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The lifetime of the 2.12-MeV 0} state in ’Ar has been measured by a p-y delayed-coinci-
dence technique. This state was populated by the (p, p’) reaction with 5.3-MeV protons bom-
barding an Ar gas target. A mean lifetime of 7=150+20 psec was obtained for the 0} state.
This lifetime implies for the 05— 2} transition B(E2)=42.9+5.7 ¢ F*, Pairing-vibration mod-
el calculations for ‘°Ar were made using experimental information regarding energies and
B(E2) strengths for the three lowest levels of both “2Ca and *®Ar. Three kinds of interaction
were considered: first, no interaction; second, a phenomenological quadrupole-quadrupole
interaction; and third, the Kuo-Brown bare G matrix elements. None of these calculations
can accurately describe both the energy spectrum and the E2 transition strengths in 4’Ar.
This result may be an indication of the inadequacy of the pairing-vibration model for 4’Ar.

INTRODUCTION

Previous studies'' 2 have indicated limited suc-
cess for the pairing-vibration model in certain
nuclear regions. T. T. S. Kuo and one of the au-
thors (J.D.V.) have suggested an experiment in-
volving the measurement of electromagnetic tran-
sition strengths in *°Ar as a test of the applica-
bility of the pairing-vibration model in °Ar. With
this model, states in “°Ar are constructed from
the coupling of low-lying two-particle phonons to
low-lying two-hole phonons; thus, the 0; (first 0*)
ground state of “*Ar might be described as a prod-
uct of the two-particle phonon representing the
ground state of **Ca and the two-hole ground-state
phonon of *®Ar. Similar phonon structures might
describe the 2] state at 1.46 MeV and the 0] (sec-
ond 0%) state at 2.12 MeV in “°Ar; these states
would also involve the two-particle and two-hole
phonon representations of the 2] states in ®*Ar and
“Ca. The inclusion of phonons representing the
0; states in *®Ar and *?Ca would add an additional
degree of flexibility.

One test of the validity of this model for *°Ar
can be made by a comparison of the measured
0; -2} and 2] - 0] E2 transition strengths with
those expected on the basis of this model, which
can be calculated from known lifetimes3~% in 3%Ar
and “*Ca. Since the **Ar 2] - 0} transition strength

has been measured,®' 7 the only remaining mea-
surement for this test is that of the lifetime of the
0, level at 2.12 MeV in “°Ar which yields the 0;
-~27 E2 strength.

The purpose of the present study is thus to mea-
sure the lifetime of the 0; state in **Ar in order to
complete this test of the applicability of the pair-
ing-vibration model to “°Ar. The experiment was
performed with an electronic-timing technique in
conjunction with the reaction “°Ar(p, p’y)*°Ar.

EXPERIMENTAL TECHNIQUE

Two reactions, *’Cl(a, p)*°Ar and “°Ar(p, p’')*°Ar,
were considered as a means of populating the 0;
state at 2.12 MeV in *°Ar. The low-lying level
scheme® ® for *°Ar is shown in Fig. 1. As an “Ar
target requires a gas cell, the reaction *’Cl(a, p)-
“Ar was tried first. A 400-pg/cm? BaCl, target
isotopically enriched in *Cl was prepared by evap-
oration onto a thin C foil. The proton spectra
from the reaction 3'Cl(a, p)*°Ar for several angles
from 30 to 90° were studied with a solid-state de-
tector over an energy range of E, =6-12 MeV.

The yield to the 0; state in “°Ar, although nonzero,
was sufficiently weak in the region studied as to
make a delayed-coincidence timing measurement
impossible.

As a result of the weak yield from the reaction
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37Cl(a, p)*®Ar, the reaction “°Ar(p, p’)*Ar with

a gas target was employed for this experiment.
The gas cell designed for this measurement is
shown in Fig. 2. Entrance and exit windows were
of 0.05-mil Ni foil, and about 0.5 atm (~400 ug/
cm?) of natural Ar gas was used in the cell. The
active volume of the gas cell was defined by colli-
mation to minimize geometric transit-time con-
tributions to the time resolution.

An excitation study of the reaction “°Ar( p, p’)*Ar
was made from 5- to 6-MeV proton energy in
steps of 100 keV by observing the proton spectra
at 120° in a solid-state detector. A proton energy
of E,=5.3 MeV was chosen for optimum yield to
the 0; 2.12-MeV state in “*Ar. Figure 3 shows a
semilog plot of the proton spectrum at §=120°
from the reaction ““Ar(p, p’)*°Ar for E,=5.3 MeV.
Proton groups from the ground state and the first
four excited states in “°’Ar were observed along
with gas contaminant elastic groups. The broad
peak in the group of elastic contaminants results
from the Ne isotopes and possibly a small amount
of F, while the next three narrow elastic peaks
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FIG. 1. Levels in “°Ar below 3.3 MeV. The level
scheme, spin-parity parameters, and branching ratios
are consistent with those given in Refs. 6 and 7.

are from O, N, and C. The shoulder to the left

of the “°Ar 2.12-MeV peak has the correct energy
for elastic scattering from a He contaminant. For
these experimental conditions, the “°Ar groups
are well separated as shown in Fig. 3; the cross
section to the 27 1.46-MeV state is about twice
that of the 0; 2.12-MeV state. The small shoulder
to the right of the “*Ar 2.12-MeV peak with a rela-
tive amplitude of about 2% is believed to be the in-
elastic peak from the 1.63-MeV first excited state
of 2°Ne which results from the Ne contaminant.

In the timing measurements with the 2.12-MeV
proton group, this small shoulder was excluded
by pulse-height selection. Furthermore, the 1.63-
MeV *Ne state has a mean lifetime of 0.8 psec
which, if included to some small extent, would
make only a prompt contribution.

The lifetime of the 0; 2.12-MeV state was ob-
tained from a measurement of the distribution of
time delays between formation and decay of the
state. The time of formation was determined by
the detection of the 0, proton group from the re-
action *°Ar(p, p’)*°Ar in the solid-state detector,
while the time of decay was marked by the detec-
tion of the 1.46-MeV y rays in a plastic scintilla-
tor. The 0; 2.12-MeV state decays by a 660-keV
y ray to the 2] 1.46-MeV state; the mean lifetime
of the 2] 1.46-MeV state is 1.2 +0.3 psec.® Since
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FIG. 2. A schematic diagram of the gas cell and of the
scattering chamber used for the particle-y delayed-coin-
cidence measurements. The charged-particle detector,

not shown, is in the plane perpendicular to the v detector
and the beam.
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the 2.12-MeV state is estimated to have a mean
lifetime greater than 100 psec, the higher-energy
1.46-MeV 27— 0] y decay can be used to mark the
decay of the 0; 2.12-MeV state. Better time reso-
lution is obtainable with the higher-energy y tran-
sition, and, as discussed later, this transition
allows a simultaneous measurement of the prompt
resolution function (PRF). The time-delay pulses
were produced in a time-to-amplitude converter
(TAC) in the usual fast-slow coincidence arrange-
ment. "

The protons were detected in a surface-barrier
solid-state detector of 400-u thickness and 50-
mm? area which was positioned at 120° to the beam
direction at 3 cm from the gas cell. The detector
was rotated about its axis by 45°, achieving an
effective thickness of 570 . This detector ar-
rangement stopped protons with energies up to
the elastic group, and resulted in improved col-
lection times because a larger amount of the en-
ergy is deposited near the surface. The y detec-
tor was an NE102 (Nuclear Enterprises) plastic
scintillator coupled to an XP1020 (Amperex)
photomultiplier tube; its axis was placed per-
pendicular to the reaction plane defined by the
proton beam and proton detector (see Fig. 2).

The y detector was shielded with 3 mm of lead
to attenuate low-energy y rays.

Figure 4 shows a schematic diagram of the ex-
perimental electronics. From the y-ray pulse-
height distribution, the upper portion of the Comp-
ton edge of the 1.46-MeV y ray was accepted in
the pulse-height window of single-channel ana-

lyzer (SCA) 1. SCA 2 accepted only the 27 1.46-
MeV proton group in its pulse-height window, and
SCA 3 the 0; 2.12-MeV proton group. Since the
lifetime of the 1.46-MeV state is known to be short
relative to the time resolution of this system, the
time-delay spectrum associated with the 1.46-MeV
proton group represents the PRF. Thus, the 2.12-
MeV state time-delay spectrum and the PRF were
measured simultaneously.

EXPERIMENTAL RESULTS

The initial data for the time-delay distribution
of the 0; 2.12-MeV state in °Ar indicated that the
lifetime slope of the decay curve was only slightly
larger than the lower limit of the experiment,
namely, the slope of the PRF. For lifetimes in
this limiting region, both the decay curve and the
corresponding PRF have to be measured with con-
siderable precision in order to obtain a lifetime
with reasonable accuracy. Thus, the simultane-
ous measurements of the PRF along with the de-
cay curve, as discussed in the previous section,
were essential for this experiment.

Three different measurements of the 0, state
decay curve were made; the results are listed in
Table I. The compromise between time resolu-
tion and statistics was changed for the different
runs by varying the “°’Ar gas pressure and the
accepted dynamic range of the y-ray Compton
spectrum. It was necessary to show that the slope
of the PRF was less than that of the decay curve,
and also the decay curve slope had to be deter-
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FIG. 3. Charged-particle spectrum at 120° for E,=5.3 MeV from 4%Ar + p.
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mined accurately. For run No. 2 (~20% y window),
the time resolution was favored in the compromise,
while for run No. 3 (~30% y window), the coinci-
dence yield and therefore the statistics were im-
proved with a slight sacrifice in the time resolu-
tion.

The filled circles in Figs. 5 and 6 show the time-
delay spectrum for the 0; 2.12-MeV state, for
run Nos. 2 and 3, respectively, while the open
circles show the corresponding PRF obtained from
the 27 proton group. Background subtraction and
a normalization have been performed. A relative
shift in the position of the decay curve and the
PRF also has been made. This shift, which
amounted to approximately 400 psec, was based
both on the knowledge that the maximum of the de-
cay curve should intersect the PRF, and on an
estimate of the difference in proton flight times
and the time walk at the discriminator. Although
the rise time of the proton pulses associated with
the detector and the time pick-off (TPO) has been
studied with prompt inelastic scattering groups
for a common y window, the estimate of the shift
including both the time walk and the difference in
flight times is not believed to be any better than
+50 psec. The data obtained in run No. 1 are not
shown. The shapes of the prompt resolution func-
tions appearing in Figs. 5 and 6 are not Gaussian,
but show an asymmetry to the right. To assess
the minimum possible lifetime measurable with
the PRF, the right slope of the PRF was least-
squares fitted to an exponential. For each run,
fits were made to different portions of the PRF
to achieve the most appropriate slope. Using
the data region shown with error bars, the time
required for this slope to fall by a factor of e is
listed in the second column of Table I; this time
is analogous to the minimum obtainable 7. The
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FIG. 4. A schematic diagram of the experimental elec-
tronics for charged-particle—y delayed-coincidence mea-
surements,
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PRF 7, for run No. 2 was 112+9 psec and the
corresponding full width at half maximum (FWHM)
was 450 psec; these values do not represent the
minimum capabilities of the electronic instru-
mentation, but rather indicate the geometric
transit-time limitations of the gas target. The
uncertainties for each run are indicated in Table I;
these were estimated from the statistics and the
quality of the fits.

To demonstrate that the decay curve of the 0;
state is different from the PRF, similar time
regions of the decay curves were fitted to an ex-
ponential. The time required for the logarithmic
slope of the 0; decay curve to fall by a factor of e
is given in the third column of Table I. The aver-
age slope of the decay curve for the three runs is
177 psec. The above results show with statistical
significance that the right slope of the 0; decay
curve falls more slowly with time than the right
slope of the PRF for all three runs.

The time required for the fitted slope of the 0;
decay curve to fall by a factor of e is not directly
the mean life of the state, since several of the
experimental points used in the fits do not receive
contributions from the entire PRF, as can be seen
in Figs. 5 and 6. Methods of lifetime extraction
appropriate to this situation have been described
by Newton.!'! The large-time region of the decay
curves were first fitted to exponentials using only
data points to the right of an initial channel for
which the PRF fit was less than ~10% of the decay
curve. Additional fits were made using more data
points up to an initial channel for which the PRF
amounted to ~20%. For most of these fits, the
effect of the PRF is very small, as given by Eq.
(4) of Newton. The integral expression, Eq. (5) of
Newton, was secondly used for several larger
regions of the decay curve to determine the mean

TABLE I. The second and third columns list the log-
arithmic slopes in terms of the time to fall by a factor
of ¢; these slopes represent exponential fits of the PRF
and the decay curve for the 03 2.12-MeV state in °Ar.
The fourth column lists the actual mean life of the 03
state deduced from expressions in Ref. 11. The final
value of 150 + 20 psec for the mean life is a weighted
average of the above three values. The over-all uncer-
tainty is based on the estimated uncertainties in the
three runs which include statistical uncertainties, pos-
sible systematic errors, and time-calibration uncertain-
ties. All time values are given in units of psec.

Mean life
Run No. PRF slope Decay-curve slope (psec)
1 11112 172+18 145
2 112+ 9 16913 142}150:&20
3 134+ 6 190+ 9 157




5

lifetime with smaller statistical uncertainties;

for these calculations, however, the uncertainty

in the time position of the PRF is more important.

Thirdly, the analysis was repeated using different

PRF relative-time positions over a range of ~+50

psec. The averages of the sequence of mean-life-
time values generated by this analysis are listed
in the fourth column of Table I. The final value

of 150 + 20 psec for the mean life of the 0; state

in “Ar is a weighted average of the above three
values. The uncertainty listed of about +15% in-
cludes all but the extreme mean-lifetime values
of the above analysis; this conservative error
estimate incorporates the concern over possible
systematic errors in the analysis such as for the
PRF time position. The statistical uncertainties
for a fixed PRF position, which equals about +6%,
is a small part of the total uncertainty, as is a 2%
time-calibration uncertainty. The time difference
between the centroids of the decay curve and the
PRF is consistent within uncertainties with the
final mean-lifetime value. This lifetime yields a
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FIG. 5. The experimental decay curve obtained in run
No. 2 for the 0* 2.12-MeV state in °Ar is shown in filled
circles and the solid line. The right slope of the decay
curve falls by a factor of e in 169 psec. The PRF is
shown with open circles and the dashed line; the right
slope of the PRF falls by a factor of e in 112 psec. A

time shift and a normalization of the PRF have been made.
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reduced E2 transition strength for the 0; - 27
transition in “°Ar of B(E2)=42.9+5.7 e F4,

DISCUSSION

The nucleus *°Ar in expected to be described
rather well within the framework of the shell mod-
el with two neutrons in the 1f-2p shell and two
proton holes in the 1d-2s shell. Such a calcula-
tion? has in fact been performed and was found
able to reproduce rather well the low-lying por-
tion of the spectrum of *°*Ar with the exception of
the 07 state, which was found to lie 1.5 MeV higher
than the experimental value. In addition the appli-
cability of the pairing-vibration model was tested
in this case and the results were negative. How-
ever, since the structure of the two-particle pho-

non and the two-hole phonon was restricted be-
cause of the model space used, the pairing-vibra-

tion model cannot be completely ruled out as a

useful means of understanding this nuclear sys-

tem.

In the present investigation, an attempt will be
made to explain the experimental situation in *Ar
with the pairing-vibration model treating the pho-
nons involved phenomenologically. This seems to
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FIG. 6. The experimental decay curve obtained in run
No. 3 for the 0* 2.12-MeV state in *°Ar is shown with
filled circles and the solid line. The right slope of the
decay curve falls by a factor of e in 190 psec. The PRF
is shown with open circles and the dashed line; the right
slope of the PRF falls to 1/e of its value in 134 psec. A
time shift and a normalization of the PRF have been made.
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|on

TABLE II. Experimental B(E2) values for transitions in *°Ar, “2Ca, and 3®Ar.

Transitions

Nucleus (MeV) I —~J" Experimental B(E2) (2 F %
Ar 2.12—~1.46 0F —2f 42.9%5.72

4Ar 1.46—0 2t —0f 105+26P

2Ca 1.84—-1.52 $(H =21 (H 556434 ¢

2Ca 1.52—0 21 (+) = 0f (+) 74174

BAr 3.38 —-2.17 03 (=) — 21(-) 46+26°¢

BAr 2.17—0 2{ (=) =01 (=) 32:4¢

2 Present work,

b Taken from Ref. 6. The value from Ref. 7 is B(E2)
=50+ 50 ¢2 F4; it has not been averaged with previous
results because of the large uncertainties.

¢ Taken from Ref. 5.

be the most appropriate way, since the excited
states of “Ca are known to have large deforma-
tions.'® ' On the basis of the pairing-vibration
model it is expected that the nucleus “°’Ar can be
understood in terms of the known properties of
“?Ca and 3%Ar. Experimental B(E2) values of tran-
sitions in *®*Ar, **Ca, and “*Ar are summarized in
Table II. One starts from the two-hole phonons

07 (=), 2] (=) that describe the ground and first
excited states of 38Ar and the two-particle phonons
07 (+), 27 (+) that describe the ground and first ex-
cited states of **Ca. The following states of “°’Ar
can be constructed:

(a) 0* states:

[1)=[07 (+)07 (=),
and
[2) =27 (+)27 (=),

with energies 0 and 3.70 MeV, respectively.
(b) 2* states:

1= 7 107 (121 (=) - 21 (10} (- ),

[2) :% 107 (+)27 (=) + 27 (+)07 (=),
and

13> = I 21(+)21(_)> >

dTaken from Ref. 4. The resonance fluorescence val-
ue of Metzger and Tandon has been used; the Doppler-
shift attenuation method result 62 +7 ¢® F of Kossler
et al. is consistent with this value.

€ Taken from Ref. 3.

with energies 1.85, 1.85, and 3.70 MeV, respectively.
For comparison purposes we identify the |1) and
|2) 0* states as the O] and 0; states, and the |1),
|2), and |3) 2* states as the 2}, 27, and 2] states,
respectively, in “*Ar. The above energies for the
0* and 2* states which are obtained from the spec-
trum and binding energies of 3®Ar and “?Ca are in-
consistent with the experimental energies in “°Ar.
Although the calculated energies are not in good
agreement with experiment, a comparison of ex-
perimental and calculated E2 strengths is of in-
terest. From the known B(E2; 2] (+)~ 07 (+)) =74
+17 e F* and B(E2; 2] (=)~ 0}(=))=32+4 &*F*

(see Table II), one finds B(E2;2} - 07) =B(E2;0;
—-2})=102 ¢2F*. Theoretical B(E2) values for

“Ar are listed in Table III. The above result
agrees with the experimental value for the 27— 07
transition within the experimental uncertainties,
but not with the 0; - 2] experimental B(E2). Mix-
ing of the above states is not likely to improve the
situation. The nuclear interaction has a rather
strong quadrupole-quadrupole component and one
expects a strong coupling, e.g., between the 0}
and 0, states, which will result in a still larger
energy difference between the two 0* states. It
seems imperative, therefore, to expand the above
model space. This model and subsequent expan-
sions yield small values for the B(E2; 2] - 0;) and

TABLE III. Comparison of theoretical B(E2) (e? F!) values for 03 — 2} and 2f — 0} transitions in “9Ar from the vari-
ous calculations described in the text.

0f(+), 2f(x)

0f(+), 2f(z), 03(x) phonons

J;—~d phonons No mixing Interaction A Interaction B Experimental
03 —2¢ 102 556 388 288 42.9+5.7
2t -0t 102 74 88 152 105+ 26
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B(E2;2; - 07) which are consistent with experi-
mental results.®

The above model space can be extended by no-
ticing that there exist second 0* states for both
38Ar(0} (~)] and “2Ca[0} (+)] which lie low in energy.
Hence the following basis is constructed:
(a) 0 states:

[1) =107 (+)07 (=),

[3)=107 (+)0; (=),
and

[5) =105 (+)0; (=),

with unperturbed energies 0., 1.84, 3.37, 3.70,
and 5.21 MeV, respectively.
(b) 2* states:

[1)=12,(+)0,(=)),

[3)=[27(+)21 (=),
and

[5) =127 (+)07 (=),

with unperturbed energies 1.53, 2.17, 3.70, 4.01,
and 4.90 MeV, respectively.

If one identifies the lowest of the above states
with the known experimental energy levels, the
agreement with experiment as far as energies are
concerned has substantially improved. However,

12) =[0; (+)07 (=),
|4> = ‘ 2:(+)21(_)> )

12) =] 07 (+)27 (=),
[4) =107 (+)2,(-),

[}
0#
0#
8 -
20
¥l o
20
+
-~ 6F 2
] o
s 2
- (2): 2+
> 4 2+
© —o
Y 2
&3 o
2* 2+ 2+
2 o o
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| —
oL o+ o+ M
Experiment Theory A Theory B

FIG. 7. Experimental and theoretical predicted energy
levels in ‘’Ar. In theory case A the phenomenological in-
teraction described in the text was used. In case B a re-
alistic nucleon-nucleon interaction was used.

TABLE IV. Hamiltonian matrices using V=KQ-@
(K =0.0069) (basis states defined in text).

(1) 2) I3) [4) 5)

0t states

0 0 0.749 04 0. 0. |1

1.84 -0.919 91 0. 0. 12)

3.70 —0.402 64  0.494 49 |[3)

3.37 0. [4)

5.21 |5)
2+ states

2.27 0 0.334 98 0. —0.180 68 |1)

401 —0.411 40 0. 0.22115 |2)

1.53 0. 0. 13)

3.70 0.145 46 |4)

4.90 |5)

from the known B(E2; 0; (+)~ 2} (+)) =556 + 34 ¢2 F*
and B(E2;0; ()~ 2] (=))=46+26 ¢® F*, we get for
the B(E2) transitions in *Ar: B(E2;2]-07)= 14
e’ F*, and B(E2;0; - 2{)=556 ¢ F*. The predicted
values are not in good agreement with experiment
as seen in Table III. In order to improve the cal-
culation, mixing of the above states is allowed
via the residual interaction. Two approaches, A
and B, were adopted to that effect.

Calculation A. A phenomenological interaction
of the form K@ - @ was considered (quadrupole-
quadrupole interaction). In order to evaluate the
matrix elements of this interaction we assumed
that the quadrupole moment is the same as the
electric quadrupole moment (i.e., the effective
charges for both neutrons and protons were as-
sumed to be equal to ¢). Then the matrix ele-
ments (J;(+)[| E2||J;(+)) and (J;(-)||E2 [|lJ;(=)) can
be determined from the known B(E2) values (see
Table II) and quadrupole moments. The relative
signs were determined by using the shell-model

t]

TABLE V. Hamiltonian matrices using realistic
two-body interaction (basis states defined in text).

1) [2) 3) [4) [5)
0+ states
0 —0.48668 3.77599 -0.41805 0.22627 |1)
-0.08 -0.072 87 0.22626 0.508 81 [2)
3.70 0.004 67 —0.01942 |3)
3.37 0.613 35 |4)
5.21 |5)
2* states

2,27 -0.52210 1.69047 0.47931 0.00476 |1)
2.12 —0.067 32 0.01906 0.01374 |2)
1.60 —0.652 50 —0.424 90 |3)
3.70 0.07306 |[4)
8.17 |5)
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two-particle and two-hole wave functions. The
quadrupole moment of the 2] (-) state has recent-
1y'* been measured and found to be 0.137 ¢2 F,
This small value is consistent with the shell-mod-
el prediction, since this state is predominantly a
d,;,~* configuration ({d;,, ?||E2[ d;,,7) =0). The
quadrupole moment of the 2 (+) state is not known
experimentally; it was determined from the known
B(E2; 2] (+)— 07 (+)) and the ratio (2] (+)[|E2| 0] (+))/
(27 (+)|| E2]| 2] (+)). The latter was determined by
assuming pure f,,,? for the 2] (+) and 0} (+) states.
The parameter K was chosen so that the energy
difference E(2;) - E(2;) is equal to the experimen-
tal energy separation of these states.

The energy matrices appear in Table IV and the
resulting energy spectrum appears in Fig. 7, theo-
ry A. The predicted energy levels are in fairly
good agreement with experiment. The coupling is
not very strong and the eigenstates remain rela-
tively pure.

The calculated quadrupole transitions of inter-
est are (see Table III): B(E2;2]~ 0;)=88 ¢ F*,
and B(E2; 0] — 2})=388 ¢ F*. The respective “Ar
experimental values are 105 and 42.9 ¢® F* as seen
in Table II. The theoretical B(E2; 0; — 2;) was
somewhat reduced but it is still about 9 times
larger than experiment.

Calculation B. Realistic two-body interactions
were considered as the second approach. The Kuo-
Brown'® bare G matrix elements derived from the
Hamada-Johnson potential were used. The method
of calculation was the same as in Ref. 2 with the
modification that the experimental unperturbed
energies for the above states were used. The
energy matrices appear in Table V. The matrix
element (0(+)0(-)| V|2(+)2(-)) = 3.78 MeV is equal
to the unperturbed energy difference between the
states; therefore, the above-mentioned basis
states are thoroughly mixed. The resulting energy
spectrum appears in Fig. 7, theory B. The pre-
dicted energy spectrum is in poor agreement with
experiment. The calculated quadrupole transitions
of interest are: B(E2;2] - 07)=152 ¢ F*, and
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B(E2;0; - 27)=288 ¢ F*. All of the theoretical
results are summarized in Table III. In both cal-
culations A and B we fail to predict correctly
B(E2;0; - 27). This is due to the fact that the
dominant contribution comes from B(E2; 05 (+)

- 2] (+)), which is much too large. It seems that
the expanded version of the pairing-vibration
model, even after mixing of the basis states is
allowed, cannot explain the experimental data.
The inclusion of the 0; (+) and 0; (-) phonons tends
to improve the energy spectrum but it makes the
prediction of quadrupole transitions worse.

It is difficult to understand why the above cal-
culation A fails to reproduce the experimental
quadrupole transitions. It is true, of course, that
the 2] (+) and 0; (+) states have large deforma-
tions.'?* 13 Although this was taken into account
by treating the **Ca phonons phenomenologically,
it is not clear to what extent the interactions can
be approximated by a simple @-@ force. Thus,
one cannot confidently attribute this failure to the
pairing-vibration model.

The microscopic description in conjunction with
realistic interactions offers a better possibility
of success provided that a detailed shell-model
calculation for **Ca including deformed (e.g., 4p-
2h) components becomes available. Only after
such a calculation can definite conclusions about
the pairing-vibration model be drawn. It is es-
sential that this model should be able to reproduce
both the energies and electromagnetic transitions
simultaneously.

It is possible that one could work within the two-
particle and two-hole shell-model space provided
that an “effective” interaction is used that takes
proper account of core deformations. In such a
case the inclusion of additional two-particle and
two-hole phonons will improve the situation. If,
however, the inclusion of such phonons becomes
necessary, the applicability of the pairing-vibra-
tion model to *°Ar will be less useful, since a
multiphonon description approaches a full shell-
model description.
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Spontaneous-fission isomers have been searched for among the recoil products from the
following reactions: Bi*® +H!, Bi?®+H?, Bi’® +He!, Pb+H?, Pb*% +He!, Ir + N4, Tm!®®+NY,

Gd'54 + He?, and Pri4 +N!,

The major products were Pol%8-208 Bj19-28  pyldd-151 " At and

Os. In no case have isomers been observed unambiguously. Limiting cross sections for

fission isomers are ~10~3! to 10~ cm? compared to product cross sections of 10724 to 10725
cm?. The limiting isomer ratios are ~10~% to 10-% for decay periods of a fraction of a nano-
second to many hours. These ratios are generally less than ~1 to 0.01% of the correspond-

ing ratios for fission isomers in heavier nuclei.

1. INTRODUCTION

In recent years there has been a great deal of
theoretical and experimental research on the sta-
bility of highly deformed nuclei and the role of
“shell structure” for such nuclei. Experimental
studies of the fission barriers by lifetime and
cross-section measurements have been most use-
ful for testing various theoretical approaches.!
Since 1962 a number of lifetimes have been deter-
mined for spontaneous-fission isomers with neu-
tron number greater than 126 and Z=>92.2 Calcu-
lations by Strutinsky ef al.® and by Nilsson et al.*
indicate that these isomers owe their existence to
a second minimum in the fission barrier which in
turn arises from shell structure. These same cal-
culations predict a certain stabilization of highly
deformed nuclei with N<126 and Z> 82 and for
N<126 and Z<82. However, it is thought that if
there are observable “shape isomers” in these
nuclei of lower Z, the probability for fission
should be much lower than for the spontaneous-
fission isomers of Z=>92.* Therefore, it was very
surprising when, in 1969, spontaneous-fission
isomers were reported to be observed®® with rath-
er high cross sections (>1 ub) for products with
Z=~ 83,5 76, and 66.° If spontaneous fission occurs
in such low-Z nuclei, one might expect that states
of high angular momentum could be involved.”

We resolved to search for angular momentum

effects on production cross sections for spontane-
ous fission from low-Z nuclides. The combination
of the Orsay synchrocyclotron and variable-en-
ergy cyclotron provides a wide range of projectile
masses and energies which in turn can provide ex-
cited nuclei with very different angular momentum
spectra. For studies of Po and Bi products we
have used the reactions Bi?*® + H!, Bi2®+H? Pb
+H?, Pb2%®.He! and Ir +N'. From the extensive
cross-section studies of Bi?*® + H! and Pb2% + H*

we know that for the energies we used, cross sec-
tions are >100 mb for Po nuclides of 208 <A <198
and Bi nuclides of 208 <A <199.8° For studies of
Dy products we have used the reactions Gd'** + He*
and Pr'* +N'. Cross sections of >100 mb have
also been determined in these reactions for Dy
isotopes of 151 <A < 149.10.1

During the course of this work, serious difficult-
ies were reported to us in the earlier cross-sec-
tion measurements for spontaneous fission of Po
and Dy products.!? It became clear that a sensi-
tivity of much greater than one microbarn would be
needed for a useful search for fission isomerism.
Also, it was clear that the report® of delayed fis-
sion for Z=~ 76 should be reexamined.

The results of this study provide no positive ob-
servation of spontaneous-fission isomers with per-
iods of a fraction of a nanosecond to many hours.
The limiting cross sections are from ~1073! to
10732 ¢m? and the limiting iSomer ratios are ~10~¢



