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Differential cross sections for inelastic pion scattering from ' C measured at T =164 MeV, for
the 2+& and 2+& states and an unresolved peak at 10.4 MeV, were analyzed by distorted-wave impulse
approximation and coupled-channel calculations using transition densities derived from large scale
shell model calculations. The pion and 8 (E2) data showed strong quenching of the isovector corn-

ponent for the 2& transition, which required different effective charges for the p and sd shells. The
pion data for the 2+& are an order of magnitude smaller than for the 2+, state, and this was under-

stood in terms of strong cancellations between the neutron and proton transition amplitudes. This
transition was found to be very sensitive to details of the calculations. The 10.4 MeV data were con-
sistent. with the excitation of a 3 state.

I. INTRODUCTION

In a simple shell model the lowest positive parity states
of ' C consist of two proton holes in the p shell. Howev-
er, it is well known' that to explain the two J"=2+
states at 7.01 and 8.32 MeV, it is necessary to consider
2p-4h core excitations. Extended shell model calcula-
tions ' predict that such 2Am configurations play a
significant role in the low-lying spectrum of ' C. In the
case of these two 2+ states, the dominantly neutron

~
(p )(sd) ) excitations are strongly mixed with the

pure proton
~
(p ) ) configurations, whereas for the

J =0+ ground state core-excitations are predicted to
make up about 4—17% of the wave function. The unique
ability of pions, at energies close to the (3,3) resonance, to
identify neutron versus proton excitations of the nucleus
makes pion inelastic scattering an ideal probe to study
the configuration mixing in these states and to test large
shell model calculations.

The most surprising feature of the inelastic pion
scattering data ' for the 2+ states of ' C is the observed
near equality of the m+ and m cross sections to the
2+(7.01 MeV) state. In a simple p-shell calculation we
expect the cross-section ratio to be close to 9:1,while for
large extended shell model calculations we find the pre-
dicted ratio is slightly less than 2:1. Another interesting
feature of the (n, n') data is the clear evidence for strong
destructive interference between the p-shell (proton) and
sd-shell (neutron) amplitudes to the 22+(8. 32 MeV) state.
The ~+ cross section to this state is observed to be about
an order of magnitude smaller than that to the 2~+(7.01

MeV) state, and these cancellations are even more
dramatic for the ~ cross sections.

In the present work we present distorted wave impulse
approximation (DWIA) and coupled-channel (CC) analy-
ses of inelastic pion scattering to the 2+ states in ' C.
The transition densities used were derived from a large
(0+2A'to) shell model calculation. Detailed analysis of
the (sr, n') data within our model suggests that the near
equality of o(m+) and o(m. ) for the 2+&(7.01 MeV) state
is evidence for the need for different effective polarization
charges for the p shell and sd shell. In the case of the
2&+(8.32 MeV) state both the predicted cross-section
magnitude and the shape of the angular distribution are
found to be very sensitive to small components in the
wave function. Channel couplings between the
(0~+, 2~+, 2z+ ) states increase the predicted (m., n') cross sec-
tions to the 22+ level and slightly improve the
tr(n+ ) Itr(sr ) ratio to the 2~+ level.

Another peak is observed at 10.4 MeV. Near this exci-
tation energy three states are known with spin and pari-
ty assignments (3 )(10.43 MeV), 2+(10.45 MeV), and) l(10.50 MeV). The DWIA predictions for the 23+ state
are a factor of 10 (100) smaller than the m. + (n ) data.
However, a shell model calculation of Kurath predicts a
3 state near 10.4 MeV and DWIA results for this
theoretical 3 state are in good agreement with the data
for the 10.4 MeV peak.

The experiment, which was carried out at the Energet-
ic Pion Channel and Spectrometer (EPICS) (Ref. 10) at
the Clinton P. Anderson Meson Physics Facility
(LAMPF), has been discussed elsewhere. ' It is neces-
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sary to point out, however, that a measurement" of the
target composition requires that the preliminary cross
sections reported in Refs. 6 and 7 be increased by a factor
of 1.25. In Sec. II we present the shell model basis
chosen for ' C and in Sec. III we compare the results of
the DWIA analysis with our experimental data. We dis-
cuss the role of effective charges in pion inelastic scatter-
ing and give the results of the CC calculations. In Sec. V
we present our concluding remarks.

II. SHELL MODEL CALCULATIONS

There have been extensive shell model calculations '

for the A =14 system, which have been quite successful
in reproducing the excitation energies and the known
electromagnetic strengths between the low-lying states.
For the positive parity states of ' C it is important to in-
clude both (Hire and 2fico excitations, but Lie found 4p-6h
4%co configurations to be unimportant for the low-lying
spectrum. The mixing of the dominantly 2p-4h 2%co and
the p (Hico configurations in the wave functions of these
low-lying states is not accurately known and can be
difficult to calculate, especially when the states involved
are closely spaced in energy. However, it is to this
configuration mixing that inelastic pion scattering studies
are particularly sensitive.

The present shell model calculations are performed in
an SU(3) basis. States which correspond to spurious
center of mass (c.m. ) motion have been exactly removed
froin the basis. We use a complete (Pico and a large 2iiico

basis which includes the dominant s p (sd) and
s p (pf ), configurations. Our 2fico basis is very similar to
that used in Ref. 5 and includes the SU(3) configurations
with (A, ,p) =(4,4), (5,2), (2,5), (4, 1), (1,4), (3,3), (6,0), and
(0,6). We have not included all possible (A, ,p) values for
the 2%co configurations as this would involve an
unreasonably large basis; the omitted configurations be-
ing all those with (A, ,p) =(2,2), (3,0), (0,3), (1,1},and (0,0).
Apart from the (2,2) representation, these configurations
would yield only very small components in the low-lying
0+ and 2+ wave functions and these are not important
for pion scattering. With regard to the (2,2) representa-
tion, Kozub et al. did include it in their study of elec-
tromagnetic transitions involving a change of parity since
it can be important in calculating E1 transitions. There
are however two interrelated difBculties associated with
the (2,2) representation. Firstly, it couples to the (Hico

configurations via hfico=2 matrix elements which trans-
form as (A, ,p)=(2, 0) under SU(3). These matrix ele-

ments cannot be reliably calculated with an interaction
that contains no density dependence, as evidenced by the
fact that the giant monopole resonance [s 'sd and p 'pf
particle-hole pairs coupled to (A, ,p)=(2, 0)j lies too low
in energy. Secondly, the (A.,p) =(2,0) part of the central
interaction causes the 2p-4h (2,2) configurations and the
Otic' configurations to mix quite strongly so that the
ground state is pushed down by several MeV. Of course,
corresponding 4Aco configurations could be found which
would push down the 2%co configurations, but the in-
crease in basis size would render the calculation intract-
able. (Reference 5 gives a detailed discussion of this
problem. } In light of these difficulties and knowing that
these configurations are of minor importance for the 0+
to 2+ transitions considered here, we have omitted the
(2,2) representation. We shall comment further on this in
our discussion of the ground state wave function.

We use the Cohen-Kurath (CK) (8—16)2BME interac-
tion for the p shell, and the Chung-Wildenthal (CW) in-
teraction' for the sd shell. For the particle-hole interac-
tion we use the Millener-Kurath (MK) interaction, ' and
all other two-body matrix elements are calculated from
the same MK potential using harmonic oscillator single
particle wave functions. The p-shell single particle ener-
gies are taken as the CK values, while those for the sd
shell are fixed at the MK values.

The (Hico and 2fico intensities of the model wave func-
tions for the 0+ (g.s.) and first three 2+ states are summa-
rized in Table I. Admixtures of core excitations in the
ground state are predicted to make up 8.4% of the wave
function. This is to be compared with 4% predicted in
the weak-coupling calculations of Lie, and 17.2% pre-
dicted in the calculations of Kozub et al. The factor of
2 difference in the ground state excitations between the
latter calculation and the present work arises because, as
discussed above, we have not included the (A, ,p)=(2, 2)
representation in our 2%co basis and these configurations
make up 14% of the g.s. wave function of Kozub et al.
It is, however, difficult to estimate reliably this percen-
tage. The core-excitations in our ground state wave func-
tion have a dominant ' C(0+,g.s.}I8I' O(0+,g.s.) structure
similar to the 2p-4h components of Lie's wave function.
The model wave function for the 0+(6.59 MeV) level,
which is mainly a 2A'co state, contains a sizable (13%)
' C(2i+)' O(2i+} coinponent. A breakdown of the 0+
and 2+ wave functions according to SU(3) configuration
is given in Table II.

The mixing between the lowest 2+ states at 7.01 and
8.32 MeV is determined by the unperturbed energy posi-
tion of the pure 2h and 2p-4h configurations and by the

TABLE I. (Hie@ and 2fico intensities in the 0+ and 2+ wave functions.

Lie (Ref. 4)
(H2co 2'Aco

Kozub et al. (Ref. 5)
2%co

Present work
OWN 2ffco

0+
21
22+

23+

96
51
44

2

4
49
56
98

83 17 92
55
30
6

8
45
70
94
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TABLE II. Intensities of SU(3) (A, ,p) representations for the 0+(g.s.) and 2+ wave functions of ' C.

(02) (10) (44) (33) (06)

2%co

(s p'(sd) +s p (pf)l
(14) (25) (52) (41) (60)

Jrr

0+
2~+

22'

23+

65.1

49.1

26.0
5.5

26.5
6.3
3.5
1.0

3.4
29.3
50.4
60.4

0.9
2.9
5.8
4.8

0.1

2.1

2.4
13.0

0.03
0.3
0.03
1.2

0.1

2.8
4.7
9.1

1.2
5.4
6.6
4.3

0.7
0.7
0.7
0.6

2.4
1.1
0.7
0.4

off diagonal (p
~

V
~

(sd) ) matrix elements. Because
these two states lie so close in energy, the (Hico and 2fuu
configuration mixing in the wave functions is very sensi-
tive to the position of the centroids of the p shell and sd
shell. As mentioned above, we have chosen to use the
CK and MK values for these single particle energies.
The 2t+(7.01 MeV) wave function involves 55.4%%uo 0%co

excitation and the dominant core-excitations are 27%
' C(0)+ )jI ' O(2~+ ) and 16% ' C(2)+ )j8I 'sO(0)+ ). The
22+(8. 32 MeV) level, on the other hand, has a dominant
(57%) ' C(0~+ ) ' O(2~+ ) structure, while (Hie@ excitations
make up 30%%uo of the wave function. The model wave
functions for these 2+ states correspond to a predicted
energy splitting bE=E(22+) —E(2&+)=0.8 MeV to be
compared with the experimental value of 1.31 MeV. A
similar underestimation is found in other shell model cal-
culations (Ref. 4, for example). We note that Coulomb
effects, which have not been included in the present cal-
culations, decrease the experimental energy splitting of
1.31 MeV in ' C to 1.26 MeV and 1.18 MeV in ' N and
' 0, respectively. As the mixing between these two states
is strongly sensitive to the magnitude of the energy split-
ting between them, it is possible that the structure of this
2+ doublet varies from ' C to ' O.

The 23+(10.45 MeV) level is predicted to have a dom-
inant (93.5%) 2%co structure; however, as will be dis-
cussed in Sec. III, the model wave function does not yield
the observed (sr, m') cross sections at this energy. At 10
MeV excitation 4%co configurations are probably also im-
portant so that our (0+2)fico space may not allow for an
adequate description of the 23+ state. At 10.43 MeV there
is also a state with a tentative 3 spin and parity assign-
ment, which pion scattering would not resolve from the
2+ state. A 1%co shell model calculation, essentially simi-
lar to that of Ref. 14, has been carried out by Kurath to
describe the negative parity states of ' C. The lowest
3 (6.73 MeV) state is well described in this basis, and
the (n, n') data are reproduced. ' However, the second
and third 3 states are predicted to lie at excitation ener-
gies of 10.7 and 13.5 MeV, respectively, i.e., at consider-
ably higher energy than the 9.8 and 10.43 MeV levels.
This may be a reflection of the need to include 3%co exci-
tations at these energies. In Sec. IV we discuss the fits of
the second and third lfuu 3 wave functions to the (sr, m. ')
cross sections for the peak at 10.4 MeV.

III. DWIA ANALYSIS

A. Introduction

For comparison with the data we performed calcula-
tions in the distorted wave impulse approximation
(DWIA) using the computer program ARPIN of Lee and
Kurath. ' The distorted waves were enerated by the
code PIPIT of Eisenstein and Tabakin. For the proton
point density we used a phenomenological shape which
was derived from the ' C charge density (obtained from
elastic electron scattering) by unfolding the proton's
charge distribution using the program ALLwORLD. The
neutron point distribution was assumed to scale with that
for the protons by a factor of N/Z. The m.-nucleus in-
teraction was calculated by PIPIT from the m.-nucleon
phase shifts, 20 MeV below the actual m.-nucleus center of
mass energy. The Gaussian off-shell model option in
PIPIT (Ref. 16) was used with al ——3 &( 10 MeV both for
the I =0 and 1=1 partial waves. The fit to the elastic
data is very good with this parametrization (Fig. 1).

For the calculations of the inelastic cross sections we

employed the transition densities derived using the one-
body density matrix elements (OBDME's) from the shell
model calculations discussed in Sec. II. As in previous
analyses of inelastic pion scattering (Refs. 15, 18, and 19,
for example), it was found necessary to introduce isoscal-
ar and isovector polarization charges 50 and 5, or,
equivalently, enhancement factors, (1+50) and (1+5,),
which multiply the shell model transition densities by a
momentum-transfer independent factor. We use the con-
vention of Ref. 19, 50——5 +5„and 5&

——5 —5„. The po-
larization charges were applied only to the dominant
ES=O densities, i.e., those which do not involve a spin
transfer to the target. In addition, only those OBDME's
corresponding to transitions within the p shell or sd shell
were enhanced, while transitions of the type Op ~ lpOf
were not. These latter transitions are weak and contrib-
ute very little to the pion cross sections.

B. The 2j+{7.01 MeV) state

We first consider the excitation of the 2~+(7.01 MeV)
level. Assuming reasonable polarization charges,
5„=5 =0.35, with our oscillator parameter b =1.7 fm,
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FIG. 1. Differential cross sections for v+ and n elastic
scattering from ' C at T =164 MeV. The solid and dashed
lines were calculated with PIPIT using a ground state density de-

rived from electron scattering.

FIG. 2. Differential cross sections for ' C(vr, m')' C(2+, 7.01
MeV) at T =164 MeV. The solid and dashed lines were calcu-
lated with ARPIN using shell model OBDME's with effective
charges 1+50——1.7 and 1+5&——1.0.

de/d Q(34, n+) = [0.64(1+.50)+0.12(1+5i)]

der/dQ(34', n )=[0.61(1+5 ) —0. 11(1+5i)] (2)

Here the coefficients 0.64, 0.12, etc. are the cross section
amplitudes in (mb/sr)'~ calculated with ARPIN (Ref. 15)
using the shell model transition densities of this work.
We note that the coefficients in (1) are slightly larger than
those in (2) which results from Coulomb effects. The iso-
vector terms enter with opposite sign in the two cases as
expected at incident pion energies near the [3,3] pion-

the predicted angular distributions are shown in Fig. 2.
Clearly, the shapes of the distributions and the magni-
tude of the m+ cross section are quite well reproduced.
However, the ~ cross section is underpredicted by al-
most a factor of 2. Remarkably, the experiment shows
near equality between the n.+ and ~ cross sections.
Since the g.s. wave function contains only 8.4% core ex-
citation this 0~+ ~2~+ transition remains proton dominat-
ed in our extended (0+2)iiico shell model calculations, so
that a ratio cr(rr+)/cr(n )=1 is difficult to understand.
The severe constraints which this result places on theory
is illustrated by the following approximate formulae for
the peak cross sections:

nucleon resonance.
If we assume that 5 =5„,Eqs. (1) and (2) imply a cross

section for m. + which is significantly larger than for ~
in contradiction to the data. The schematic calculations
of Ref. 6 show the same feature. One method of repro-
ducing the data is to choose an isovector effective charge
1+5,&0. This, however implies 5„&1+5,which is un-

reasonable. Another possibility is to arbitrarily increase
the intensity of the p (sd) configurations in the ground
state in order to obtain equal neutron and proton contri-
butions to the transition amplitude. This, however,
would require 2fico configurations to dominate the g.s.
wave function, which is unphysical. Use of a domina. ting

p (sd) component also has the effect of changing the
shape of the angular distribution so that there is no
longer agreement with the data.

In order to fit the near equality of the ~+ and m data
and the angular distribution shapes it is necessary that
the isovector contribution be small. Ideally, it should be
slightly negative in Eq. (1) and positive in Eq. (2). This
can be achieved by adopting different polarization
charges for the p and sd shells. We rewrite Eqs. (1) and
(2) using the p- and sd-shell cross section amplitudes ex-
plicitly, i.e.,
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dg /d Q(34, m+ ) = [0.51[1+5O(p}]+0.13[1+5O(sd)]+0.18[1+5,(p)]—0.06[1+5)(sd)]]

do /dQ(34', m )= t0.48[1+5O(p)]+0.13[1+5O(sd)]—0.17[1+5,(p)]+0.06[1+5,(sd)]]

(3)

(4)

We thus have four parameters 5o(p), 5o(sd), 5,(p), and
5&(sd), and we take some guidance from other data to es-

timate their values.
We first consider the sd shell. From the dominantly

single particle levels of ' 0 and ' F, we can deduce pro-
ton and neutron effective charges. Using the (0+2)fico
wave functions of Ellis and Engeland and our oscillator
parameter, b =1.7 fm, the ground state quadrupole mo-
ments ' of these nuclei give 5„(sd)=0.43%0.06 and

1+5~(sd) = 1.86+0.37 for the d5&~ ~d 5&& amplitude.
[The B (E2:—,

'+ ~—,
'+ ) data yield similar polarization

charges for the d, zz~s, zz amplitude: namely,
5„(sd)=0.44+0.003 and 1+5 (sd)=1.89+0.03.] It is

unwise to accept the proton charge at face value as the
weak proton binding energy of only 0.6 MeV in ' F will

cause the the d5&z wave function to have an unusually

long tail, and correspondingly large ( r ) matrix element.
For the 2I+ state in ' C a larger binding energy, close to
4.0 MeV, is probably a more reasonable value. We there-
fore add to 1+5 the difference in (r ) obtained with
Woods-Saxon wave functions bound by 4.0 and 0.6 MeV,
respectively, divided by the oscillator value of ( r )
With the standard Woods-Saxon well parameters of Ref.
23, we obtain 5 (sd) =0.71. Thus, from the mass 17 data
we derive effective charges 1+5o(sd) =2. 14 and
I+5&(sd) =1.28.

It is interesting to compare these effective charges with
those needed for the 0&+ ~2I+ transitions in mass 18. We
used the (0+2)fico wave functions of Ref. 24 to describe
the J =0+ and 2+ states. The peak cross sections' for
~+ and m inelastic excitation of the 1.98 MeV 2+ level
in ' 0 were fitted as a function of the isoscalar and iso-
vector effective charges. Figure 3 summarizes these re-
sults. In this plot each line represents the set of 1+5O
and 1+5& values which reproduce the experimental value
of the labeled observable, and the width of the line corre-
sponds to the experimental uncertainties in that observ-
able. Lines corresponding to the m+ cross sections have
opposite slope to those for the ~ cross sections because
the isoscalar and isovector amplitudes appear with oppo-
site relative signs in the two cases at energies near the
[3,3] resonance. We have also fitted the B(E2:2&+~OI+)
data ' for ' 0 and ' Ne (Fig. 3). The four curves intersect
approximately at the point with coordinates of
1+5O-2.2 and 1+5|-1.3, which are close to the values
deduced from mass 17. We therefore adopt these latter
effective charges for the sd shell, namely, 1+5O=2. 14
and 1+5I——1.28.

To obtain effective charges for the p shell we studied
the dominantly single-hole —,

' (g.s.} and —', (6.23 MeV)
states of ' N. We carried out a (0+2)fuu shell model cal-
culation in which spurious c.m. motion was exactly elim-
inated. The two-body interaction and single particle en-
ergies were the same as those in our shell model calcula-

2.5

2.0

1.5

Ez;"0)

1.0

0.5

0.0

18p (p+ p+ )

—0.5
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5

(1+&a)

FIG. 3. Constraints on (1+5o) and (1+5&) implied by the ob-
served B(E2:OI+~2,+ ) values in ' 0 and "Ne and the
' O(m, m')' O(2+, 1.98 MeV) cross. section data. The transition
densities used were derived from a (0+2)Ace shell model calcu-
lation.

tions for ' C (Sec. II). The intensities of 2fico

configurations, principally 2p-3h, are 7.6% and 11.4%
for the —,

' and —,'levels, respectively. We fitted the
o(n+)/cr(m ) cross-section ratio for excitation of the

level and the B (E2:—,
' ~—', ) value to determine pro-

ton and neutron effective charges. This analysis yields
1+5O——2.08 and 1+5&——0.35 or, equivalently, 5 =0.22
and 5„=0.87. The need for a large neutron effective
charge arises because the observed cross-section ratio
o(m'+)/o(m ) is only 1.5, whereas for proton hole states
we expect the m+ cross sections to be roughly 9 times
larger than the m cross sections. To reproduce the ob-
served m+/m ratio it is necessary to quench strongly the
isovector amplitudes. This is consistent with the sugges-
tion of Poletti et al. that 1+5O&y 1+5, is needed to ex-
plain the near equality in magnitude of the E2/M 1 mix-
ing ratios for the 3/2, ~1/2, transition in ' N and "O.

A similar analysis can be applied to the strong AJ=2
transitions in ' C. From the (e,e') form factor and the
m+ /m cross-section ratio for the excitation of the

(7.55 MeV) level, Millener extracts the values

1+5O=1.61 and 1+5,=0.68. These latter values corre-
spond to a smaller neutron effective charge than that de-
rived from the ' N data. For our present study of the 2+
states in ' C we chose values for the effective charges in-
termediate between those for A =13 and A =15. We
took some guidance from Eqs. (3) and (4) and chose
effective charges of I+5o(p)=1.8 and I+5,(p)=0.4.
These values are consistent with the data for nuclei at the
end of the p shell but cannot be viewed as definitive.
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The most obvious difFerence between these p-shell
values and those derived from the data for the sd-shell
nuclei ' 0, ' F, ' 0, and ' Ne is the change in 1+5& from
1.28 to 0.4. The differences in effective charges between
the p shell and the sd shell are, however, reasonable.
Neutron and proton polarization charges for the ' 0 re-
gion have been studied in various elaborate
perturbation-theoretic calculations and the values for the

p shell are generally found to be larger than those ob-
tained for the sd shell. This difference is of most
significance for neutrons giving us a large value of 5„(p).
In the case of protons, the weak binding energy for the sd
shell leads to a significant enhancement in (r ) com-
pared to the oscillator value, and hence to a large proton
effective charge close to the closed shell. As one moves
towards the middle of the sd shell these binding energy
efFects are no longer important and Brown et al. used
values of 1+5O——1.7 and 1+5&——1.0 in their analysis of
effective charges for the entire sd shell.

Using the values of the effective charges which we have
discussed above, the DWIA produces the angular distri-
butions for m+ and ~ excitation of the 7.01 MeV 2&+ in
' C shown in Fig. 4. Clearly both the shapes and the
magnitudes of the predictions compare quite well with
the data. In particular the predicted magnitude of the
forward peak for n+ is only 4% larger than for n

which is within the limits imposed by the data.

10

10

10

0
20

= 7.01 MeV

1
I

~

C)

60 80

g., (d.eg)

ioo

C. The 8(E2:2&+~0&+)data

In ' C and ' 0 the electromagnetic transitions
2&+( T= 1)~0&+( T = 1) contain both isoscalar and isovec-
tor contributions appearing with opposite relative signs
in the two nuclei, whereas the analog transition in ' N in-
volves only an isoscalar term. In a pure p-shell calcula-
tion the isoscalar and isovector matrix elements are equal
in magnitude so that without effective charges we obtain
a ratio B(E2;' C):B(E2 N):B(E2;' O)=4:1:0. Allow-
ing excitations to higher shells results in an isovector ma-
trix element which is reduced with respect to the isoscal-
ar matrix element leading to a smaller predicted value for

FIG. 4. The same as Fig. 2, but with shell dependent effective
charges 1+5O(p) = 1.8, 1+5&(p) =0.4, 1+5O(sd) =2.14, and

1+51(sd)= 1.28.

the ratio B(E2;' C)IB(E2 N) and a nonzero B(E2)
strength for the analog transition in ' 0. Table III lists
these transition strengths together with the experimental
values. ' 9 The B(E2:2~+~0~+) in ' C is reproduced
without effective charges, but in this case the correspond-
ing transition in ' N is underestimated by almost a factor
of 3. When standard effective charges, 1+5O ——1.7 and
1+5&——1.0, which reproduce the n+ (but not the m )

TABLE III. Transition Strengths for the 2+ T =1 levels to the 0&+ T =1 level in A =14. All 8(E2)
values are quoted in Weisskopf units. The radial matrix elements were evaluated using harmonic oscil-
lator wave functions with oscillator parameter b = 1.7 fm.

14C

E;~E& (MeV)

7.01~0.0
8.32~0.0

Expt.

18+0 3
0.39+0.15

Theory'

1.84
0.71

Theory

4.1

0.82

Theory'

3.1

0.4

14N 9.17~2.31
10.43~2.31

2.5+0.3' 0.93
0.01

2.7
0.02

3.1

0.01

14O 6.56~0.0
7.77~0.0

0.33
0.45

1.57
0.37

3.1

0.16

'No effective charges 1+5o——1.0, 1+5&——1.0.
Standard effective charges 1+5o——1.7, 1+5,= 1.0.

'Shell dependent effective charges 1+5O(p) = 1.8, 1+5l(p) =0.4, 1+5p(sd) =2. 1, 1+5&(sd)=1.2.
From the (e,e') data of Ref. 29.

'Reference 21.
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cross section to the 2&+ state are used, the transition
strength in ' N is correct, but that in ' C is overestimated
by more than a factor of 2. If we use the shell-dependent
effective charges necessary to explain the m-+/~ ratio
the agreement between experiment and theory is consid-
erably improved, although the predicted value for the 2&+

state in ' C is still too large. These effective charges
cause the isovector matrix element to become negligibly
small so that the predicted 2&+ ~0&+ strength is the same
for all three nuclei. The fact that the strength of the
2&+(T =1)~0&+(T=1) transition is observed to be larger
in ' N than in ' C is quite surprising. An extensive mea-
surement of the longitudinal (e,e') form factor for this
2~+(7.01 MeV) state would be very valuable. A measure-
ment of the analog transition in ' 0 (if experimentally
feasible) would provide a crucial test of the isovector
versus isoscalar nature of these transitions.

D. The 2&+(8.32 MeV) state

The DWIA predictions for the 2&+(8.32 MeV) level us-

ing shell independent effective charges, 1+5o ——1.7,
1+5&——1.0, are shown in Fig. 5. The shape of the m+ an-

gular distribution agrees quite well with experiment but
the magnitude is too small by a factor of 2. The m cross
section is also underpredicted insofar as the large experi-
mental uncertainties permit a determination. We note
that at several angles only upper limits could be extracted

for the m cross section. The lack of any observable cross
section at these angles is illustrative of the strong cancel-
lation between neutron (sd-shell) and proton (p-shell)
components in the transition. This destructive interfer-
ence is also seen in the m. + data where the cross section is
an order of magnitude smaller than for the 2~+ state.

In Fig. 6 we show the predicted cross sections using
the shell-dependent effective charges discussed above.
The m. + cross-section magnitude is reduced slightly, but
the shape of the angular distribution agrees well with the
data. The m data is quite well reproduced in general
magnitude with the use of these effective charges, but the
cross section appears to have too little structure, al-
though the data are not definitive on this point.

The strong destructive interference between the p-shell
and sd-shell contributions to the transition amplitudes
causes the DWIA predictions for the m+ and ~ cross
sections for this 2&+ state to be very sensitive to small
components in the wave functions of the 0&+ and 2&+

states. For example, the OBDME's involving the d3/p
level are relatively small; however, if we omit these tran-
sition amplitudes the DWIA prediction for the m+ cross
section increases considerably, and the shape of the m

angular distribution is changed. The predicted m+ and
m cross sections also show strong sensitivity to small
changes in the distorted waves. This contrasts with the
strong transition to the 2~+(7.01 MeV) state where the
DWIA predictions remain stable with respect to small
changes in the shell model wave functions or the distort-

E„=8.32 MeV 10
0 E„=8.32 MeV

$"~ ~

b

20 40 60 100 20 60 80 100

(«g) 0 (deg)

FIG. S. The same as Fig. 2 but for the 2+(8.32 MeV) state.
FIG. 6. The same as Fig. 5, but with shell dependent effective

charges as in Fig. 4.
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ed waves. Because of the sensitivity of the 22+ cross sec-
tions to details of the calculations it is dificult to draw
definite conclusions regarding the structure of this state
from the (n, n') data. However, it is clear that the wave
function involves a strong mixing of the p and

p (sd ) configurations.
In Refs. 6 and 7 schematic weak-coupling model calcu-

lations were reported in which the two 2+ states at 7.01
and 8.32 MeV were assumed to be equal admixtures of
p and p (sd) configurations. The intensity of the

p (sd) configurations in the ground state was then ad-
justed to give the best fit to the (m, n') data, and this op-
timal value corresponded to 19% g.s. core excitation. If
we arbitrarily adjust the intensity of the 2A'co admixture in
the ground state to 19% in the present model, we find the
predicted shape of the angular distributions for the (m, n')
data to the 2+(8.32 MeV) state to be in strong disagree-
ment with the data. Thus, the present calculations are
not in agreement with the suggestion of 19% (or more)
core excitation in the ground state of ' C, but, of course,
smaller variations from our model value of 8.4% are not
ruled out. It is interesting to note that Fortune and
Stephans obtain a core excitation intensity of 12% from
a study of their (t,p) data.

1Q

20 40

J" = 2)+

60 80

„=7.01 MeV

100

E. Coupled-channel calculations

Finally, in our study of this 2+ doublet it is important
to examine coupled-channel (CC) effects. Couplings be-
tween the three states (Oi+, 2i+, 22+) were calculated using
the momentum space coupled-channel computer code
sHQCK. ' A consistent set of transition densities derived
from the shell model calculations (Sec. II) was used, to-
gether with our shell-dependent effective charges. It was
found that for the 2~+ ~2&+ transition only the bJ=0 and
b,J=2 amplitudes were significant and hence all other hJ
values were omitted. The resulting angular distributions
for the excitation of the 2&+ and 2z+ states are shown in
Figs. 7 and 8, respectively. For the 2&+ state there is a
small enhancement in the cross section at forward angles
and both the ~+ and m predictions remain in good
agreement with the data. In the case of the 22+ state, the
shape of the CC n.+ angular distribution differs somewhat
from the DWIA prediction. The cross section is
enhanced, but the calculatjon still underestimates the
data by about a factor of 3. The large change in the
shape of the m angular distribution reflects the very
strong sensitivity of this weak transition to the model
used. In light of these sensitivities we regard the compar-
ison between the predicted and the experimental m cross
sections as reasonable. However, the model clearly gives
too much destructive interference between the p-shell and
sd-shell amplitudes for the (n.+,m+') data.

F. The peak at 10.4 MeV

e (deg)

1Q E, = 8.32 MeV

$"~ ~

1Q

/ \
\

r
\
I

1 ~
I g
I ~
I ~
~ ~
I ~

y

FIG. 7. Differential cross sections for ' C(m, m') ' C(2+,7.01
MeV) at T =164 MeV obtained from (0&+,2j+, 2&+) CC calcula-
tions.

20 40 60 80 100
In Fig. 9 we show a comparison between the observed

(ir, m') angular distribution for the peak at 10.4 MeV and
the DWIA predictions for the 23+(10.45 MeV) state. In
this calculation we have used shell independent effective
charges 1+50——1.7, 1+5&

——1.0. Clearly, the model

0 (deg)

FIG. 8. The same as Fig. 7, but for the (2+,8.32 MeV) state.
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wave function fails in predicting the ~+ and m cross-
section magnitudes and gives a poor fit to the shape of
the angular distributions. In addition, the m. + cross sec-
tion is predicted to be larger than the m cross section, in
contradiction to the data. The small magnitude of the
cross section for the model 0,+ ~23+ transition can be un-
derstood as a consequence of the relatively small (8.4%)
admixture of p (sd) configurations in the g.s. wave
function and the dominant (93.5%) 2fuo structure of the
23+ state. As discussed in Sec. II, 4fico configurations may
be important for an adequate description of this 23+ state.
However, 4iiico excitations are unlikely to make up a large
fraction of the g.s. wave function, so that no significant
increase is expected in the magnitude of the DWIA cross
sections for the 0~+~23+ transition. This suggests that
the 3i (10.43 MeV) state and/or the & 1(10.5 MeV) state
contribute most of the observed cross section at 10.4
MeV. Figure 9 shows the DWIA predictions for the 32
theoretical state predicted at 10.7 MeV, and it is clear
that the model predictions using 1+5o= l. 5 and

1+5,=1.0 agree reasonably well with the data. The 33
theoretical state is predicted to lie at 13.5 MeV of excita-
tion, and the m+ angular distribution for this state is very
similar in shape and magnitude to that for the 32 state.
However, the n. cross section for the model 33 state un-
der predicts the data by almost a factor of 3. Since, in
Fig. 9, we are comparing predictions for the second
theoretical 3 level with the data for the third experi-
mental 3 state, we caution against drawing definite con-

E = 10.4 MeV

clusions and emphasize the possible need to include 3%co
states at this excitation energy. However, the data are
consistent with a ~L =3, LS=0 transition to a 3 state.

IV. CONCLUSIONS

The inelastic pion data on ' C show near equality of
the n+ and n cross sections for the 2i+(7.01 MeV) state
and strong cancellations between the neutron and proton
amplitudes for the second 2+ state. The B (E2) value for
the 2i+ ~0i+ transition in ' C is smaller than for the ana-
log transition in ' N, which is quite unexpected. In order
to interpret these data we have carried out large scale
(0+2)%co shell model calculations in an SU(3) basis for
the nucleus ' C. The transition amplitudes required
effective charge enhancement in order to explain the pion
and B(E2) data. For the (sd}~(sd) amplitudes we used
effective charges deduced from the mass 17 and 18 data,
while for the p ~p amplitudes we used values intermedi-
ate between those obtained from the mass 13 and 15 data.
The principal difference from a conventional shell-
independent choice was that the proton charge for the
weakly bound (sd} levels had to be strongly enhanced
with respect to our chosen oscillator basis.

Our effective charges led to a strong quenching of the
isovector component of the 0,+ ~2~+ transition which was
necessary to explain the n+/m cross-section ratio; a
similar requirement was evident from a comparison of
the ' C and ' N B(E2) data. The Oi+~22+ transition,
which showed strong cancellations between the contribu-
tions from the p and p (sd) configurations, was sen-
sitive to details of the calculations. In this case our cal-
culated B(E2) value was in good agreement with experi-
ment. For the pion scattering it was necessary to include
multistep processes involving the 2i+ level in a coupled-
channel calculation, but the magnitude of the predicted
n.+ cross section remained too small.

We also examined inelastic scattering data to a group
of levels at 10.4 MeV with spins of (3 ), 2+, and &1.
The cross sections obtained for the 23+ level were much
smaller than the data; however, the observed shape was
consistent with a hL =3, hS =0 transition.

Again we emphasize the importance of further mea-
surements of the 2+( T =1)~0+( T = 1) transition
strengths in the A =14 nuclei. In particular, extensive
measurements of the longitudinal (e,e'} form factors to
the 2+ states in ' C would be most valuable. In addition,
a study of the analog transitions in '~O (if experimentally
feasible) would provide a less ambiguous determination of
the isoscalar versus isovector contributions to these tran-
sitions.
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