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From the scattering of 31-MeV alpha particles the existence of three 3 states in
Ca ', six 3 states in Ca, and a 5 state in Ca 4 4 (two in Ca ) have been found.
The fractionation of the 3 strength and the rapid and similar drop of 3 and 5 strength
in going from A =40 to A. = 50 appear to be in disagreement with current ideas about the
nature of these states.

An important advance in theoretical nuclear
spectroscopy in the past few years has been
a microscopic description of negative-parity
collective states by the particle-hole model. '
In particular, the 3 and 5 states of Ca" have
been calculated. ' The result, which is char-
acteristic of this model, is that one 3 state
is moved downward in energy from its unper-
turbed position towards the ground state and
takes up most of the octupole strength. In pre-
vious inelastic scattering experiments, per-
formed both in this laboratory' and elsewhere, ~'

three strong 3 states were located in Ca
These results disagreed with the calculation
in that the two higher energy 3 states were
found at a lower energy and with more relative
strength than was predicted. In this Letter
we present data which show that the 3 strength
is also strongly fractionated in Ca"~4 and
Ti' . In addition, there is a surprisingly rap-
id drop in the total strength of the 3 a.nd 5
states between A = 40 and A = 50.

A (31.0+0.5)-MeV alpha-particle beam pro-
duced by the MIT cyclotron was scattered by
approximately 1-mg/cm', enriched isotopic
foils and detected by a solid-state detector.
The beam intensity of =0.25 p, A and the reso-
lution of 90 to 100 keV are a considerable im-
provement over the previous experiment. ' Ab-
solute differential cross-section measurements
have been made to an accuracy of 10%. With-
in the experimental error, the elastic cross
sections for the Ca isotopes are equal at cor-
responding maxima for angles less than 55'.
Spin and parity assignments were made by com-
paring the differential cross sections with the
distorted-wave Born-approximation (DWBA)
theory. '

Figure 1(a) compares the DWBA curves with
the data for the lowest 2+, 3, and 5 states
in Ca", whose spins and parities have been
previously determined. ' The high quality of

the fits (for angles smaller than 55') and the
differences between states of different spin,
indicate how spin assignments are made. In
general, the strongly excited states of a given
spin and parity have cross sections which are
remarkably similar in shape. This is illustrated
in Fig. 1(b) for four 3 states in Ca4', and in
Figs. 1(c) and l(d) for the lowest 3 a.nd 5

states in the Ca isotopes. Note the rapid de-
crease in magnitude in advancing through the
shell.

Table I presents the excitation energies and
relative strengths' for the 3 and 5 states
found in this experiment. A striking feature
of the results is the number of relatively strong
3 states. ' These data agree with the previ-
ous results for Ca4'. '~'~' A recent (n, o. ') ex-
periment on Ca '&' ' at 42 MeV has also found
several of the stronger 3 and 5 states seen
in this experiment. " In addition, splitting of
the 3 strength has been observed in other nu-
clei. Two 3 states have been identified in
Fe',"in Ti,"and possibly in Ni and Zn iso-
topes. " Three or more 3 states have been
ounce in S Cr' ' ~' and Zr ' The fr ac

tionation of the 3 strength appears to be quite
general in medium-weight nuclei.

Since calculations of the 3 state for the nu-
clei studied in this experiment have been car-
ried out only for Ca", a detailed comparison
with theory cannot be made, but the present
experimental results appear to be in qualita-
tive disagreement with the present form of the
particle-hole model. First, as is discussed
in detail in Ref. 3, the large relative strengths
of the upper two 3 states in Ca" are not pre-
dicted by the existing calculations. Second,
we consider the effects of adding "valence"
nucleons quite surprising. There is the 5(Plo

decrease in strength of the lowest 3 state in

going from Ca~~ to Ca4', and the 35% relative
decrease in going from Ca" to Ti". The sums
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FIG. 1. Differential cross sections for the (n, n') reactions near 31 MeV. All cross sections are absolute with
an error of 10' in each point. Figure 1(a) shows the cross section to the known 3, 2+, and 5 states in Ca
The solid lines are DWBA fits. Figure 1(b) shows the cross sections of three 3 states in Ca42. The solid lines
are DWBA fits. Figures 1(c) and 1(d) show cross sections of the lowest 3 and 5 states, respectively, in the Ca
isotopes studied. In this ease, only lines drawn through the data are shown for clarity.

of the strengths of the 3 states which are pre-
sented in Table II drop monotonically from A
=40 toA =50. Another large effect of the "va-
lence" nucleons is the presence of six 3 states
in Ca ' and Ca'4 while there are three 3 states
in the closed-shell nuclei Ca40 and Ca". An-
other aspect of this can be seen by reference
to Table II. The sum of the strengths of the
higher excited 3 states, relative to the low-
est 3 state in ea,ch nucleus, reaches a max-
imum in Ca44 which indicates the role of the

"valence" neutrons in redistributing the octu-
pole strength. The last column of Table II gives
the relative strength of the 5 states. In Ca44

we have used the sum of the strengths of the
two states that were found. It is interesting
that the 5 strength drops in going from Ca"
to Ca44 only somewhat more rapidly than the
3 strength. This similarity is quite unexpect-
ed on the basis of the particle-hole model be-
cause, in Ca", excitation of a particle into the

f», shell is much more important for the 5
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Table I. Strength of 3 and 5 states.

Nucleus

Excitation
energy
(MeV)

Relative 3 strength
Normalized to lowest Normalized to lowest

3 state in each nucleus state in Ca4'

(Vo ) ('fo)

Ca40

Ca4'

Ca4'

Ca4'

T 50

3.73
6.29
6.58
3.44
4.70
4.98
5.52
5.68
6.17
3.30
4.38
4.90
5.22
5.65
7.02
4.50
5.37
7.68
4.42
7.10

3 states

5 states

100
28
16

100
36
14

8
11
17

100
42
20
16
22
16

100
18
51

100
57

100
28
16
51
17
7.1
4 0
5.6
8.7

34
14
6.9
5.6
7.6
5 4

34
6.3

18
22
13

Ca40

Ca4'
Ca44

Ca"

4.48
4.10
3.91
4.55
5.73

Relative 5 strength normalized
to 5 state in Ca40

(%)
100
51
25
12
22

Table II. Sums of strengths of 3 and 5 states. a

Nucleus

Ca4'
Ca"
Ca44

Ca
Ti50

Number of
3 states

Sum of strengths of
higher excited 3 states

relative to the lowest
3 state

(%)

44
86

116
69
57

Sum of total 3
strength in each
nucleus relative
to the total 3
strength in Ca4'

(Vo)

100
65
51
40
24

Total 5 strength
in each nucleus
relative to the
Ca 5 state

(%)

100
51
37
22

~ ~ ~

See Ref. 8.
state than it is for the 3 state. ' Therefore,
as f7&2 neutrons are added, one would expect
a much larger effect on the 5 state.

A general feature of collective models that
seems to be qualitatively violated by these ex-

perimental results is that the strengths do not
increase when the states move nearer to the
ground state, and in fact decrease in going from
Ca" to Ca". A possible explanation is that
there is a large decrease in the ground-state
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correlations in going from Ca to Ca44. This
could decrease the transition rates to the 3
and 5 states in Ca4' and Ca44 relative to Ca"
in approximately the same way. At the present
time there is evidence for an effect of this type
from stripping reactions. " This implies that
more complicated particle -hole configurations
mill have to be taken into account in future cal-
culations.
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al of our colleagues for their careful reading
of this manuscript. We wish to thank the au-
thors of the several unpublished papers for
sending us their results before publication.
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It is shown that the isospin dependence of the shell-model potential gives rise to the ex-
perimentally observed anomalous isotopic shift of nuclear charge radii. The charge
radii calculated from a Woods-Saxon potential are in qualitative agreement with experi-
mental determinations from electron scattering and from muonic x rays.

The purpose of the present note is to point
out that the isospin-dependent term in the op-
tical potential' naturally brings about anoma-
lies in the isotopic shift of the nuclear charge
distribution, of the type that have been observed

in a series of recent experiments on muonic
x rays" and electron scattering as well as
in earlier results on the optical isotope shift. '
This anomaly consists in the experimental ob-
servation that within the isotopes of one element
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