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The energy dependence of cross sections for inelastic pion scattering to the hS hT IJ 1

transition at 15.11 MeV in ' C is found to map very closely the hS hT M 1x-nucleon

scattering cross sections at beam energies from 50 to 295 MeV. This free x-nucleon energy
dependence is due to the prominent h, y2, 31' resonance, corresponding to the nrst excited nucleon

state, which is mirrored in the x-nucleus system with little alteration.

Transitions from a nuclear ground state of zero spin
and zero isospin to specific final states can be used to
determine specific components of the interaction responsi-
ble for the excitation. In nucleon-nucleus reactions, for
instance, the isovector spin and nonspin amplitudes are
isolated by (p, n) reactions on ' C to 1+;0 and 0+;1 final
states. ' In pion-nucleus interactions the LLS hT 1 re-
action is of particular interest because these are also the
quantum numbers for pion excitation of a free nucleon to
a h3/2s/2. This pion-nucleon excitation differs from the
nucleon-nucleon interaction by proceeding through the
prominent h3/23/2 resonance near a pion-beam energy of
180 MeV.

Here we discuss inelastic pion scattering on '2C to ex-
cite the 1+ T 0 state at 12.71 MeV and the 1+ T 1

state at 15.11 MeV to isolate the isoscalar and isovector
spin cross sections. While these two states have very simi-
lar structure and single-nucleon spectroscopic factors,
the 15.1-MeV state, unlike the 12.7-MeV state, has quan-
tum numbers which mirror the excitation of a nucleon to a
LL3/2 3/2 and this makes their comparison particularly valu-
able. It has been suggested that the 15.1-MeV state con-
tains a h.y2 y2 component in its wave function. From the
quantum numbers of the d3y 3i2 resonance, a ratio of 4:1
is predicted for the d, T 0 over the hT I x-nucleon cross
sections. Hence, the impulse approximation, when ap-
plied to ' C, will also yield a 4:1 ratio for the 12.71- and
15.11-MeV states, and this ratio should be constant with
beam energy near the h, resonance.

The measurement of these 1+ cross sections has been
the focus of several previous experiments at incident pion
energies from 50 to 295 MeV. There it can be seen
that the ratios do not obey the 4:1 prediction and, in par-
ticular, we see energy-dependent ratios near 7 at 50 MeV
(Ref. 7) and 1.4 at 180 MeV. There are no reliable data
significantly above the h3/2 3/2 resonance (180 MeV) from
these studies, although this ratio appears to decline steadi-
ly.

We have measured, in a new experiment on the EPICS
system at Los Alamos Meson Physics Facility (LAMPF),
the differential cross sections for these 1+ excitations at
pion-beam energies from 80 to 295 MeV. With improved
energy resolution (150 keV for most energies), a lower
background, better statistical accuracy, smaller scattering
angles with lower total counting rates, and a more sophis-
ticated peak-fitting procedure, these data are much more
reliable than the results previously obtained above reso-
nance. By taking these data near the first maximum of
the 1+ angular distribution (constant q), no significant
extrapolation is needed to find the exact maximum; this
was not the case in Ref. 5. A sample fitted spectrum is
shown in Fig. 1, showing the strong continuum and broad
isoscalar states of natural parity known to underlie the
peaks of interest. The peaks were fit with a shape taken
from the elastic peak using known excitation energies and
widths. Scattering angles were selected to be at the max-
imum of the differential cross-section angular distribu-
tions by an estimation employing the strong absorption
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FIG. l. A measured spectrum for z scattering on '~C at 8 22.7' (the expected I+ maximum) and T, 240 MeV. Fitted
peak shapes are shown by the indicated lines.

adiabatic model, as done in Refs. 5 and 7, which gives
shapes similar to those from microscopic nuclear models
as well. s9 Above 100 MeV, it has been shown that the
angular dependences of the 12.71- and 15.11-MeV states
are very similar, with shapes as assumed in the present
study. Below this beam energy, however, more subtle in-
terference effects may cause these two shapes to differ,
perhaps explaining the nonmonotonic behavior of the
T 0/T 1 cross-section ratios at 50 and 80 MeV, as seen
in Fig. 2.

These maximum differential cross sections and the
T 0/T 1 ratios, together with those from earlier work,
are shown in Figs. 2 and 3, with new values listed in Table
I. The general features are the same as noted previously,
but now the results extend reliably to both sides of the
k3/p, 3/Q resonance, centered near 1 80 MeV.

Possible isospin mixing between the 12.71- and 15.11-
MeV states, which would yield different cross sections for
ir+ and x scattering, has little significant energy depen-
dence, and so these effects can be cancelled to first order
by taking the ir+ and rr average. The resultant
isospin-averaged values are the ones shown in Figs. 2 and
3, wherever possible, but give the same systematic behav-
ior as the unaveraged results.

For the 12.71-MeV (1+;0) transition, the measure-
ments show a smooth behavior very much hke the sin 8
prediction, ' where 8 is the scattering angle at the max-
imum cross section (yielding q-0.60 fm at each ener-
gy). This prediction, shown as the solid curve in Fig. 2, is
based upon the impulse approximation, where, below 100
MeV, the momentum terms cause the cross section to
fall, ' as also seen in the measurements. More sophisti-
cated distorted-wave impulse approximations (DWIA)
calculations, assuming predominantly Ip &/p(lp3/p)
particle-hole con6gurations, also show this behavior and
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FIG. 2. Measured or interpolated maximum differential cross
sections vs laboratory beam energy for pion scattering to the 1+
states of ' C, from Refs. 6, 7, and the present work. Where
available, these are charge averages, as indicated. The solid
curves show the impulse-approximation result from Ref. 10.
The appropriate maximum x-nucleon isoscalar and isovector
spin-differential cross sections are, as shown by the long-dashed
curves, in excellent agreement with the data for the isovector
transition. DWIA calculations using Cohen-Kurath p-shell
wave functions are also shown by the short-dashed lines (Refs.
2, 4, 6, and 9).



2980 D. S. OAKLEY et al.

"c(~,~ )"c

0 = &n'+sr &.

Tf
+

4=n

b ~O-

CQ

b

~ ~ ~ ~ ~ + ( ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~
~ ~

100 200 300
T„(Mev)

FIG. 3. Measured (or interpolated) ratios of e (12.7)/
em,„(15.1) from Refs. 6, 7, and this work. The dashed line
shows the predicted 4:1 ratio while the solid line is from a phe-
nomenological 5-hole calculation (Ref. 14).

in some cases can give slightly better fits to the data. 's 9'o
A calculation of this kind is shown by the short-dashed
lines in Fig. 2 where we have used one-body density-
matrix elements taken from Cohen-Kurath wave func-
tions. It can, therefore, be concluded that the energy
dependence of this state is well understood in the context
ofp-shell nuclear excitations.

For the 15.1-MeV isovector spin excitation, however,
the differential cross sections show a definite peak near the
k3/2 3/2 pion-nucleon resonance energy, a result not seen

for the T 0 state and very different from that predicted
from the DWIA calculations (sin 8). To emphasize the
similarity between this energy dependence and the x-
nucleon energy dependence, the long-dashed curve in Fig.
1 shows the free x-nucleon isovector (charge exchange)
spin-flip cross sections taken at their maximum differ-
ential cross sections (around 90' for all lab energies).
Here, we have used the scattering code SAID (Ref. 11) to
calculate the cross sections using a current set of global
phase shifts, separating out the isovector spin-flip piece
and multiplying by 0.025 for the sake of comparison. A
similar curve for the isoscalar spin flip free pion-nucleon
cross sections is shown for the 12.7-MeV data, which is
seen not to fit this shape. If the total, not maximum
differential, x-nucleon cross sections had been used for
these comparisons, the shapes would be very much the
same. It should be pointed out that while the energy
dependence of the cross sections is very different from that
predicted from the DWIA calculations for this state, the
angular dependences are not. 5's

Although the older data suggested this energy-
dependent T-1 shape and a similar maximum is found
over a small energy range for a spin-isospin pion excita-
tion in sLi, ' only the high quality of the present results
shows the remarkably precise proportionality to the x-
nucleon cross sections. That this energy dependence is not
uniquely due to some feature of the 15.1-MeV state is
shown by the similar result for Li. Unfortunately,
resolved 1+ states are not common, and no other such ex-
citation functions in pion scatterin~ are available. Several
4 states have been seen in '4C, ' but these show no evi-
dence of the effect seen here, and while the 2 18.3- and
19.4-MeV T 1 states in '2C are not resonance en-
hanced, s the strong isospin mixing confuses the interpre-
tation.

Previous work has attempted to reproduce the anoma-
lous T 0/T 1 ratios by a phenomenological altering of
the 5-nucleus potential until the observed ratio has been
achieved. ' '5 Even though the results of these calcula-
tions were derived from fits to the data, there has been no
success in reproducing the 12.7- and 15.1-MeV data
simultaneously away from resonance. The lower-energy

TABLE I. Measured cross sections and those interpolated to the expected maximum from this work.

(MeV)

80
80

220
220
240
240
270
270
295
295

State E„
(MeV)

12.71
15.11
12.71
15.11
12.71
15.11
12.71
15.11
12.71
15.11

"()
dn

(pb/sr)

90.5 (6.0)
6.8(3.2)

22.8(2.7)
16.3(4.1)

~ ~ ~

22.4(2.8)
20.8(4.0)

'( -)
dn

(pb/sr)

80.4(5.8)
4.8 (3.0)

46.5(3.3)
36.5 (5.0)
33.6 (2.1)
20.3 (3.0)
24.5(2.4)
14.8(3.5)
25.1(2.8)
20.1(3.6)

~cm
b

(deg)

48.9
48.9
24.7
24.7
22.7
22.7
21.7
21.7
20.8
20.8

( +)'
dn

(pb/sr)

85.8(6.0)
6.3(3.2)

20.9(2.7)
14.9(4.1)

~ ~ ~

18.9(2.8)
17.7(4.0)

d(x( -)b
dn

(pb/sr)

74.4(5.8)
4.5(3.1)

42.3(3.3)
33.4(5.0)
30.3(2.1)
18.6(3.0)
21.5 (2.4)
13.0(3.5)
21.1(2.8)
16.9(3.6)

'Interpolated maximum values from J~(qR) .
Measured values from this work.
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data, in particular, give much larger ratios than expected
(Fig. 3) and these calculations do not single out the
features of the T 1 state apart from the T 0. Two re-
cent works have made comparisons of calculations to the
1+;1 angular distributions but these did not attempt to
reproduce the entire excitation function. ' ' It is now
clear that this effect on the ratio is solely due to the isovec-
tor terms in the interaction and not the isoscalar, and that
the isovector state is resonance enhanced.

We have thus observed a remarkably simple energy

dependence for excitation of an isolated AJ 1+,
hT AS 1 nuclear transition. This closely matches the
shape observed in free tr-nucleon scattering. The reason
for such a simple result is not obvious, since only the
quantum numbers are common to the two reactions. This
energy dependence has only been observed for the 1+
states in ' C and perhaps in Li.
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'T. N. Taddeuci et al. , Nuci. Phys. A469, 125 (1987).
zS. Cohen and D. Kurath, Nucl. Phys. 73, 1 (1965).
J. B. Flanz, R. S. Hicks, R. A. Lindgren, G. A. Peterson, J. Du-

bach, and W. C. Haxton, Phys. Rev. Lett. 43, 1922 (1979).
4C. L. Morris et al. , Phys. Lett. 1088, 172 (1982).
sR. J. Peterson et al. , Phys. Rev. C 21, 1030 (1980).
sW. B.Cottingame et al. , Phys. Rev. C 36, (1987).
7B.G. Ritchie et al. , Phys. Rev. C 37, 1347 (1988).
SF. Ajzenburg-Selove, Nucl. Phys. A433, 1 (1985).
9T.-S. H. Lee and D. Kurath, Phys. Rev. C 21, 293 (1980).
' E. R. Siciliano and G. R. Walker, Phys. Rev. C 23, 2661

(1981).

"R.A. Amdt and L. O. Roper, SAID on-line computer program
(unpublished).

t2R. R. Kiziah et al. , Phys. Rev. C 30, 1643 (1984).
'3D. Hoitkamp et al. , Phys. Rev. C 31, 957 (1985).
'4T. Takaki, Ann. Phys. (N.Y.) 166, 1 (1986).

M. Hirata, F. Lenz, and M. Thies, Phys. Rev. C 28, 785
(1983).

'SR. A. Eramzhyan et al. , Nucl. Phys. A429, 403 (1984).
' A. J. Stoyanov, A. Nagl, and H. Uberall, Phys. Lett. B 205,

183 (1988).


