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The wave functions and energy levels of low-lying positive-parity states of ~Ca and
4'Ca are calculated by assuming a configuration consisting of one hole in the 2s-ld shell
and the valence nucleons in the lf 2p sh-ell.

A large amount of work has been done on
particle-hole excitations in closed shell nuclei,
e.g., the negative-parity states of "0 and Ca.
In this work we consider particle-hole excita-
tions in nuclei which have valence nucleons,
in particular, 'Ca and 7Ca. We thus attempt
to describe, by configurations consisting of
one hole in the 2s-1d shell and two particles
in the 2p-lf shell, states in, say, "Ca, which
have parities opposite to the parity of the ground
state. Our calculation for 'Ca is analogous
to one done in '70 by Margolis 2nd de Takacsy. '

In ~ Ca the hole was restricted to be in either
the 2s», or 1d„, state,' the particles could be
in the f»„p„„f„„andp„, states. The cor-

responding single-particle energies, obtained
from experiment, are taken as -9.76, -7.26,
0, 1.9, 6.4, and 4.0 MeV. We used the two-
body matrix elements calculated by Kuo, who
obtained an effective interaction from the Ha-
mada- Johnston potential. This effective inter-
action includes core-polarization corrections
in the particle-particle matrix elements and
screening corrections in the particle-hole ma-
trix elements. A Hamiltonian matrix was con-
structed using these matrix elements, and wave
functions and energy levels were obtained by
diagonalizing this matrix. Some selected wave
functions and energies are shown in Table I.
The ba.sis wave function is written as [j,j,]J~Tcj 3

Table I. Selected States of 4~Ca.

3/2 1/2

E
(~eV}

4. 50

Nave Function 3 jl, j 2]J 7 j 30 0 3

-0.86 L7/2, 7/2] 01 3/2+0. 26 $7/2, 7/2]21 3/2
-0.19 3 5/2, 5/2] Gl 3/2-0. 18 f3/2, 3/2] 01 3/2
+0.17 f 7/2, 7/2] 10 3/2-0. 16 I. 7/2, 5/2]10 3/2
+4 ~ 0

3/2 1/2 6. 59 -0 ~ 53 (7/2, 7/2110 3/2-0. 42 L 7/2, 7/2]21 3/2
-0 ~ 41 E7/2, 5/2]10 3/2-0. 37 E7/2, 7/2]30 3/2
-0.23 [3/2, 1/2]10 3/2+0. 19 f3/2, 3/2]10 3/2
-G. 16 f7/2, 7/2]10 1/2+~~~

3/2 3/2 6.12 -0.81 [7/2, 7/2 l 01 3/2+ 0.43 ( 7/2, 7/2] 21 3/2
+0. 21 L7/2, 7/2]21 1/2-0. 19 $3/2, 3/2]01 3/2
-0 ~ 17 3 5/2, 5/2] Ol 3/2+ 0 ~ 13 t 7/2, 3/2] 21 3/2

1/2 1/2 6. 05 0. 75 f7/2, 7/2]21 3/2+0. 40 f7/2, 7/2]01 1/2
-0.41 f. 7/2, 7/2]10 3/2+0. 17 [7/2, 5/2]10 3/2
yt 4 ~

1/2 1/2 6.40 -0.62 I. 7/2, 7/23 1/2-0. 53 (7/2, 7/2]10 3/2
-0.41 [7/2, 7/2]10 1/2+0. 20 f7/2, 5/2]10 3/2
+0.17 I. 7/2, 5/2]10 1/2+~~

9/2 1/2 6. 62 0. 79 L7/2, 7/2]41 3/2+0. 24 [7/2, 7/2]50 1/2
-0, 23 L7/2, 7/2l30 3/2+0 ~ 23 f7/2, 3/2341 3/2
-0.21 I. 7/2, 3/2] 50 3/2-0. 20 [7/2, 7/2] 61 3/2
-0.20 [7/2, 7/2]50 3/2+~~
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where j, and j, are the angular momenta of the
two particles, Jo and To are the spin and iso-
spin to which the two particles couple, and j,
is the angular momentum of the hole.

The following interesting points are present
in Table I:

(1) In the lowest J= —„T= —,
' state the two par-

ticles couple mostly to To =1. This is a con-
sequence of the fact that the interaction between
a hole and several particles is lowest when

the particles have the largest possible isospin
(consistent with a given total isospin).

(2) The second 7= ~, T = —,
' state is a compli-

cated mixture of several basic states. The
contribution of the [f»„f»~]10d~, ~ configuration
is important. It should be noted that in 'Sc
the J= I state also has a very large mixture
of the configuration [f»„f»~]10.

(8) The energies of the calculated J= ~ states
lie higher than the experimental ones. States
with /„=2 strength at 2.017, 3.740, and 4.829
MeV were found by Belote, Sperduto, and Buech-
ner' in a. (d, p) experiment on ' Ca. The low-
est calculated J=~, T= —,

' state is at 4.50 MeV

and the next one is at 6.59 MeV. The matrix
elements that we used also give too high an

energy for the particle-hole excitations in Ca.
This does not necessarily mean that the ma-
trix elements are bad; it may mell be that if
other configurations are included, e.g., four-
particle, three-hole, the energies of the pos-
itive-parity states would come out consider-
ably lower. Furthermore, recent calculations
indicate that the d»„f„, splitting should be
taken somewhat smaller than 7.26 MeV, which
is the value that me assumed.

(4) The lowest Z=-,'+ state has more d„, hole
component in it than s]/p hole. This is due to
the large s„»d», splitting that we assumed.

(5) A low-lying J = ~~ state is obtained at 6.62
MeV which is near the energy of the supposed
single-particle g„, state. This strongly sug-
gests that the lowest ~+ state in 'Ca is not
a pure single-particle state but rather has in
it a strong mixture of two-particle, one-hole
component. In fact, Belote, Sperduto, and
Buechner found an l„=4 state in Ca at 4.983
MeV which had hardly any single-particle
strength.

In a recent Letter by Belote et al. ,' the re-
sults of the experiment "K('He, p)"Ca were
presented. This reaction should reach states
of positive parity which have a proton-hole
component in the 2s-1d shell. They found,

among other things, that the lowest J= —, , T = —,
'

state had a cross section mhich was only about
one-fifth as strong as the cross section to the
lowest J= ~, T =

& state. Looking at our results
we see that the two wave functions, for T = —,

'
and T= &, are very similar in their space-spin
dependence. However, a T= —,

' state is a pro-
ton-hole state only 3 of the time, whereas for
the T= & state the corresponding value is 3.
Thus our result suggests that the T= & state
should be reached twice as readily as the T
= —, state. This is qualitatively in the right di-
rection but it is not enough.

We next consider Ca. In the shell model
the ground state consists of a neutron hole in
the f„,shell. The states of positive parity
consist of either neutron particle-hole excita-
tions or proton particle-hole excitations from
the s-d shell to the f pshell. T-he following
are examples of the basis wave functions we
use: (a) (d3y2)z, neutron excited from d~„
shell into the f», shell; (b) [(d8)2)„'(f7y2)„
&& (p8y2)„, neutron excitation from d„, shell to

ps' shell; and (c) [(d8g2)p (f7y2)z ']J (f7/2)p,
proton excited from 1„,to f„„the proton hole
and neutron hole coupling to angular momen-
tum J.

Of interest here is the relative amount of
neutron-hole and proton-hole component in
the hole states. Even though neutron excita-
tions into the f~&~ shell are almost blocked by
the presence of seven valence neutrons, our
results, in agreement with the prediction of
French and Bansal and of Hipka, are that the
lowest J= & state has mostly neutron-hole3+

component. If we restrict ourselves to the

d, „and f77, configurations only, then the wave
function is

0.88(d ) '+ 0.45[(d ) '(f ) '] (f )

-'"["Sy2'p ' 7(2'. ']5' 7y2'p

+ small terms.

About 77% of the wave function is neutron hole.
If other configurations are allowed to mix this
goes down to about 70%.

We plan to write a more detailed paper on

this subject which wi1.1 include the theory and

more results. We would like to thank Tom Kuo
for providing us the matrix elements, without
which this calculation would not be possible.
Very useful conversations with A. M. Green
are gratefully acknowledged.
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Six independent combinations of cross-section data involving meson-nucleon charge-
exchange amplitudes at the forward direction are analyzed in terms of p (J =1, I = 1+)

and A {J =2, I =1 ) Regge-exchange model. SU(3) tests for the ratios of the Regge-
I' + G

pole residues give ypZ'Z'/'Yp~~ = 1.12+0.12 and yZ&&/yZ~ = 1.07+ 0.15, consistent with
exact symmetry values of l.

The validity of SU(3) symmetry for scatter-
ing amplitudes still remains an open question.
Early attempts' to relate scattering amplitudes
using exact SU(3) met with only limited success.
It has become clear that the nature of the dy-
namics accounts in many instances for the ob-
served deviations from the exact symmetry
relations. For example, reactions mediated
by strange-meson or -baryon exchanges char-
acteristically show a more rapid decrease with

energy than reactions which proceed via non-
strange-meson or -baryon exchanges. ' Hence,
in order to avoid such intrinsic dynamical sym-
metry breaking, direct SU(3) comparisons of
scattering amplitudes can be made only among
reactions with similar exchanges. Even with
this restriction, effects due to nondegenerate
masses or direct-channel resonances can give
rise in some cases to appreciable deviations
from exact symmetry. Therefore, to make
meaningful SU(3) comparisons of scattering
amplitudes, it is necessary to employ a suit-
able dynamical framework. The purpose of
this Letter is to test certain SU(3) predictions
for scattering at high energy, using the Regge-
pole model as the dynamical theory.

The usual spirit of application of SU(3) sym-
metry in the context of the Regge-pole model
is to assume that the factored residues are
approximately SU(3) symmetric. ' Symmetry-
breaking effects are taken into account by al-
lowing nondegenerate masses for the external
particles and nondegenerate trajectories for

the Regge exchanges. A particularly suitable
test of the symmetry assumption for the res-
idue factors is provided by charge-exchange
reactions at high energy. Here the baryon ver-
tex P —n is fixed (hence no arbitrariness is
introduced through F/D ratios), and the resid-
ual symmetry of the meson vertex can be eval-
uated. Further simplification results from
the fact that there are only two candidates for
exchanges in these reactions, namely, the tra-
jectories associated with p meson (J+=1
I =1+) and the A meson (J+=2, Ic= 1 ).
From the p and 4 Regge amplitudes at the for-
ward direction, six independent cross-section
combinations can be calculated and compared
with experimental data at high energy.

Introducing, for energy-dependent factors, ~

the notation

pm.
i=1

three forward differential charge-exchange
cross sections can be expressed as

dO porn
'

p p
'— (m +p -v +n) =2y '[1+tan (2mn )]R, (i)

(w +p - q+ n) =aay 2[1+cot2( 2m+ )]R 2, (ii)' A.gm
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