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Discovery of the Missing Two-Particle, Two-Hole 0+ States in 4oCa
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(Received 25 March 1974)

A good-resolution study of the reaction Ca(P, t) Ca has revealed the existence of
three new 0+ states in Ca at 7698, 8284, and 8438 keV excitation. Arguments are pre-
sented to show that these states are indeed the long sought-after 0+, I'=0 states with
predominantly two-particle, two-hole configurations.

Ever since Gerace and Green' identified the 0,'
state at 3353 keV in 'Ca as being predominantly
four-particle, four-hole (4p-4h) in nature, the
most intriguing and challenging cjuestion in the
spectroscopy of 'Ca has been that relating to the
crucially important 0' states of the 2p-2h, T =0
configuration which have been predicted to lie be-
tween 7- and 9-MeV excitation, ' ' but which have
eluded experimental identification so far. In the
earlier studies of the reaction 'Ca(P„t) 'Ca, ' '

L = 0 transitions could only be identified to the
ground state (g.s. ) 0, ', the 3353-keV 0,' state,
and the 0' states with T =1 and T = 2 at about 9.4
and 12.0 MeV, respectively. Further, while the
2p-2h 0' states in the 7-9-MeV excitation region
were not found, it was noted that the so-called
4p-4h 0,' state at 3353 keV is populated about an
order of magnitude more strongly than expected.
These observations have led' ' to the speculation
that perhaps the main part of the 2p-2h, 0'
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FIG, 1, Spectrum at 0(lab) = 6' for the reaction 2Ca(p, t) Ca. The g,s, transition is not displayed. E'xcitation

energies (in keV) are from the present experiment. Errors are +5 keV unless otherwise specified. The abscissa
has been expanded by a factor of 2 beyond channel number 600.
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strength does indeed lie in the 3353-keV state,
in contradiction to the theoretical calculations.
Before accepting such drastic conclusions, it is
necessary to reexamine the situation critically.
The unexpectedly strong excitation of the 3353-
keV state poses a serious problem, but the prob-
lem of the missing 0' states in the 7-9-MeV ex-
citation region is even more serious. Several
rather dissimilar calculations" predict two or
three O', T =0 states in this energy region. It
does not appear very likely that extending the
configuration space used in these calculations
or modifying the interaction will drastically alter
the predictions about their existence. It is there-
fore of crucial importance to make a concerted
effort to find the missing 0' states. In this Let-
ter we report on just such an experiment, and on
our success in finding three "new" 0' states at
7698(5), 8284(10), and 8438(5) keV in Ca.

The reaction 4'Ca(P, t)4'Ca was studied using
the 40.27-MeV proton beam from the Michigan
State University cyclotron and an Enge split-
pole spectrograph equipped with a single-wire
proportional counter in its focal plane. An over-
all energy resolution of about 22 keV (full width
at half-maximum) was achieved. Figure 1 shows
a typical spectrum. Most of the known states in
~'Ca up to 9.5 MeV were excited. Energy calibra-
tion, expected to be accurate to+ 5 keV, was
based on the accurately known energies~' of sev-
eral strong states in 'Ca up to 8.5-MeV excita-
tion and the accurately known Q value for the
"O(P, t)' O(g. s. ) transition. One significant re-
sult of the accurate energy calibration is that for
the reaction 'Ca(p, t)'8Ca we find Q, = —20452(5)
keV. The 1971 mass tables give Q, = —20484(16)
keV.

Absolute cross-section normalization, expect-
ed to be accurate to within + 10%, was based on
the known thickness and isotopic analysis of a
self-supporting rolled target. Our cross sec-
tions are in excellent agreement with those re-
ported by Bayman and Hintz' and Schapira et al. '
at E~ =40 MeV. The absolute cross sections re-
cently reported by Debevec" at &~ =41.7 MeV
are about 30% smaller than ours.

In Fig. 2 we show angular distributions for all
L = 0 transitions. The 3353-keV transition shows
a first minimum which is displaced by about 2'
from that for the g, s. This feature was observed
earlier" and was attributed to a predominantly
d' pickup as opposed to the mainly f' pickup for
the ground state.

In previous (P, t) experiments no clear evidence
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FIG. 2. Measured differential cross sections for all
I =0 transitions observed in the present experiment.
The curves through the points have been drawn only to
guide the eye; they have no theoretical significance.

for excitation of the known 0' states at 5.2 and
7.3 MeV could be obtained. In the present exper-
iment the weakly excited state at 5212(10) keV
could be successfully resolved from the strong
2' state at 5249(5) keV at the most forward an-
gles. The expected I-= 0 nature of the transition
is confirmed and it is estimated that the strength
of this state is -0.5% that of the ground state.
The state at 7304(5) keV is found to be weak
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though clearly identifiable at all angles. The un-
ambiguous L = 0 transitions to states 7698(5) and
8438(5) keV have not been identified previously.
The 7698-keV state was actually observed in ear-
lier (P, t) experiments ' but since the data were
limited to 0~ 12', it was misidentified as the 3
state seen at 7695 keV in ('He, d) experiments. "
Nolen' has verified that indeed there is a 7-keV
doublet at this energy.

In a recent "Ar('Li, d)"Ca experiment strong
excitation of a 0' state at 8280(20) keV has been
reported. ' In our experiment the transition to
the state at 8284(10) keV is very weak but can be
identified clearly at the most forward angles
where it displays I- =0 behavior. We estimate
that this state is populated with a strength about
0.3/g of the g. s. A strongly excited 0' state has
been reported at 8.28 + 0.1 MeV in a recent
3'Ar('He, n) experiment" with 0.4-MeV energy
resolution. It most likely corresponds to our

weakly excited state at 8284(10) keV but may al-
so include contributions from the 0' states at
7698 (5) and 8438 (5) keV.

In Table I we summarize our results for all the
L =0 transitions observed. Since the 9405(5)-
keV state is the known T =1 analog of the lowest
0' state in ~'K, all the other states are expected
to be T =0.

We now refer to the two kinds of theoretical
calculations which are available. In the "coex-
istence model" calculations, the states of "Ca
are described as arising from a mixing of the
spherical shell-model states and the deformed
states constructed by promoting pairs of parti-
cles from the filled d», shell to the unfilled f P-
shells. ' It has been shown that" these calcula-
tions lead to predictions of a completely washed
out angular distribution and to an Underestimate
of the cross section to the 0,', 3353-keV state
by almost an order of magnitude and an equally

TABLE I. Summary of results.

EXPERINENT THE OR ET I CA L CA LCU LAT I ON S

NEW FP CALCULATI ONS

J,T E (+keV} cr(re1) E v(re1) Overlaps
f2 ~ d2

% Components

Op-oh 2p-2h 4p-4h

COEXISTENCE
CALCULAT I ON S

o(re1)

100. 100. 0.973-0.371 56.6 33.7 9.7 0 100

o2 3358(5)

0 5212(10)
3

o4 73o4(5)

7698(5)
5

06 8284 (10)

o+ 8438(5)
7

o.5 5"57

o.6 816o

2.5

1.4

0.031-0.246 11.8 20. 2 68.0 5100 (6.2)

0.135+0.036 0. 1 75.6 24. 3 7200 5, 1

5.3 8610 1.32 0.109-0.032 3.3 17.6 79. 1 7800.

0.3 9637 0.54 0.059-0, 046 0.8 26.0 73.2

2.6 10173

10311

0.08 0.035+0.066 ' 0.5 4.4 95. 1

0.08 0.037+0.033 0.3 42.3 57.4

24.0 3525 3,4 0.105+0.405 22.6 11.0 66.4 3500 2.7(6.6)

08, 1 9405 (5)

0,2 11970

? .9 6835 29.

1 2. 1 1440 58.

o. l6?-o.887

0.390"1.133

69.2 30.8

52. 1 47.9

99

50

0 0( Ca)

O1 O( Ca}

101.

44 9 o.6

2p- oh 4 p- 2h 6p-4h

From Debevec (Ref. 7) and Adelberger et al. (Ref. 8).
These results are from the new calculations using the interaction of Federman and

Pittel (Ref. 2) (see text). For the calculation of o (rel) optical-model parameters used
by Schapira et al. (Hef. 6) were employed.

These numbers are due to Debevec (Ref. 7) and Adelberger et al. (Ref. 8) and for
& =0 states are based on wave functions of Gerace and Green (Ref. 1). The numbers
in parentheses are due to Erikson, . Horsfjord, and Nilsson (Ref. 3), obtained by intro-
ducing triaxial deformations.



VOLUME g), +UMBER 4 PHYSICAL RKVIKW LKTTKRS 22 JULY 19?4

large overestimate of the cross section to the 0, ',
5212-keV state. Recently Erikson, Horsf jord,
and Nilsson have tried to improve on this situa-
tion by introducing triaxially deformed compo-
nents which contain admixtures of the s», hole
state, but have achieved only nominal success.

The first of the "shell-model" type of calcula-
tions was done by Federman and Pittel' (FP) in
the f,„d,„basis. To clear up some ambiguities
and to remove some unnecessary approximations
we have repeated their calculations with the Oak
Ridge National Laboratory-Rochester University
code using the FP interaction and considering
configurations up to 4p-4h in 'Ca and up to 6p-
4h in 2Ca. The results in Table I are from these
"new" FP calculations. As can be seen, in these
"shell-model" calculations also the problems
with the 0,' and 0,' states persist, and almost
equally serious problems surface for other ex-
cited states. We have tried several other inter-
actions which have been used in this mass region
but with no improvement in the situation. Within
the limited f»,d», basis we have been able to
search an interaction for the A. =38-42 nuclei
which leads to predictions of strong excitation of
the 3353-keV 0,' state (26.1% g.s. with well-
structured angular distribution) and weak excita-
tion of the 5212- and 7304-keV states (3.3 and
1.2'%%uo, respectively). However, such an interac-
tion makes the 0, ' state mostly (70%) 2p-2h and
the 0, ' and 0,' states mostly (72 and 97%, re-
spectively) 4p-4h. It also predicts strong excita-
tion of the 0,' state in the ('He, n) experiment
which is contrary to the experiment, "and has
several other unpalatable consequences for other
nuclei in the A = 38-42 region. If we consider the
4p-4h nature of the 0,' state as being experimen-
tally established by its very strong population
(70% of g.s. ) in the reaction "Ar('I.i, d), we have
to conclude that the problems with the (p, t) re-
sults reflect either the basic inadequacies of the
reaction theory which takes no account of corre-
lations between the two picked-up particles or
the basic inadequacy of the f„,d», space.

A clue to the nature of the configuration space
required to explain the data is provided by a com-
parison of the results of our (p, t) pickup experi-
ment and the two stripping experiments. Strong

pickup takes place from filled orbits and strong
stripping takes place to empty orbits. The 3353-
keV state is populated with appreciable strength
(24% of g.s. ) by the (p, t) reaction, but only weak-
ly (-5% of g. s. ) by the ( He, n) reaction. This sug-
gests that this state has an appreciable compo-
nent of the f's ' type. Similarly the very weak
population of the 8284-keV state (-0.3'%%up of g.s. )
in our (p, t) experiment and its strong population
(-40% of g. s. ) in the two stripping experiments
would suggest that this state contains appreciable
amount of P2 particles in it. These considera-
tions would suggest that a comprehensive attempt
to explain these data requires a configuration
space which includes at least s,~,d», f»,P„,
shells. This is much too large a space for the
extended shell-model calculations possible at
present.
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