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FIG. 2. Energy spectra of electrons in coincidence with the delayed fission decay of the shape isomers ' U.

Insets: time spectra of the coincidences for the specified region of electron energies.

for electrons in the energy region of the dominant
conversion lines are shown as insets. The ob-
served decay times are in agreement with the
known half-lives of the ~' U fission isomers of
116 and 195 ns,' respectively. The time resolu-
tion is = 10 ns, mainly determined by differences
in flight paths of the electrons.

The statistically most significant structures in
the electron spectra are lines at 569 and 664 keV
for ~U, and 529 and 624 keV for ' U, with widths
approximately twice as large as the experimental
resolution of 3.4 and 4.5 keV, respectively (Table
I). Because of their energy spacing and relative
intensities, we interpret these lines as K and L
conversion-electron lines associated with transi-
tions of 685 and 645 keV. In both spectra, indica-
tions exist for additional transitions, but the
statistics are too poor to justify any further in-
terpretation.

The intensities of the K lines, corrected for de-
tection efficiency, are comparable to transitions
observed within the rotational bands' based on the
fission isomer, and consequently require strongly
converted transitions, most probably of EO multi-
polarity at those transition energies. Consider-
ing the decay of any nuclear level to the ground-

state rotational band, one would expect, on the
basis of other known decay schemes, at least

236 U 38„

g
FWHM
Re solution

/DF
~r jL exp

684.5 + 0.7 keV
7.1 keV
3.4 keV

(2 0+ 0 3) &10
4.7+ 1.4

645.2+ 0.9 keV
8.6 keV
4.5 keV

(3.5+ 0.4) x 10
4.8+ 1.2

Multipolarities

10 (N„+N )/DF
238U

Q0
El
E2
1Vi ].
ki2

5.3
5.7
2.9
5.2
4.2

2.4
370
125
23
9.5

4 3
550
200

35
14

TABLE I. Average transition energy E, width [full
width at half maximum (FWHM)], energy resolution,
&8 intensity, and experimental &/L ratios. For the
most important multipolarities, the theoretical K/X
ratios and the total number of transitions Ãtpt =A'y +Ng

per delayed fiss.ion (DF) required to reproduce the ob-
served intensities of the ~ lines of the two isomers
are also given.
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two transitions of comparable intensity, with an
energy spacing equal to that of the first rotational
states (20 keV). Such a doublet structure is not
observed in the spectra of Fig. 2. However, in
the case of an EO transition, the competing E2
transition is relatively suppressed, because of
the small E2 conversion coefficient of less than
2x10 '. Furthermore, as summarized in Table
I, multipolarities other than EO require unreal-
istic or at least unusually large population prob-
abilities of the decaying level to be consistent
with the observed intensities. Although anoma-
lously large conversion coefficients have been ob-
served' for E1 transitions in the actinide region,
this multipolarity can be excluded since it im-
plies a doublet structure in the spectrum.

Usually, the multipolarity of a converted transi-
tion can be determined by the K/L ratio. Our
limited statistics, however, does not allow an
assignment by this method. Only pure E2 transi-
tions seem to be inconsistent with the experi-
mental K/L ratios.

The detection efficiency for electrons depends
strongly on the position of their emission, which
in turn is related to the half-life of the transition
by the velocity of the recoiling isomer (0.2-0.4
mm/ns). Consequently, further restrictions on
the multipolarity of the transitions can be obtained
from the upper limit on the half-lives of the ob-
served transitions of roughly 10 to 20 ns. This
eliminates possible E3 or M3 and —mith less con-
fidence M 2 transitions.

In view of all these arguments, the most likely
multipolarity of the observed transitions is EO.
Their interpretation as the decay of the lowest P-
vibrational band in the second well, illustrated in
Fig. 3, is based on the comparison with the elec-
tron spectra of the first well which were recorded
simultaneously and will be published elsewhere. '
At ground-state deformation, the decay of the P
band to the ground-state rotational band occurs
via five resolved EO transitions assigned to 0~'
-0, ' up to 8~'-8, '.'" If the moments of inertia
in the two bands of the second minimum were
nearly the same, one could understand the meas-
ured K-I patterns as the superposition of several
transitions nearly degenerate in energy. If we
assume the same intensity distribution in the
second and first wel. l, a comparison of the widths
of the observed K lines with the experimental
resolution and the supposed decay pattern yields
a difference 4A = iA, -A gi of 0.2-0.4 keV between
the two rotational constants. If A, )A g as is
usually the case, the deduced moments of inertia
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FIG. 3. The proposed decay of the P band in the sec-
ond minimum via unresolved EO transitions in analogy
to the decay scheme of states in the first minimum.
The competing E2 transitions are suppressed by the
conversion coefficient and are therefore not drawn in
the figure. {The excitation energies of the rotational
states are taken from Refs. 1 and 8.)

of the P bands correspond to roughly 85% of the
value for rigid rotation at the deformation of the
second minimum. The phonon energies Sco»
themselves are determined to be 686.0+ 0.7 and
647.8+0.9 keV for ' '"'U, respectively.

An interpretation of the K = 0' bands in the acti-
nides in terms of a simple vibrational model is
difficult in view of the ambiguous character of
these bands. " In such a model, onl. y the ratio of
the stiffness C of the potential and the mass
parameter B is determined via K&u» =@(C/B)'"
and no values for the parameters C and & can be
extracted separately. The mass parameter 8 is
expected to decrease with deformation and to ap-
proach the reduced mass for two separated fis-
sion fragments. " Strutinski-type calculations"
show a strong modulation of this dependence as
a result of shell effects. The mass parameter
calculated for ' 'Pu decreases by a factor of about
1.7 from the first to the second minimum. With
this theoretical prediction and our values for her„,
a stiffness C that is 3-4 times smaller in the
second minimum than in the first is derived. The
calculation" indeed roughly shows such a behavior
of the potential energy with respect to the P-de-
formation degree of freedom.

The parameters B and C also determine the
B(E2) values of the vibrational transitions via
B(E2)-(C*B) ' 2. The above estimates for C and
B give B(E2,0, '-2q') values which are about
2-3 times larger in the second minimum than in
the first (roughly 3 single-particle units com-
pared to about 1.2 single-particle units'~). Thus,
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the vibrational transitions of the shape isomers
seem to be slightly more collective.

In summary, we have identified the lowest P
bands of the shape isomers in ~ ' U by direct
observation of their decays via converted transi-
tions. Other vibrational excitations such as, e.g. ,
the octupole band have not been observed, since
they decay via weakly converted transitions (El)
to which the present experiment is not sensitive.
In the future it may be feasible to study the y de-
cay of these vibrations with an efficient 4m detec-
tor system such as a NaI crystal-ball spectrom-
eter.
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