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Inelastic scattering cross sections from '2C were measured for the 12.7 MeV (1+;0), 15.1 MeV (1*;1), and
16.1 MeV (2%;1) levels for positive pion.beam energies of 100, 116, 140, 160, 180, 200, 230, 260, and 291
MeV. Clearly oscillatory angular distributions were measured for the 1% states, and these are shown to be
explained by very general considerations of the scattering amplitudes. The 16.1 MeV data show little
structure at the lower beam energies, but the falling angular dependence at the higher beam energies is very
like that observed for the 4.4 MeV (2%;0) state. A prediction for the ratio of the T =0and T =1 17 cross
sections is derived from a specific two-step calculation, and found to agree with the data at the 3-3

resonance.

291 MeV. Measured ¢(6) for 12.7, 15.1, and 16.1 MeV states.

E\!UCLEAR REACTIONS *C(r*, r*")!%C, E,+=100,116,140,160,180,200,230,260]

I. INTRODUCTION

The understanding of pi-meson scattering by
complex nuclei is hindered by the lack of a clear
distinction between the features of the reaction
mechanism peculiar to pions and those of nuclear
structure, which may again manifest sensitivi-
ties particular to pions. The aim of the present
study of inelastic 7* scattering on '2C is to under-
stand better the reaction mechanism for exciting
states of reasonably well-known structure.

Inelastic pion scattering data! are presently
limited largely to the strongly excited low-lying
collective states. The nuclear matrix elements
are largely of an isoscalar (A7 =0) nature, with
little involvement of the spin-flip (AS=1) degree
of freedom. A decomposition of the pion-nucleon
scattering amplitude® is shown in Fig. 1, ex-
pressed as the isospin and spin transfers to the
struck nucleon. In a quasifree picture of pion
scattering from bound nucleons to populate ex-
cited states of nuclei, ® these four energy-depen-
dent amplitudes are the driving terms for the in-
elastic scattering. Since excitation of the low-
lying collective states largely involves* AT =AS
=0, only one of the four pion-nucleus terms has
been heretofore extensively examined. Two well-
known® 1* states in 2C may be resolved with a
good pion scattering system. The 12.71 MeV 1*
state has an isoscalar excitation (AT =0), while
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the 15.1 MeV 1* state has ari isovector excitation
(AT =1), both with spin flip (AS=1). The small
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FIG. 1. The pion-nucleon scattering amplitudes are
shown separated by the spin and isospin transfers to the
struck nucleon, using the Roper 350 set (Ref. 2).
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isospin mixing between these states® will be ig-
nored in the present work. It is also worth noting
that the 16.1 MeV 2* state is, in part, excited via
the AS=0, AT =1 amplitude, thus the three states
considered in this work reflect the influence of
all three previously unexamined amplitudes.

The good energy resolution that can be obtained
with the pion spectrometer (EPICS) used in this
experiment permits the individual 7'=1 states to
be resolved readily, whereas the pion charge
exchange (7*, n°) experiments, which could provide
much of the same information, are not able to
resolve the individual states. In addition, the
(7*, 7°) reactions cannot provide information on the
AS=1, AT =0 transition, as the 12.71 MeV state
has no analog. An understanding of AT =1 tran-
sitions in '2C will be of great assistance in inter-
preting (7*, 7°) data on targets where isovector
scattering data cannot be obtained.

Electron scattering experiments’ show the tran-
sition form factor for the 15.1 MeV state to have
the shape, if not the magnitude, expected from
a very simple p shell particle-hole excitation
from the ground state. Since the spectroscopic
factors for the 12.7 and 15.1 MeV states in the
B(*He, d)'2C reaction® and in the **C(p, d)*?C
and '3C(d, #)'?C reactions® are similar, these two
states may be regarded as nearly identical in
structure,'®!! differing only in their isospin sym-
metry. The existence of identical 1* states this
close in energy allows a very simple test of an
impulse approximation model for the pion scat-
tering; the 12.7 MeV state should be four times
more strongly excited than the 15.1 MeV state®
if the 7-N interaction is pure P,,. No other 1*
states are known in '*C but a second 7=1 1"
level is expected near 20.1 MeV by analogy to the
level structure of '?B.5> The role of the nuclear
wave functions in pion scattering is not investi-
gated in this work, but some idea of the sensi-
tivity of the results may be gained by studies of
the analogous *2C(y, 7 )**N (g.s.) and 2C(u, v)'?B
transitions.!? A better fit to the energy depen-
dence of the (y, 77) reaction is obtained for a
transition density matrix element of —0.34 for
the transition between-the p, ,, and p;,, orbitals,
whereas the present assumption neglecting tran-
sitions from p, ;, to p,,, Or py,, to p;,, orbitals
takes this matrix element to be —0.44. The ef-
fects of such mixing can only be addressed in a
true microscopic calculation, not attempted for
this work.

If the pionic excitation of the 1* states proceeds
by a quasifree process, as it does in electron
scattering, the relative yield could be expected
to exhibit the 3-3 resonance in the form of Fig. 1.
These states thus provide several tests of pion
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inelastic scattering models due to their single-
particle nature. A number of calculations have
investigated the AS =1 mode'3™% but not for the
transitions being studied. A simple scheme of
particle-hole excitations within the 1p shell also
allows two 2* states.!!+'® Single nucleon transfer
data point to the 4.4 MeV (AT'=0) and 16.1 MeV
(AT =1) states as largely of this nature,®° but
the high collectivity of the 4.4 MeV state pre-
cludes any simple direct comparison to the 16.1
MeV data. In general, these 2" states seem to
exhibit a more complex structure than shown for
the 1* states.'”

II. EXPERIMENTAL PROCEDURE

The experiment was performed with the EPICS
system of the Clinton P. Anderson Meson Physics
Facility of the Los Alamos Scientific Laboratory.
The targets were of natural carbon with thick=
nesses of 110 and 227 mg/cm?. The overall energy
resolution at all incident energies was 250 keV
for the thin target at scattering angles forward
of 40° and 400 keV for the thicker target used at
the backward angles. Incident positive pion ener-
gies of 100, 116, 140, 160, 180, 200, 230, 260,
and 291 MeV were used.

The spectrometer field was set to keep the 12
to 16 MeV excitation region in the center of the
focal plane. The acceptance of the spectrometer
as a function of focal plane position was deter-
mined by sweeping the elastic peak across the
focal plane. Corrections no larger than 30% were
needed for a momentum bite (Ap/p) of +6%, and
the uncertainty in cross sections from this cor-
rection does not exceed +5%. This momentum
bite corresponds to an excitation region of 10 MeV
for incident pions of 100 MeV and a 23 MeV ex-
citation region for 291 MeV pions.

At forward angles where the elastic cross sec-
tion dominates, the fractional momentum spread
(Ap/p) of the incident beam was reduced to +0.25%,
whereas it normally was +1.0%. This reduction
permitted the use of a scintillator at one end of
the focal plane to veto elastic events and thus
reduce the computer dead time. It was not feasi-
ble to take data forward of 15° lab due to the high
singles rate in the front wire chambers. .

A sample spectrum at 180 MeV is shown in
Fig. 2, where only the region of interest is dis-
played. The energy calibration is based on the
very well-known and sharp energy levels in !2C.
Relative normalization of the cross section at
each incident energy was determined by ion cham-
bers at the pion production target and after the
scattering target. The two chambers gave con-
sistent results. Absolute cross sections were
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FIG. 2. A sample spectrum at 180 MeV at 25° is
shown, with the states discussed in the present work
noted. Most of the background is due to muons.

obtained by inserting a polyethylene target and
normalizing at each incident energy to published'®
7'-p cross sections.

Two prominent background problems were pres-
ent in most of the spectra: muon contamination
and a false peak at about 10 MeV in excitation
higher than the elastic peak and each strongly
populated low-lying energy level. This peak was
about 3 MeV wide and was produced by energy
loss in protruding vacuum flanges in the quadru-
pole magnets. At the forward angles the 12,7
MeV state sits on the shoulder of this peak, but
because of the 3 MeV width and the much sharper
energy resolution of the system, the extraction
of the 12.7 MeV state cross section was not com-
plicated. Muon contamination from pion decay
produced a very large and continuous background.
Peak area extraction for the 15.1 MeV state was
difficult for most of the runs and impossible for
any runs with poor statistics.

Some evidence for structure in the spectra at
an excitation energy 200-300 keV higher than the
15.1 MeV state was present. This could possibly
be from structure previously noted'® near 15.4
MeV excitation in *2C and reported to be broad
(~2 MeV). Great care was taken to use the known
location and narrow width of the 15.1 MeV state
in extracting the area. Since a state is known to
exist at 15.4 MeV, some contribution from this
state may have been included in the cross sec-
tions for the 15.1 MeV state. If this were the case,
the 15.1 MeV cross sections would be lower than
those presented here. Tables of cross sections
measured in this work are available, and may
be obtained from the Physics Auxiliary Publi-
cation Service.*

'ZC(TT’, )
+ 2.7 MeV (1%0)

¢ 100 Mev

I0F T 1
o 116 Mev
' 100
o'F - + i 3
F
[ + , 140 Mev |
F x lo—z 4
10°F E
. //.m Mev
- * 10°
10°F E

1 |
[ ' 2180 Ih(a)sv

T

(pb/sr)

do/dSlem

10'F l 9
i , 200 Mev
X
? * 10
10°F E
I
- ! 230 Mev
- o)
10°F E
i . 260 Mev
L x 07

7 1 i
0520 ab 60 8 100 120

Bem (deg)

FIG. 3. ‘Data at eight pion energies for exciting the
12.7 MeV state of 12C are compared to Bessel function
curves as described in the text.

III. THE 12.7 AND 15.1 MeV STATES

The data for the 1* states at 12.7 and 15.1 MeV
are shown in Figs. 3 and 4. The data at some
energies are sparse, but they are presented to
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FIG. 4. Data at nine pion energies for the (1*;1) exci-
tation in 12C are compared to Bessel functions, as in
Fig. 3.

establish the dependence on the pion beam energy.

The 180 MeV data, the most complete, show a
structured angular distribution for both 1* states,
with a forward angle minimum, a minimum near
50°, and indications of a second maximum. At

all energies, the shapes of the angular distribu-
tions for the two states appear to be identical.

The differential cross section for positive pion
scattering to the 15.1 MeV 1* level has been re-
ported at 148 MeV and 58° (Ref. 20) as 40 ub/sr.
This is much greater than the result obtained in
the present work. It appears from the features
of the spectra shown in Ref. 20, as compared to
our data, that this state was misidentified in the
earlier work. The data reported were actually
for the 16.1 MeV 2* level, although the present
work measures a cross section for that state of
about half the strength reported in Ref. 20 at
similar beam energies and angles. The cross
sections for the stronger states also seen in the
present experiment may be compared to data of
previous studies. At 160 MeV the cross sections
to the 9.6 MeV (37; 0) state are found to agree in
shape and magnitude with the data of Chabloz
et al.?* to within the estimated uncertainty in the
overall normalization -of +15%. ‘

The structured angular dependence for the 1*
data would seem to be informative. Conserva-
tion of angular momentum and parity for a spin
zero projectile leads, however, to the demand
for zero cross section at zero degrees for scat-
tering to these 1* states for any single-step re-
action mechanism.?? Moreover, if the beam
energy is sufficiently greater than the excitation
energy to allow for the adiabatic approximation,
the cross section must be zero at all angles.
This adiabatic limit is very closely approached
by pion scattering near the 3-3 resonance.?

A relaxation of the adiabatic approximation
permits a specific prediction for the angular de-
pendence of the 1* cross sections. For strongly
absorbed particles such as pions of greater than
100 MeV, a semiclassical theory?* yields a dif-
ferential cross section for a 1* state (at small
angles) proportional?®? to

%(9)~ | J, (kR sing) | 2.

The use of siné in this expression allows this
prediction to be effective at larger angles than
would the use of ¢ alone. This is also the predic-
tion for the scattering of alpha particles. The
radius R was thus taken from the sharply oscil-
latory angular distribution for alpha scattering

to the 12.7 MeV 1" state,?® and determined to be
3.38 fm or 1.47 A'/3 fm. The predictions at each
energy are compared to the data in Figs. 3 and 4.
The first point to note is that the shape of the first
maximum is reproduced, just as was the case

for the alpha particle data of Ref. 25. The second
feature is that the same radius is adequate for
both the pion and alpha particle scattering. As
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was demonstrated in Ref. 25, all calculations will
also generally reflect this small angle behavior,
and we must conclude that the angular distribu-
tions of the present pion data will not constrain
any calculations.

The energy dependence of the magnitude of these
1* data is taken at the first maximum, determined
by matching the |J,(%2R sing)|? curves to the data,
even where only one data point exists. These data
are shown in Fig. 5. The 3-3 resonance is not
apparent in these results. The magnitudes of
these AS=1 cross sections are far below the
yields to the 4.4 MeV state,!®2%27 indicating the
importance of the nuclear matrix elements in
reducing the role of the strong AS=1 pion-nucleon
amplitudes. A further sign of the failure of the
simple impulse approximation at the 3-3 resonance
energy is noted in the essentially equal cross
sections, rather than the four to one enhance-
ment of the 12.7 MeV state over the 15.1 MeV
data expected from Fig. 1 or Ref. 3. These data
thus exhibit none of the signatures expected for
a simple quasifree scattering reaction. Other
options for the reaction will be treated in Sec. V.
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FIG. 5. The magnitudes of the differential cross sec-
tions of the 12C 1* states at their forward maxima are
compared. These are obtained with the Bessel function
shapes shown in Figs. 3 and 4.

The peak cross sections shown in Fig. 5 may
be compared to charge exchange total cross sec-
tions®® for "Li and **C, which are dominated by
the quasielastic or analog mechanism, which is
largely of a AS=0 nature.'®2° The lack of a sharp
energy dependence appears to be common to both
the present data and to the data and predictions
for the charge exchange reaction. Theoretical
angular distributions for the (7*, 7°) reaction on
"Li, °B, and *°C exhibit a variety of shapes.53°

Two sets of predictions are compared in Fig. 6
to data for excitation of the 15.1 MeV state at
several pion energies. The dashed curves repre-
sent the calculations of Huber and Klingenbeck, %
carried out in a hole-delta model.** These pre-
dictions are substantially greater than the data
at 120, 150, and 180 MeV. The predicted mini-
mum occurs well beyond that observed.

The solid and dotted curves in Fig. 6 are the
predictions of Wilkin,'®* which include a convection
current term (for the dotted curve) interfering
constructively with the direct spin-flip amplitude
below the 3-3 resonance and destructively above.
The striking energy dependence predicted by
this interference is definitely not seen in the data.
Calculations with the direct term only (solid
curves) fit the magnitude of the data at 120 MeV,
but are low by about a factor of 2 at 200 MeV and
appear to be appreciably below the sparse data
at 280 MeV.

As pointed out earlier, the general features of
the predicted angular distributions are constrained
to a shape similar to that for a first-order Bessel
function. Little can be claimed for the general
success of the calculations in fitting the shape
of the experimental angular distribution since the
radius of the form factor assumed will determine
the locations of the minima.

IV. THE 16.1 MeV (2*;1) STATE

Angular distributions for the isospin chang-
ing excitation of the natural parity 16.1 MeV (2*1)
state are shown in Fig. 7. Much less structure is
exhibited by these data, with no sharp minima in
the angular range covered. The solid lines in
Fig. 7 are representations (21), (26), and (27) of
pion scattering data to the 4.4 MeV 2" state at
beam energies near those of the present experi-
ment as well as data from the present work. At
the higher beam energies the fall in cross sec-
tion is similar to that found for the 4.4 MeV
state,”® but below 160 MeV the cross sections to
the 16.1 MeV state become much flatter than
would be expected from the 4.4 MeV results.

The differential cross sections at the forward
angle maximum are plotted for the (2% 0) and
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FIG. 6. Data from the present experiment are com-
pared to the predictions of Huber and Klingenbeck (Ref.
31) as the dashed curves and to the predictions of Wilkin
(Ref. 13) for a direct spin flip only for the solid curves.
The dotted curves are the predictions of Wilkin (Ref. 13)
including the interference of a convection current term.
Data at 116 MeV (triangles) are used for comparison to
the 120 MeV calculations. Data at 140 MeV (squares)
and 160 MeV (circles) are compared to a calculation at
150 MeV. Data at 180 MeV (triangles) and 200 MeV
(squares) are compared to the 180 MeV prediction (Ref.
31) and 200 MeV predictions (Ref. 13), and data at 260
MeV (triangles) and 291 MeV (squares) are compared to
the 280 MeV calculation. The dotted prediction of Wilkin
at 280 MeV has been multiplied by 100, while the broken
curves show the Huber and Klingenbeck predictions mul-
tiplied by 0.2 at 180 MeV and 0.5 at 150 MeV.
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FIG. 7. Data for the 16.1 MeV (2*;1) excitation in *C
are compared to the shape of the angular distributions
observed for the 4.4 MeV (2*;0) excitation in this and
previous experiments.

(2%; 1) states in Fig. 8. The yields to the 2* states
are similar and differ from the energy-dependent
yield to either 1* state.

A collective model distorted-wave Born approx-
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FIG. 8. The peak differential cross sections for the 2*
states of 12C are compared for nine positive pion beam
energies. These excitation curves for the 4.4 and 16.1
states are much the same, but they both are distinctly
different from the 1* excitation curves shown in Fig. 5.

imation (DWBA) prediction® using conventional
optical model parameters® fits the shape of the
4.4 MeV data adequately with pion energies of
120 to 280 MeV and the magnitude agrees with
the conventional value of 0.6 for the deformation
parameter. A value of 8,=0.07 accounts roughly
for the magnitude of the 16.1 MeV data and, al-
though the shapes of these data are as predicted
at higher beam energies, a discrepancy is found
at 100 and 116 MeV, as shown in Fig. 7. This

is perhaps due to a change in the interference
between the s wave and p wave terms in the de-
formed optical potential for the isovector excita-
tion.

It was pointed out in the previous section that
the 1* cross sections are expected to be very
weak from the effects of parity conservation and
the adiabatic approximation. These conditions
do not hold for the 16.1 MeV 2* data and yet the
cross sections for this state are not much larger
than those found for the 1* states. Evidently some
fairly strong selection rule is retarding the transi-
tion to the (2*; 1) state. This may be due to the
isovector nature of the excitation.

V. TWO-STEP MECHANISMS FOR THE 1* DATA

Since the cross sections for populating the two
1* states are comparable to those for the 14.1
MeV 4" state, which is thought to be populated
by two-step processes, a similar mechanism
must be investigated for the 1* excitations as
well. The role of collective intermediate states
for analog charge exchange processes was in-
vestigated by Warszawski and Auerbach.?® The
first expectation is that the very strong 4.4 MeV

state would be the first excitation. The quadru-
pole coupling from the 4.4 MeV state to either
1* state is very weak, however. This has been
checked with the realistic L-S coupled wave func-
tions of Ref. 35; in the simple p,,,™p, ,, single-
particle model of greatest symmetry or in the
SU3 limit of a harmonic oscillator model, the
quadrupole 2* to 1* coupling vanishes identically.

It is not clear®® if a giant quadrupole state ex-
ists in '2C, but there do exist wave functions for
high-lying 2* states with both 7=0 and T=1.%
In fact, appreciable isoscalar E2 strength has
been observed at excitation energies between 15
and 27 MeV in (o, a’) measurements at 150 MeV.3%"
Two-step calculations proceeding through these
states to the 1* states have been presented,®® in
the form of a double quadrupole calculation as
performed for the population of the 7.6 MeV 0*
state.®® The shape agrees with the general ex-
pectations, but, thus far, calculations of the
absolute magnitude have not been made. Other
two-step pathways are also possible, perhaps
through such strongly excited levels as the 9.64
MeV 3,227 or the strongly excited levels at
~20 MeV excitation.*®

Even without an actual calculation specifying
the exact structure of the intermediate levels, the
isospin symmetry of the final and intermediate
states of interest allows a prediction for the ex-
pected ratio of two-step yields to the 1* states
through the intermediate particle-hole states.
All nuclear structure and reaction mechanism
information is then separated from the isospin
dependent terms by the Wigner-Eckart theorem.

Let A,, A, be the AT =0, AT =1 amplitudes ex-
citing the intermediate states and B, B, the
(AT =0 and AT =1) amplitudes for decay to the
final states of T,= 0,1. The intermediate states
may be in *?C or *N. For the 12.7 MeV T,=0
state, the two-step amplitude is

C,=(00 00| 00)4,B, + (11 00 | 00)4, B,
+(11-11|00)A,B, = A B,

and for the 15.1 MeV T,=1 state is

C,=(11 00|10)A,B, + (10 00 |10)A,B,
+(01 00|10)A4,B, + (11-11 [10)A, B,
=A1B0+AOBI_7—;‘-A1B1‘

On the 3-3 resonance, where the present data
are available, A;=2A,, B,=2B, for AS=1 tran-
sitions® and the ratio of cross section

_1G, 2

o= 14476,

R
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The data of Fig. 5 show the cross sections to the
12.7 MeV state to be about 1.3 times the strength
of the 15.1 MeV cross sections at 120 MeV, in
good agreement with the simple prediction on the
3-3 resonance. An interesting energy dependence
remains to be addressed.

This success does not depend upon any partic-
ular set of intermediate states, but only upon
the existence of a symmetric set of both 7=0 and
T=1 levels. A crucial feature neglected in this
picture is the possible difference in the radial
wave functions. The similar binding energies
of the 1* states and the fairly tight cluster of
strength near 20 MeV seen in Ref. 38 are reas-
suring in this regard. Since similar isospin pairs
of particle-hole states are known throughout the
light nuclei, the mechanism here described would
be effective for all simple spin-flip 0"~ 1" transi-
tions of the Gamow-Teller form. A more varied
range of possibilities would be found for targets
with a neutron excess.

This two-step model for the excitation of two
particular states of '2C is similar to, but more
specific than, doorway models for pion scatter-
ing,%® in that the intermediate state is viewed as
a well-determined nuclear eigenstate and a pion.
The advantage of a particular set of intermediate
nuclear states is that the first stage of a coupled-
channel Born approximation (CCBA) calculation
may be constrained by existing data.®®

VI. CONCLUSIONS

Although positive pion scattering from '2C near
150 MeV shows oscillatory angular distributions
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for the two known 1* states, this angular depen- -
dence is required by very general conservation
laws. This measured property is not a constraint
to any calculation. The yield to the 1* states ex-
hibits no sign of the 3-3 pion-nucleon resonance
and the isovector excitation is about equal to the
isoscalar strength at the resonance, rather than
one-fourth as observed in the pion-nucleon system.
These results indicate that the reaction mechanism
responsible for populating these 1° states is far
removed from the simple quasifree mechanism.
A prediction for the ratio of isoscalar to isovec-
tor strengths was obtained by a two-step process
through intermediate states symmetric between
T=0 and T=1. This model did account for the
observed ratio.

Several predictions of the absolute magnitude
of the single-step 1* cross sections in '2C have
been published and come near to accounting for
the data. The present work has not included ef-
fects due to isospin mixing of the two 1" states,
which may have a particularly strong role, due
to the different nucleon binding energies for the
two states. No detailed comparison of the iso-
vector 2* and 1* states has been attempted, but
that also is worthy of further theoretical study.
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