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Systematics ofKp582 isomers inN574 nuclei
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An isomer with a half-life of 661 ms has been observed in theN574 nucleus138Gd, populated following
the reaction106Cd(35Cl,p2n)138Gd. The isomer decays via a 583 keVE1 transition with a hindrance per
degree ofK forbiddenness,f n524. This value is similar to the values measured for theN574 isotones
134Nd and136Sm but markedly different from that measured for130Ba. This suggests that there is some change
in structure across theN574 isotones and possible explanations of this feature are discussed.
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PACS number~s!: 21.10.Re, 23.20.2g, 25.70.Gh, 27.60.1j
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I. INTRODUCTION

Isomeric Ip582 states have been observed in the ev
evenN574 nuclei, 136Sm @1#, 134Nd @2#, 132Ce @3#, 130Ba
@4#, 128Xe @5# with half-lives ranging from nanoseconds~Xe!
to milliseconds~Ba, Ce!. The mode of decay of these stat
differs, but in 130Ba, 134Nd, and 136Sm they decay byE1
transitions to the 81 member of the yrast band. The transitio
rate for this decay varies by four orders of magnitude acr
theseN574 isotones. A large proportion of this variation
due to the different energies of theE1 transitions since,
while the energy of the isomeric state is relatively constan
proton number increases, the excitation energy of the y
81 state decreases sharply. Nevertheless, the underlying
sition strength varies by a factor of;40, a difference yet to
be accounted for.

In 136Sm, the properties of the band built on theIp582

isomeric state have been shown@6# to be consistent with a
7
2

1@404# ^
9
2

2@514#, Kp582 two quasi-neutron structure
TheE1 transition from the isomeric state to the yrast ba
assumed to haveK50, therefore hasDK58 and is 7 times
K forbidden. AsZ increases across theN574 nuclei, the
decreasing energy of the first excited state withIp521 in-
dicates@7# that the deformation increases. It might therefo
be expected that theK-selection rule governing theE1 tran-
sition from the isomeric state should be more important
the heavier isotones, leading to a decrease in the trans
rate of theE1 decay and a corresponding increase in
hindrance. This isopposite to what is observed@1#. It is
therefore proposed that the variation in the hindrance is
to a change in the underlying structure of either the isom
states themselves or of the yrast states to which the iso
decays.

In order to get more information on this variation, th
N574 systematics have been extended to the very neu
deficient nucleus138Gd, the highest-Z even-even nucleus in
the sequence which can realistically be studied using st
beam/target combinations and fusion evaporation reacti
The yrast band of138Gd has been observed previously@8#
550556-2813/97/55~2!/620~5!/$10.00
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and, more recently, side bands were observed in a meas
ment@9# using the EUROGAM array in conjunction with th
Daresbury Recoil Separator. However, no information ab
decays from isomeric states was available.

II. EXPERIMENTAL DETAILS AND RESULTS

The nucleus 138Gd was populated using the reactio
106Cd(35Cl,p2n)138Gd at a beam energy of 150 MeV. Th
time profile of the35Cl beam, provided by the 14UD tandem
accelerator at the Australian National University, was 2
ms on and 99.5ms off, and this was incident on a 10 mg
cm2 enriched~86%! 106Cd target. The other experimenta
conditions were similar to those used in a recent experim
@1# to study an analogous isomeric state in136Sm. 138Gd is
produced very weakly in the reaction. Statistical model c
culations estimate a cross section of 4 mb, 1% of the to
fusion cross section, with the main channels beingp
(138Sm!, 3pn (137Sm!, and 2pn (138Eu! with predicted cross-
sections of 20, 58, and 65 mb respectively.

Event matrices of time againstg-ray energy were con-
structed, and background subtracted time projections for
lowest four ground-state-band transitions in138Gd were
found to have a long-lived component. Figure 1 shows
measured time spectrum for the 221 keV~21 → 01) and
384 keV~41 → 21) transitions in138Gd. This decay curve
establishes the existence of an isomer with a half-life o
61 ms.

To deduce the coincidence relationships betweeng rays
associated with isomers, ag2g-time coincidence experi-
ment was performed with the beam chopped to arrive i
ms bursts, separated by 17ms. Events which occurred within
the beam bursts were vetoed so that onlyg rays observed
during ‘‘out-of-beam’’ periods were recorded. Coincidentg
rays~time difference620 ns! were sorted into a matrix and
spectra gated on the ground-state-band transitions~illustrated
in Fig. 2! showed a 583.2 keV transition which was al
observed as a delayed transition in theg-time measuremen
discussed above. This transition is coincident with those
populating the 21, 41, 61, and 81 levels of the yrast band
620 © 1997 The American Physical Society
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55 621SYSTEMATICS OFKp582 ISOMERS INN574 NUCLEI
but not the 616 keV transition@9# depopulating the yras
101 level. The 583.2 keVg ray is therefore placed depopu
lating an isomeric state at an excitation energy of 223
keV, as shown in the inset to Fig. 2. The absence of a
other branches is consistent withIp5Kp582, which is
therefore assumed.

III. ISOMERIC DECAY IN THE N574 ISOTONES

In the 136Sm @1# and 138Gd nuclei, the only observed de
cay of the 82 isomeric state is via anE1 transition whereas
in 130Ba @4# and 134Nd @2#, the energy differences are suc
thatM2 andE3 decays also compete. Details of the decay
each of the states are given in Table I. Column 8 of the ta

FIG. 1. Time spectrum for the 221 keV 21→01 and 384 keV
41→21g-ray transitions in the ground-state band in138Gd. A fit to
the spectrum gives a half-life 661ms.
1
y

f
le

shows that there is a jump by a factor of 35 in the Weissko
hindrance factor (FW) for theE1 branch between130Ba and
134Nd.
The hindrance per degree ofK forbiddenness (f n) is

listed in column 9 and plotted as a function ofZ in Fig. 3.
f n is defined asFW

1/n where n5DK-l is the degree of
forbiddenness andl is the transition multipolarity@10#. The
value of f n for theDK58, 583 keVE1 transition in138Gd is
24.1, similar to the value measured for the analogous tra
tion in the isotones 136Sm (f n524.9! and 134Nd ( f n

5 26.1!. These values are approximately constant but ma
edly different from that measured for130Ba (f n 5 43.5!.
This is contrary to what would be expected if the heav
N574 nuclei are more deformed and theK-selection rule is
correspondingly more rigorous.

FIG. 2. g-ray spectrum showing transitions, in coincidence wi
the 384 keV (41→21) transition in the ground-state band, in th
out-of-beam time region. Inset: Partial level scheme for138Gd.
TABLE I. Summary of data for theN574 isotones.

Nucleus T1/2 Ref. Eg~keV! multipolarity
branching
ratio aa FW

b f n

54
128Xe 63612 ns @5# 204.1 M1 58~13!

286.5 E2 100~13!

56
130Ba 1162 ms @4,21#c 80.3 E1 10~1! 0.4180 2933 109 43.5

462.3 E3 20~2! 0.0363
822.3 M21E3 100~7! 0.0106

58
132Ce 1362 ms @3# 797.3 M2 100

60
134Nd 410630 ms @2# 166.5 E1 100~7! 0.0647 8.43 109 26.1

874.0 M2 7~2! 0.0123

62
136Sm 1561 ms @1# 465.9 E1 100 0.0051 5.93 109 24.9

64
138Gd 661 ms 583.2 E1 100 0.0034 4.73 109 24.1

aTotal conversion coefficients.
bWeisskopf hindrance factorFW5@T(E1)1/2

g /T(E1)1/2
W # @where T(E1)1/2

g is the partial g-ray half-life,
T(E1)1/2

W is the Weisskopf single-particle estimate#.
cUsing the adopted value from Nuclear Data Sheets.
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A. Rotational K-mixing

In order to investigate the underlying physical process
we consider first the degree of rotational alignment in
ground-state bands. Figure 4 shows alignments for
N574 Ba, Ce, Nd, Sm, and Gd nuclei@9,11–14#, evaluated
with the same reference parameters. These data show
dence of a gain in alignment at a frequency of\v;0.35
MeV, attributed to the alignment of a pair ofh11/2 protons
@15#. Figure 4 suggests that in130Ba and 132Ce there is a
weak interaction between the ground state ands bands which
results in a clear backbend. For134Nd, 136Sm, and138Gd,
however, the alignment gain is less sharp and more comp
The states above and below the backbend in130Ba and
132Ce are therefore likely to be relatively pure whereas in
heavier nuclei there could be a larger degree of mixing o
more states.

In order to try and quantify this difference in the structu
of the 81 states in the yrast bands, we have attempted to

FIG. 3. Systematics off n values for observedE1 decays from
the Kp582 isomers in theN574 isotones. The line depicts th
f n values which are predicted using the band-mixing calculat
outlined in Sec. III A.

FIG. 4. Experimental alignments for130Ba, 132Ce, 134Nd,
136Sm, and 138Gd. Harris reference parameters ofI0517.0
\2 MeV21 and I1525.0 \4 MeV23 have been used for all five
nuclei.
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the observed energies of the states in the yrast band of
nucleus using the prescriptions developed elsewhere~see, for
example, Ref.@16#!, initially using two-band mixing between
a ground and ans band. The unperturbed bands have be
parametrized using the variable moment of inertia mo
@17# and the interaction matrix element was assumed to
spin independent. As an example, Fig. 5 shows the result
the two-band calculation for134Nd, where the unperturbed
bands are shown as dashed lines and the perturbed ban
solid lines. In the case of138Gd an acceptable fit could not b
obtained unless a third band was included, the third b
becoming important at spins greater than 12\. Table II lists
the results in terms of the percentage admixture of gro
band ands band in the yrast 81 states of each of the
N574 nuclei under consideration. The results are in qual
tive agreement with the inference drawn from the alignm
plot, namely that the yrast 81 states in130Ba and 132Ce are
relatively pure whereas those in the heavier nuclei conta
sizeable proportion ofs-band admixture, largely because
the very large interaction required for the heavier cases.

The ground band is assumed to haveK50, and thes
band will have a distribution ofK values, which can be es
timated by assuming the approximation of an expansion
ing the Wignerd functions for rotation through 90°@18#.
The values calculated for theK admixtures will depend on
the value of alignment, but the maximum value ofK58
admixture ~for a pair of h11/2 particles coupling toj510)
which can be obtained is;20%. Taken with the results o
the two-state mixing calculation discussed above and ta
lated in Table II, this means that in130Ba the isomer is de-
caying to an 81 state which contains essentially noK58
component, while in134Nd the 81 state is approximately 4%
(20%320%) K58 configuration. It is thus evident that th
E1 transition from the isomeric state in134Nd would not be
as hindered as the corresponding transition in130Ba. The
dashed line on Fig. 3 shows the values off n calculated as-
suming thes-band mixing listed in the last column of Tabl
II. The calculations have been normalized to the empiri

n

FIG. 5. The results of the two-band mixing calculation f
134Nd. The unperturbed bands are shown as dashed lines an
perturbed bands as solid lines. The dots represent the meas
excitation energies of the states in the yrast band.
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TABLE II. Parameters and results of the band-mixing calculations.a

band 1 band 2 band 3b Interaction matrix elements ~amplitude!2 in yrast 81

ground s band V12 V 23 V 13 % ground %s band

56
130Ba I0 6.25 16.9 47 99.4 0.6

C 6.26 28.9
E0 5 2833

58
132Ce I0 7.54 16.9 135 98.0 2.0

C 7.00 19.2
E0 8 3272

60
134Nd I0 8.17 22.4 483 80.3 19.7

C 7.07 16.0
E0 65 2985

62
136Sm I0 7.34 23.0 908 51.3 48.7

C 7.15 7.95
E0 309 2373

64
138Gd I0 10.6 16.9 22.6 359 29 30 60.5 39.4

C 4.14 7.95 15.0
E0 66 1617 3000

aEnergies and interaction matrix elements are given in keV.I0 is in units of 1023\2keV21 and C in
106 keV3\24.
bThe third band is necessary for138Gd but only becomes important at spins greater than 12\.
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f n value for 138Gd. The degree of agreement is remarka
given the assumptions and it would be of interest to us
more refined method of calculating theK distribution and the
admixtures in the various states.

B. Discussion in terms of the structure of the isomeric state

In 128Xe and 136Sm the configuration of the isomer ha

been assigned@19,6# as neutrons in the72
1@404# ^

9
2

2@514#
orbitals which are near the Fermi surface at prolate defor
tion. However, in the case of130Ba two possible configura
tions for the isomeric 82 state have been discussed@20#, a
two-proton configuration with an oblate shape and a tw
neutron configuration with a prolate shape. The authors@20#
decided in favor of the neutron configuration in130Ba
because a similar state had been seen in132Ce. However,
the observed deviation in the measuredf n values could also
reflect a change in configuration of the observed isom
state across the region, with the oblate state being obse
in 130Ba and the prolate state being observed for the hig
Z nuclei. This is a realistic possibility since nuclei
this region are known@15# to exhibitg softness and calcula
tions suggest that for130Ba the potential well has a lowe
minimum for an oblate shape@20# whereas the opposite i
true for 136Sm @14#. A small difference in the shape of th
potential between theN574 nuclei could be the underlyin
reason for the observed decay systematics of the isom
states.
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IV. CONCLUSIONS

An isomeric state, proposed to haveIp5Kp582 has
been observed in the very neutron deficient nucleus138Gd. It
decays to the yrast structure with a half-life of 661 ms. The
hindrance per degree of forbiddenness for anE1 decay is
24.1, close to the values measured previously in theN574
isotones134Nd and 136Sm , but considerably lower than tha
measured in130Ba. Two possible explanations of this ph
nomenon have been proposed, in terms of the structure
shape of the isomeric state itself and of the yrast state
which it decays. While the results of the calculations o
lined in Sec. III A appear to support the band-mixing theo
the fit may be fortuitous and the possibility of shape effe
must not be discounted. In order to investigate this m
thoroughly it is necessary to confirm the configuration of t
isomeric states in these nuclei by examining the bands b
on them, or to measure the shapes of the isomeric
ground states.
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