target position in the momentum dis-
persion direction. The 1 cm gap between targets is
clearly visible. Different areas for C and ~ C reflect
different target thicknesses.

(—', ) at 0.478 MeV. The "C target contained a 16'%%uo

admixture of "C due principally to the binder used
in fabricating the target. In all cases the "C con-
taminants were removed by using their known per-
centage content in each target, the kinematic posi-
tion, the cross section, and the elastic peak shape.
The size of the Li inelastic contaminant was esti-
mated using the observed sum of counts in the (27)
peak at 4.68 MeV and the (—,' )/(2 ) cross section
ratio measured to be approximately —', at 50 MeV
in (p, p')" and 42 MeV in (n, n'). ' This correc-
tion is as large as 16/0 at 145' and 120', 10/0 at
110', and 8'%%uo at 100'. At more forward angles
there is no sign of the 4.5 MeV level and therefore
no correction was made to the elastic peak. This
is consistent with previous (v, v') measurements
at 50 MeV' which indicate a sharp falloff of. in-
elastic cross section with decreasing scattering
angle. Figures 2 and 3 show the energy spectra
obtained for Li at 120'and "C at 90, respec-
tively; these are rather typical of the results at
other angles.

For comparison to theory, the angular distribu-
tions and the ratios of the cross sections for A
and A+1 targets were used. The ratio in the cen-
ter of mass frame is given by

Target
Thickness
{mgjcm~)

Purity

(%)
Principal

contaminants c.m. c, (g)

Li

'Li
12C

C

616

151

926

640

96

1.00

99

83

~ Li (4%)

'3C {1%)
12C (16%)

J~, ~ &+1) E Tx i P x,~N~, ~)

Here C is a small correction (-1.01) for target
misalignment, J„and Jg y are Jacobians for the
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FIG. 2. The energy spectrum obtained for r scatter-
ing from the Li target at Pz, 120 . This spectrum re-
sults after target projection and particle identification
cuts have been made. Impurities have not been
removed.
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. FIG. 4. The elastic scattering angular distributions
for & scattering from 6Li and TLi. The curve for ~Li
is obtained from a best-fit phenomenological Kisslinger
potential whose parameters are given in the text. The
curve for ~Li is obtained from the KFIT+ N prescription
described in the text. The ~Li data at &I, = 100, 110',
120', and 145' listed in Table II are shown here reduced
by the percentages given in the text to account for the
(g ) excitation at 0.478 MeV.
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FIG. 3. The energy spectrum obtained for C at Oz,

= 90'; see Fig. 2 caption. The C elastic peak is-0.2
MeV lower than the C elastic peak.

lab to c.m. transformation, T„and T„„are target
thicknesses, and, for example, N~ is the number
of counts in the elastic peak-corresponding to the
A target in the up (U) position.

Figures 4 and 5 show the angular distributions
for the Li and C targets obtained by summing the
runs for the up and down target positions. Figure
5(a) also contains "C data obtained in Ref. 2 during
earlier runs; comparison shows that the agree-
ment is excellent. Figures 6 and 7, and Table II
show the values obtained from Eq. (1) for the cross
section ratios. The errors shown in Figs. 4 and 5
are- statistical errors folded in quadrature with
estimated errors due to dead time and gap correc-
tions. The last two 'sources of error cancel out in
the ratio determination, Eq. (1). An error of +15%
is assigned to the absolute normalization on scale
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FIG. 6. Tl}Ie ratio R ( C/~3C) of cross sections ob-
tained from the experiment is compared to the calcula-
tions described in the text.

FIG. 5. The elastic scattering angular distributions
for r+scattering from C and 3C. The data obtained in
this experiment are shown as dots, while the ~~C data
of Rev. 2 are shown as crosses. Overlappiing points
are shown as boxes. The C curve is from a best fit
Kisslinger potential; see Ref. 2 and Table III. The ~3C

curve is from the KFIT+ N prescription described in
the text.

for the whole body of data, so that a renorma1iza-
tion would affect aU. cross sections equally. The
individual angular distributions and the ratios are
tabulated (with errors) in Table II.

TABLE II. A tabulation of all data taken in the experiment. All quantities are in the c.m. system. The scattering angle 8 is in degrees

and the elastic differential cross sections in columns 2, 3, 6, and 7 are in mb/sr. The measured cross section ratios are in columns 4 and 8.
The last line gives the mean n+ energy for each target. The Li cross sections and the Li/'Li ratio at 8& = 100', 110', 120",and 145'
have not been corrected for the Li excitation at 0.478 MeV. See Figs. 4 and 7 and the text.

6cm

30.9
41.2
51.5
61.7
71.8
81.9
91.9

101.9
111.8
121.6
130
145.9

Energy (MeV)

'Li

3.78 + 0.24
2.38 + 0.14
1.28 + 0.09
0.70+ 0.05
D.SS + 0.04
0.94 + 0.06
1.62 + 0.10
2.32 + 0.13
3.06 + 0.16
3.54 + 0.21

46.2

5.92+ 0.82
4.05 + 0.37
2.30 + 0.30
0.81 + 0.16
0.64+ 0.11
0.72 + 0.12
1.69 + 0.26
2.31 + 0.21
3.04 + 0.20
3.92 + 0.41

~ ~ ~

4.45 + 0.31

47.3

R (7)

0.633 + 0.085
0.588 + 0.052
0.549 + 0.067
0.852 + 0.171
0.879 + 0.150
1.301 + 0.201
0.962 + 0.143
1.000 + 0.078
1.006 + 0.045
0.900 + 0.089

30.4
40.6
50.7
60.8
70.8
81.0
91.0

101.0
110.8
120.8
130.7
145.6

12'

9.57 + 0.40
6.86 + 0.27
3.92+ 0.17
2.95 + 0.11
3.17 + 0.12
4.48 + 0.17
5.93 + 0.24
7.25 + 0.29
7.86 + 0.31
7.62 + 0.28
6.21 + 0.28
5.34 + 0.27

46.7

12.6 + 0.61
8.39 + 0.41
5.22 + 0.26
3.36 + 0.17
3.06 + 0.16
4.01 + 0.18
6.44 + 0.32
7.16 + 0.37
7.35 + 0.38
7.47 + 0.33
6.37 + 0.28
6.84 + 0.39

47.3

R (12)

0.763 + 0.036
0.814 + 0.037
0.755 + 0.037
0.875 + 0.039
1.032 + O.OSO

1.114 + 0.053
0.920 + 0.045
1.011 + 0.050
1.068 + 0.051
1.018 + 0.039
0.973 + 0.049
'0.783 + 0.052
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FIG. 7. The ratio A ( Li/~Li) of cross sections obtain-
ed from the experiment is compared to the calculations
described in the text. The points at ez, = 100', 110', and
120 have been corrected for the Li excitation at 0.478
MeV by dividing the entries in Table II by 0.92, 0.90,
and 0.84, respectively.

III. THEORETICAL ANALYSIS

In accordance with the aims discussed above,
we sought to analyze these data treating the odd-
mass targets as a core-nucleus-plus-valence nu-
cleon. The core was represented by a Kisslinger
potential with best-fit optical parameters bo and by

taken from Ref. 2. The valence neutron was de-
scribed by a free gn t matrix operating on a neu-
tron matter density p„(r) calculated from shell
model harmonic oscillator wive functions. The
optical potential for the A+ 1 system is

2 EV( r ) = [-AlPbo p,( r )+Ab~V ' p,V]

+k a„p„+b &'p &+ic„o''V&& p„V.

(2)

The last three terms represent the valence neu-
tron; the coefficients a„, b„, and c„were calculated
from the phase shift determination of Howe et al."
For p projectiles the coefficients are

o„= 3—k~(2n„+ no, ) = —3.66 —0.858',

b„= 3k~(2n,', + 4n'„+ n'„+ 2n', ,) = 3.01+0.438i,

c„=——,'kr(2n, ', —2n»'+ n»' —n»') = —2.85 0.20li,

where the values have been calculated for T, =48.6
MeV. The quantities o. are given by

Q2g 2 J e' », 2 J sin62$2 J

and the kinematic factor kr is (4ws'/m„'p, '), with
s the total c.m. energy, m~ the nucleon mass, and

p, the c.m. m momentum.
The last term in Eq. (2} (involving the nucleon

spinor o} represents the possibility of nucleon spin
flip and is the coordinate space expression of
i o 'n sine, with n =k xk'/~ k&& k'

~. The momenta k
and k' represent the initial and final p-nucleus
c.m. momenta and 8 is the c.m. scattering angle.

One problem with the above express-ion is that
the density p„ is generally not spherically sym-
metric. In addition, both the 'Li and ' C cores are
deformed, and 'Li and 'Li have quadrupole mo-
ments in the ground state. (The Li and 'Li quad-
rupole moments are -0.0644 and —3.66 fm', re-
spectively. "}Thus, in order to solve the problem
generally, . a coupling between partial waves should
be included. Furthermore, the single-particle
gradient operators should be in the pion-nucleon
reference frame rather than the pion-nucleus
frame as has been assumed. These improvements
are beyond the scope of the present paper.

For the 'C-"C case an alternative approach is
possible. We argue that effects such as core de-
formation and "angle transformation" (see e.g. ,
Refs. 4—'7) are accounted for by using the pheno-
menological parameters bo and b, in the potential.
Further, the "C core is probably not polarized
very much by the valence neutron since the low-
lying spectrum of "C is fairly well described by
a weak coupling shell model picture. The ground
state is —,

' and has zero quadrupole moment. We
assume that the valence neutron is a 1p, &, orbital

-outside a "C core. The resulting neutron matter
density is

Here P is the single-particle wave function for the
neutron and in general is spherically nonsymme-
tric. Again a coupled channels analysis is re-
quired for correct analysis; instead we obtain a
neutron matter density by averaging over m states
before scattering

1

m states

This expression is spherically symmetric and
greatly simplifies our treatment although it in-
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troduces some error into the analysis. For the
1p i / 2 orbital we obtain

with x= Pr. ' and P =I+/b, the oscillator length
parameter. We use the usual shell model pre-
scription" Iur =41/A'~', giving P=0.42 fm ' for
"C. The rms radius of the extra neutron is given
by (& 2)1/2 (5/2P)& 2.

When p„(r) is spherically symmetric, the spin-
flip term in Eq. (2) can be reduced easily

c g ~ Vxp VQ
2c" dP" I

—l —1

for the spin up and spin (]own cases. If "C is
treated as an elementary particle of spin S = —,', then
the scattering of the spin zero pion from it can be
treated in the usual way. ' The computer code
PIRE' was modified to do this.

The data on the "Q-"C coroparison are com-
pared to several predictions in Fig. 6. The quan-
tity R is the ratio of the ~2C to C ela,stic cross
sections plotted against scattering angle. (See also
Table II.) The deviation from unity is -10/0, or of
order I/A, as expected. The "transition" from
R -0.9 to R -1.05 occurs at 65, the position of the
s-p interference minima in the individual angular
distributions. The minima in "C appears at a
slightly more backward angle than in "C.

The simplest calculation one can do is to com-
pute the individual cross sections using only the
Kisslinger terms tbracketed part of Eq. (2)] but
with A, bo, b„and p,(x) appropriate for each
nucleus. (See Table III.) Here b, and b, are calcu-

lated from free pN information ' and depend on
K- Z. Hence, the isovector interaction in "C will
be crudely taken into account, while the neces-
sary' ' s-wave repulsion is neglected as is the
spin-flip term. This prediction is shown as a
dotted curve in Fig. 6; apart from the transition
region at -75' the comparison to the data i.s not
too bad. We refer later to this calculations as
"'KFREE." Since the "C and "C calculations
individually do very poorly when compared to
the angular distribution data, it is surprising
that the ratios agree so well. Apparently the
fsovector and size effects, once included, do
much to describe correctly the data, while core
effects seem to cancel in the ratio.

Another calculation of interest is obtained by
simply using the best-fit effective b, and b, from
the "C experiment' but with A = 13 and p, taken
from electron scattering. 'o (See Table III.) This
calculation has some deficiencies. Since the val-
ues of b, and b, are determined for a self-conju-
gate nucleus, they will overestimate the w'-val-
ence-neutron interaction. In addition, the spin-
flip term is ignored and the electron scattering
result measures only the proton distribution of "C.
The result of the calculation is shown in Fig. 6 as
a dashed curve; it is seen to reproduce the general
rise of R as scattering angle increases, but its
magnitude is -10% too 'low. From this, one con-
cludes again that the core effects are less im-
portant than the treatment of the valence neutron.
We refer later to this calculation as "KFIT
SCALED."

The third calculation shown in Fig. 6 is done
using the potential formed from Eqs. (2), (4), (5),
and (6). No adjustment of parameters was at-
tempted. The result shown agrees well with the

TABLE III. The parameters used in the calculation of cross sections for the isotopes under study. The
first three columns give the values of rms radius and p-shell Gaussian (harmonic oscillator) parameters
determined in electron scattering (see Ref. 20). The Li value for e is constrained to (Z-2)/3 and (a) is
then obtained from the rms radius. The average lab energy for the scattering is given in column 5. The
potential parameters b0 and bi are phenomenological if enclosed by parentheses and from free mN

information (Ref. 15) if not.

g„2 )I/2

(fm) (fm) E (Me V) bo b,

6Li 2.56 1.89 0.333 48.9
—1.050 + 0.672i
(-4.48 + 1.14i}

7.665 + 0.869i
(9.57 —0.27 i )

2.39 1.77 0.327 49.7 (-0.388 + 0.691i) 7.016+ 0.832i

12' 2.46 1.65 1.25 48.1
P

—1.054 + 0.678i
(-3.59 —0.65 i)

7.650 + 0.843 i
(7.23 + 1.78i)

13C 2.44 1.64 1.4'0 48.6 -0.689 + 0.688i 7.302 + 0.827 i
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systematics of the data. The most important fea-
tures of the calculation appear to be the explicit
treatment of the isovector interaction and a val-
ence neutron density which lies outside the core
density. Arbitrary parameter adjustment would
no doubt improve the fit but the physical signifi-
cance of this is unclear. An obvious improvement
would be to use a more realistic neutron wave
function or perhaps a value of P in Eq. (5) which
gives a more reasonable value for the rms radius
of the valence neutron. A correct treatment of the
quantum mechanical scattering process should be
done as well. Nevertheless, it is encouraging that
the simple picture presented here predicts most
of the features of the data correctly. We refer
later to this calculation as "KFIT+N."

Calculations were done using Eq. (2) with and
without the spin-flip term. In all cases studied
its effect is found to be small, changing the "C
cross section by at most I%%ug.

The Li- Li data present much more severe
problems. The worst of these involve the perma-
nent deformation of the ground states, each having
a significant quadrupole moment and therefore spin
~1. A correct calculation would thus include these
quadrupole deformations in p, and p„and would
need to consider scattering of the spin-zero pion
from a spin-1 and spin-& target. Neither of these
can be done in the presently available codes. More
fundamentally, it is not clear that a picture of 'Li
as 'Li+ n is the most correct one. Other descrip-
tions, such as 'Li ='He+'H, should also be ex-
plored.

Figure 7 shows the experimental results for the
ratio R of 'Li to 'Li cross sections as a function
of scattering angle 8. As with C, the observed
effect of the extra neutron is -1/A, the ratio vary-
ing between -0.6 and -1.0. A transition is again
seen to occur at 8-65 corresponding to the mini-
mum in the individual cross sections. A KFREE
calculation is also shown (dotted curve); it misses
the data badly owing in part to the sharpness of
the s-p interference mini~urn in the individual free
mN calculations and the resulting large sensitivity
to the difference in position of the minima. Also
the minima in the actual data are much further for-
ward than in the free gN case and much less
sharp; these facts can be expected to exacerbate
the disagreement of the KFREE result with the
data.

A KFIT calculation can also be done provided
that the 'Li data are fitted first to a phenomeno-
logical Kisslinger model [the bracketed terms of .

Eq. (2) with adjusted bo and b, ). Doing this yields
for 6Li the parameters Reb, = -4.48+ 3%, Imb,
= 1.14a 130'%%uo, Reb, = 9.57 a 2%, and Imb, = -0.27
+ 750/0. The fit was done using a p-shell Gaussian

in PIHK" and constraining the rms radius to the
electron scattering value" (2.56 fm). These fitted
values differ substantially from the average set
determined from 50 MeV m' scattering from sev-
eral light nuclei, ' although the real parts are again
well determined and the imaginary parts poorly
so. The latter effect may be due to the absence of
diffraction effects in these processes: the (3, 3}
resonance is far removed from this energy region,
and the form factor zero is inaccessible for these
targets and momentum transfers. In view of the
deformed nature and light mass of 'Li the devia-
tion from the average results of Ref. 2 is not sur-
prising. The KFIT SCALED calculation is shown
as a dashed curve in Fig. 7 and is also seen to do
poorly compared to the data.

The last calculation shown in Fig. 7 is a modi-
fied KFIT+ N, in which the spin-flip term is dis-
carded and both nuclei are treated as spin-zero
objects. The calculation thus only includes an
isovector part calculated from free gN informa-
tion and a distinct neutron distribution calculated
from shell model wave functions as described
above [Eq. (6)] with P =0.517 fm'. Apart from the
sharp spike at 8-75, the basic trends of the'data
are reproduced. This may be completely spurious,
or may indicate the necessity of including core
effects ap well as the isovector part of the p-nu-
cleus interaction. An improvement on these re-
sults awaits a better theoretical calculation. The
scattering formalism must be corrected and a
better description of the nuclear structure of 'Li
used»

IV. SUMMARY AND CONCI. USIONS

This experiment has produced data which clearly
show the effect of a single nucleon on elastic w

scattering. The magnitude of the effect is of or-
der 1/A as expected. In addition, the s-p inter-
ference minimum in the angular distribution for the
(A+ 1}nucleus is 5' further backward than in the
(A) nucleus case. In the case of "C the ground
state properties are such that a reasonably accu-
rate treatment of the scattering-process can be
made by describing ' C as a "C core plus a valence
1p, &, shell model neutron. Three calculations (of
increasing sophistication) are compared to the
data and all reproduce the general features of the
data. When describing the ratio of elastic scatter-
ing cross sections the effects of the core nucleus
are found to be less important than a reasonably
treatment of the extra nucleon. The best calcula-
tion relies on a separate m-neutron interaction po-
tential in addition to the phenomenological core.
Better data will be required to test the calcula-
tions more conclusively.
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The 'Li-'Li data present more fundamental
problems. The cross section ratio B (see Table
II and Fig. 7) clearly shows the effect of the extra
neutron and the magnitude again is of order 1/A.
However, ' attempts-to describe the scattering pro- .

cess with the same calculation as used for "C and
"C have not proved successful. This is due to two
deficiences, the chief one being a failure to treat
properly the-ground state spin and deformation of
the targets with a correct scattering formalism.
One should also. consider other descriptions of the

'Li and 'Li ground states, e.g. , 'Li as He+'H ra-
ther than 'Li+ n. A better description of our data
requires a theory which incorporates such im-
provements.
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