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The intensities of the high-energyp rays in the 2.1-day decay of 3
Np to Pu are mea-

sured using a high-resolution Ge(Li) detector (full width at half maximum of 1.7 keV at 1333
keV). The branching ratios for the transitions from the y-vibrational band are found to be
consistent with values of (26.5+ 7.8)&& 10 for z, the band-mixing parameter for the ground-
state rotational and y-vibrational bands, and =-7&& 10 for s8&, the parameter for the mix-
ing of P- and y-vibrational bands.

I. INTRODUCTION
to study the deexcitation of 2 and 3' y-vibrational
states.

It is now well established that the branching ra-
tios for the E2 transitions from y-vibrational
bands to ground-state bands indicate a small mix-
ing of these bands. ' The rotational-vibrational in-
teraction is usually characterized by the coupling
parameter z." A single value of z is expected to
explain all the observed intensities of the transi-
tions between the two bands in a nucleus. Consid-
erable work has been done in support of such a
description in the case of deformed nuclei of the
rare-earth region, ' "as well as heavy deformed
nuclei. "" The strong excitation of two K=2 vi-
brational levels at 1030 keV (2') and 1071 keV (3')
in "'Pu was well established by previous work. "
Borggreen, Nielson, and Nordby" determined the
branching ratios for the transitions deexciting
these two levels from conversion-electron inten-
sities assuming a theoretical nE for pure E2 tran-
sitions. They found an average value of z =0.025.
In the present work the relative y-ray intensities
are measured using a high-resolution Ge(Li) de-
tector with calibrated relative efficiency in order

II. EXPERIMENTAL PROCEDURE

A few p, g of '"Np were irradiated in the thermal-
neutron beam from the Lockheed reactor. The y-
ray spectra were measured with a high-resolution
(full width at half maximum of 1.7 keV at 1333 keV)
Ge(Li) photon spectrometer. The detector and
electronic circuitry have been discussed else-
where. "'" The photopeak efficiency calibration of
the detector was made using International Atomic
Energy Agency calibrated sources.

III. RESULTS

A typical y-ray spectrum of the high-energy re-
gion is shown in Fig. 1. The decay of each of the
photopeaks was followed over several half-lives.
The unidentified y rays in the spectrum did not be-
long to the decay of "Np. The closely spaced
doublet of 1027.4- and 1029.9-keV y rays is clearly
resolved. The energies and relative intensities of
the y rays measured in the present experiment are
presented in Table I. y rays at 990 and 1034 keV
corresponding to transitions from a level at 1034
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Fyo 1 High-energy p-ray spectrum from the 2.1-day Np — Pu decay taken with a Ge(Li) detector having, an
FW'HM of 1.7 keV at 1333 keV. The energies are in keV.

keV in Pu prpppsed by Albridge and Hollander
were not found, and upper limits were set for
their presence. Assuming the theoretical value of
8.96 x10 ' for o.E for the 1029.9-keV (2, 2' -2, 0+)
transition, which is expected to be pure E2, the
values for n~ for the four other transitions ob-
served in the present work are calculated with the
aid of our y-ray intensities and the conversion-
electron intensities from the work of Borggreen,
Nielson, and Nordby. The experimental values

are compared with the theoretical values of o.E for
pure E2 given by Hager and Seltzer" in Table I.
No substantial evidence was found for any M1 mix-
ing. A revised decay scheme, incorporating the
present relative y-ray intensities and the earlier
work on the P spectrum and conversion electrons,
is presented in Fig. 2. For the branching of the
spft component, earlier P-spectrum studies" """
assigned values of (58+4)%, 53%, 55%, and 59%,
respectively, and an average value of 56% is adopt-

TABLE I. Energies, relative y-ray intensities, and u& for the transitions in 238Pu.

Transition
X Ig Ig

2 2+ 4+
23 4+
2 2+-2+
2 3'-2+
2 2+-0+

Energies
{keV)

884.6
925.4
985.8

1027.4
1029.9
990

1034

Relative
intensities

3.3+ 0.4
11 + 0.7

100
32 +2
69 +5
(0.15
&0.15

Experiment~

11.9
9.3
9.1
9.0
9.0

Theory {E2)b

11.9
10.9
9.7
9.0
9.0

~Values are obtained from the conversion-electron data
of Borggreen, Nielson, and Nordby (Ref. 17).

Values are obtained from the work of Hager and
Seltzer (Ref. 25).
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TAPLE g ~N2)2 ratios for the de ecay of -v'y-vibrational band

0

0

0

Transition
B(E2) Ratio

Experiment Th .eory (z = 0)

y- and g.s.-band
coupling only

Correction
factor f z

Correction
factor f

P- and y-band
coupling included

2 0
2'7 2-2 0.57 + 0.04 0.7

1-z 2

1+2z —3z By

2 4
2 2 0.057 + 0.007 0.05 0.010+ 0.008

1+9z + 12z
1+2z —Bz—z By 0.025+ 0.012 ~-0.007

2 0
2 4 9.9 +1.2 I+9z+ 12z By

0.58+ 0.04 0.4
1+6z 2

1-z
1+6z

0.028+ 0.010 1-z 0.028 + 0.010
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ed. The following values for the P branching to
levels at high energy a.re obtained: 1071 keV (11%%uo),

1034 (&0.08%%uo), 1030 keV (45%), and 984 (&0.16%).
The present work yields a limit for the feeding of
the level at 1034 keV much lower than the value of
7'%%uo from the work of Albridge and Hollander. "

IV. DISCUSSION

The ratios of B(E2) values are calculated from
the experimental relative intensities and energies
for the transitions deexciting the 2' and 3' y lev-
els, assuming pure E2 character, and are listed
in Table II. The theoretical B(E2) ratios for z =0
and the values of the coupling parameter z to ex-
plain the observed ratios are also presented. The
correction factors f that enter into the expression
for B(E2) values, i.e.,

B(E2, I;—Iy) =B(E2,I;K=2-I~K=0) f(z, I, , Iq)

are also listed. In spite of the large error limits
involved, the z values seem to have a wide range,
thus apparently not subscribing to the single-pa-
rameter band-mixing theory. This discrepancy
cannot be attributed to any M1 admixture in the
transitions, as is evident from the K-conversion
coefficients presented in Table I. The smallness

of M1 admixture is well established both in the
rare-earth region and the region of the present in-
terest. The possibility of substantial EO admix-
ture in the transition of the type AI =0 is also not
evident from the agreement between the experi-
mental value of e~ and the corresponding theoreti-
cal value of o.z(E2) for the 985.8-keV (2, 2'-0, 2')
transition.

The presence of a possible level at 984 keV be-
longing to the P-vibrational band raises the ques-
tion whether there is any coupling between P- and
y-vibrational bands. The P and y interaction is
taken into account by introducing an additional pa-
rameter z&&, and the correction factors f(z, z8&, I, ,

I~) are listed in the work of Lipas. " The parame-
ter z&& enters only into the correction factor for
the branching of the 2' y level and not the 3' y lev-
el. From the data on the 2' y level in Table II, z8&
is estimated to be about -0.007, while the new val-
ue of z is 0.025+ 0.012, which is in agreement
with 0.028 obtained for the branching of the 3+ y
level. Thus the mixing of the y-vibrational and
ground-state rotational bands can be explained by
a single parameter z, the average value of which
is 0.0265+0.0078, if we include a small amount of

P and y interaction.
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