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A search for the double-g vibration is performed using thermal neutron capture on163Dy. A level at 2173
keV in 164Dy is found to exhibit a collective enhancement in its decay to the single-g vibration, suggesting a
contribution from theKp541 double-g excitation. Both its energy and the measuredB(E2) value to the
single-g vibration are in reasonable agreement with the different theoretical predictions.
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PACS number~s!: 21.10.Re, 23.20.Lv, 25.40.Lw, 27.70.1q
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Recent experimental improvements in nuclear spect
copy following Coulomb excitation@1#, inelastic neutron
scattering@2#, and thermal neutron capture@3# make possible
the measurement of lifetimes of highly excited, low-sp
states that have been previously inaccessible. Knowledg
the level lifetimes allow, for instance, reduced transiti
rates @most importantlyB(E2) values# to be determined,
which are one measure of the collectivity in the wave fun
tion for a state. The transition rates often present deta
tests of our understanding of the nuclear many-body pr
lem, because they can confront well-established descript
of low-energy states, and excitations built on them at hig
energies.

In the present work, one of the cornerstones in the col
tive model description of well-deformed rotational nucle
the g vibration @4#, will be studied by the search for it
double excitation. Although the single-g vibration is a firmly
established feature of deformed nuclei@4#, the double exci-
tation was only recently observed for the first time in168Er
@5#. Once identified, the properties of double-g excitations
560556-2813/97/56~3!/1201~5!/$10.00
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can address two fundamental questions about theg vibration:
the amount of collectivity and the degree of anharmonici

The first question concerns the study of the microsco
interpretation of this vibration in terms of its fermionic con
stituents. The long-debated question whether the Pauli p
ciple, in conjunction with the restricted number of twofo
degenerate Nilsson orbits close to the Fermi surface, forb
the creation of a double-g vibration was answered in@5#.
Since this observation, some of the nuclear models h
been refined@6#.

The second question deals with the geometrical interp
tation of theg vibration. The observation of a single-g vi-
bration does not answer the question whether the ato
nucleus vibrates with respect to an axially symmetric o
g-deformed equilibrium shape. However, in the former ca
the double-phonon excitation gives rise toKp501 and 41

bands at approximately twice the energy of the sin
Kp521 vibration. In the latter case, the double excitatio
are much higher in energy@7,8#. The question of the anhar
monicity is still controversial. Most theoretical models pr
R1201 © 1997 The American Physical Society



e-

r
t

ri
m

hi

t o

m
a
io

h

n
f

s

f
to
on
-

on

u
o
.
t-

et
te
ti
te

he
s

1
20

n
th

a
he

.3

u-
of
is
i-
b-
06

e
s

RAPID COMMUNICATIONS

R1202 56F. CORMINBOEUFet al.
dict anharmonicities which lead to double-phononKp541

(4gg
1 ) states at about 2.8 times the energy of the singlg

vibration. As an example, for164Dy the multiphonon method
~MPM! predicts 2.87@9#, the quasiparticle-phonon nuclea
model ~QPNM! 2.82–3.02 @10#, and the self-consisten
collective-coordinate method~SCCM! 2.63 @11#.

While agreement exists between the theoretical desc
tions, the experimental situation is not at all clear. A syste
atic search for candidates for double-g vibrations in well-
deformed rare-earth nuclei, based essentially on branc
ratios, by Aprahamian and co-workers@12,13# found candi-
dates with energies ranging from 1.29 to 2.89 times tha
theg vibration. However, it has been argued@14# that single-
nucleon transfer data rule out the possibility that the do
nant component in the wave functions of these candid
levels was two-phonon in nature. The very low-energy rat
for some states found in Ref.@12,13# together with the criti-
cisms by Burke@14#, cast serious doubt on whether branc
ing ratios alone are sufficient to identify double-g vibrations.
It is clear that more absoluteB(E2) values, as well as the
consideration of all data, are needed to settle the questio

The present work will focus on164Dy because it is one o
the three candidates identified by QPNM calculations@10#
and not ruled out by Burke@14#. The other two candidate
are 166Er and 168Er for which the double-g vibration has
been found@5,15,16#. An earlier attempt to identify the 4gg

1

state in 164Dy was undertaken by Winchellet al. @17# using
Coulomb excitation. This work excluded the existence o
double-g vibration below 2.05 MeV, which corresponds
an energy ratio of 2.7. Therefore, the theoretical predicti
can still be correct if the 4gg

1 state occurs in an energy win
dow from 2.05 MeV to 2.3 MeV. The earlier claim
@12,13,18# for the 4gg

1 level at 2205 keV falls within the
energy window. However, this claim is based on a questi
able level scheme@19# as will be shown below.

In order to identify possible candidates for a 4gg
1 state

which are populated after thermal neutron capture, unp
lished @20# ~n,g! data measured at the high-flux reactor
the Institut Laue-Langevin~ILL ! have been reanalyzed
These data consist ofg-ray energies measured with the ben
crystal spectrometer GAMS2/3 and the pair spectrom
PN4, electron spectra measured with the BILL spectrome
andg-g coincidences. The coincidences are used to iden
possible candidates in the following way. Two series of ga
connected with the decays fromg band were placed. The
upper part of Fig. 1 shows transitions coincident with t
754.8 keV (3g

1→2gsb
1 ) transition, whereas lower part show

coincidences with the 761.8 keV (2g
1→0gsb

1 ) and 688.4 keV
(2g

1→2gsb
1 ) transitions. If a candidate for aKp541 level

exists, it should show decay lines in both spectra~the Alaga
rules predict that the decay to the 2g

1 level should dominate!
with a relative energy shift equal to the 3g

122g
1 energy dif-

ference of 66.3 keV. Only two states can be constructed
the 2.05 to 2.3 MeV energy window from the data in Fig.
They correspond to excited states at 2173 keV and 2
keV. The latter one is the state suggested in Refs.@12,13,18#.
Its decay branch to the 2g

1 is, however, doubtful as can bee
seen from Fig. 1, and this transition is not observed in
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high-resolutiong-ray data. Therefore, from the present dat
the 2173 keV level is the only reasonable candidate for t
4gg

1 state.
The 2173 keV level was observed previously in theb2

decay of 164Tb. Based on coincidence relations, the 1345
keV g-ray is assigned as the 2173→3g

1 transition. The con-
version coefficientaK50.0011(4) is determined for this
transition from the electron conversion data, and thus it isE2
in nature.~The theoretical conversion coefficients@21# for an
E2 and M1 multipolarity areaK50.0014 and 0.0028, re-
spectively.! Table I lists the transitions decaying from the
2173 keV level and the measured intensities per 10000 ne
tron captures. It should be noted that the nonobservation
the transitions previously listed as decaying from this level
not due to insufficient sensitivity, since much weaker trans
tions than those expected from the 2173 keV level are o
served. Similar problems appear with the decay of the 22
keV level for which many transitions given in Ref.@19# are

FIG. 1. Selected coincidence spectra from th
163Dy(nth ,g)164Dy reaction. The upper part shows coincidence
with the 754.8 keV (3g

1→2gsb
1 ) transition, while the lower part

displays the sum of coincidences with the 761.8 (2g
1→0gsb

1 ) and
688.4 keV (2g

1→2gsb
1 ) transitions.

TABLE I. Transitions from the 2173.1 keV level.

Eg ~keV! I g Ef ~keV! Jf
p lL

1411.301~112! 82.2~20.6! 761.793~1! 2g
1 E2

1345.288~178! 23.8~5.1! 828.181~1! 3g
1 E2

1930.876~114! 26.3~2.0! 242.223~1! 2gsb
1 E2
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absent from the high resolutiong-ray spectra. The revise
decay scheme for the 2173 keV level is shown in Fig. 2. T
combination of the level scheme and the fact that the 2
keV level is fed in the decay of164Tb suggests that the
previously adoptedI p541 value is correct.@The decay
scheme limits the spin to be (224)1, whereas the feeding o
a level with I ,4 by theb2 decay of the 51 164Tb ground
state is highly unlikely.# With the I p541 assignment, the
Alaga rules can be used to determine theK value. The ex-
perimental value of the ratio B(E2;2173→3g

1)/
B(E2;2173→2g

1)50.37(9) can be compared to the theor
ical values of 14.1 (K50), 6.9 (K51), 2.2 (K52), 0.14
(K53), and 0.56 (K54). The only values with similar
B(E2) ratios to the experiment are those forK53 andK
54. However,K53 can be eliminated since in this case t
most intense transition should be to the 4g

1 level, rather than
the 2g

1 state. Therefore, theI ,Kp54,41 assignment is
adopted for the 2173 keV level.

The g-ray induced doppler broadening~GRID! technique
@3#, using the two-axis flat crystal spectrometer GAMS
@22#, was used to measure the lifetime of the 2173 keV lev
The GAMS4 spectrometer, installed at the high-flux reac
of the Institut Laue-Langevin~ILL !, is able to measureg-ray
energies with an energy resolution up todE/E51026. After
the capture of a thermal neutron, the newly formed nucleu
in an highly excited state from which it will quickly decay b
the emission of an energetic primaryg ray. Each emission o
a g ray induces a small recoil to the atom. Due to the e
treme resolving power of GAMS4, the observation of Do
pler broadening on the line profile of subsequently emitteg
rays caused by these recoils becomes possible. The e
form of the line shape depends essentially on three effe

FIG. 2. Partial level scheme of164Dy. The widths of the arrows
are proportional to theB(E2) values determined from the know
lifetime of the 2g

1 state, and the lifetime obtained from the statis
cal model description of the feeding for the 2173 keV level.
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~1! the slowing-down process in matter,~2! the initial recoil
distribution, and~3! the nuclear lifetime of the excited stat
which decays by the measuredg-ray transition. Provided tha
the two first processes are understood, the observation o
Doppler broadening allows the determination of lifetimes
the fs to ps range@3#. However, in the few ps range one ofte
reaches the limit of the energy resolution of the instrum
and, depending on the recoil distribution, only lower lim
for the lifetimes can be deduced.

The target used consisted of 1.2 g of Dy2O3 enriched to
95% in 163Dy and contained in three carbon containers. T
sample was placed at the in-pile target position of the hi
flux reactor within a neutron flux of 531014n/cm2s. This
high neutron flux is necessary due to the low efficiency o
double flat-crystal spectrometer. The lifetime of the 21
keV level was measured by scanning in second order of
flection the 1411.3 keV transition. The standard proced
described in@3# was used to analyze the data. The instrum
tal broadening taken into account by the so called ‘‘exc
width’’ was determined to be 0.211~13! fringes which equals
8.4~5! marcsec. The thermal velocity was deduced fro
scans of the 277 keV and 688 keV lines, decaying transiti
from relatively long-lived states, and equaled 516~22! m/s. In
order to accumulate enough statistics, the 1411.3 keV
was scanned extensively. The broadened line profile
been fitted with the codeGRIDDLE @23#. The slowing down of
the recoiling nucleus was treated in the framework of
mean free path approximation~MFPA! @3#. Figure 3 shows
the comparison between the fit of the data and the exp
mental line shape, obtained from summing all data. Note
the lifetimes were fitted to all individual scans in order
avoid effects due to possible long term drifts of the sp
trometer.

The main difficulty in applying GRID to heavier nuclei i
the uncertainty concerning the feeding paths. The lifeti
limits are obtained with extreme feeding assumptions: to
termine the upper limit direct feeding of the level under i
vestigation was assumed, whereas for the lower limit
known lines feeding the level have been taken into acco
and the rest of the intensity has been assigned to come
four hypothetical states situated 0.5, 1.0, 1.5, and 2 M
above the 2173 keV level. All transitions were assumed
arise from states with an infinite lifetime. Results deriv
with the different feeding assumptions are listed in Table
From these limits, the lifetime is determined to be~taking
account of lower and upper uncertainty estimates, resp
tively! in the interval from 110 to 770 fs. Also shown is th
result obtained from a statistical model@24# describing theg
cascades feeding the level, which leads to the most lik
value for the lifetime of 4102130

1280 fs.
Having obtained the multipolarities, conversion coef

cients, branching ratios, and lifetime, the upper and low
limit for the B(E2;2173→2g

1) values are found to be 16.
W.u. and 2.2 W.u., respectively. The most likely value, o
tained from the statistical description of the feeding,

TABLE II. Lifetime for the 2173.16 keV level derived unde
different feeding assumptions.

Feeding Lower limit Upper limit Stat. model

t ~fs! 190289
1212 4772134

1293 4092129
1278
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FIG. 3. Comparison between the fitted an
experimental line shape for the 1411.3 keV tra
sition. The dashed line shows the instrumen
response. The full line shows the fitted line shap
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13.0 W.u. Adopting the lifetime of 6.6~4! ps @19# for the

2g
1 state, the experimental ratioB(E2;2173→2g

1)/
B(E2;2g

1→0gsb
1 ) in the interval 0.5–3.9 is determined. If th

most likely value of the lifetime of the 2173 keV level
adopted, aB(E2) ratio of 1.020.4

10.8 is determined, which is
similar to the values of 1.3 and 1.5 found for the assign
4gg

1 states in166Er and 168Er. The B(E2) ratio is smaller
than, but still in reasonable agreement with, the theoret
predictions of the QPNM, MPM, and SCCM models, whi
predict a ratio of approximately 1.8, as listed in Table I
Also given in this table are the energy ratio
Ex(4gg

1 )/Ex(2g
1), and good agreement is found between e

periment and theory.
The rather large interval forB(E2;2173→2g

1) covers the
values expected for a weakly collective state, to a hig
collective one. While there appears to be some degre
collective enhancement, the uncertainty on theB(E2) value
does not allow one to determine definitely if the 2173 k
level is predominately two-phonon in character, or if
merely has a minor two-phonon component in its wave fu
tion. If the K values for the states were good quantum nu
bers, transitions which violated theDK<l rule, l being the
multipolarity of theg ray, would not be observed. Therefor
the placement of the 1930.8 keVg ray implies a certain
degree ofK mixing in the wave functions. Since the low-sp
members of the ground-state band are energetically very

TABLE III. Comparison of the experimental energy andB(E2)
ratios with model predictions@25,11,9# for the proposed double-g
state.

Exp. QPNM SCCM MPM

Ex~4gg
1 !

Ex~2g
1!

2.85 2.83–2.93 2.63 2.82–3.02

B~E2;4gg
1→2g

1!

B~E2;2g
1→0gsb

1 !

0.5–3.9 1.94 1.83 1.75
d
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lated from other levels of the same spin, and hence are
pected to remain rather pure withK50, it is likely that theK
mixing occurs in the wave function for the 2173 keV leve
Thus, it can be argued that the 2173 keV level cannot b
pure Kp541 two phonon state, and the~probable! B(E2)
ratio of unity may be a reflection ofK mixing. It is notewor-
thy that K mixing was also invoked to explain deviation
from the Alaga rules observed for the double phonon sta
in 166Er and 168Er. An alternative explanation could be mix
ing of the Kp541 state with the known two quasiparticl
state at 2194 keV@26#. This might explain the population o
the level in theb decay of164Tb and the decay branch to th
ground state band.

In this work, candidates for theKp541 double-g vibra-
tion in 164Dy were sought. To this aim thermal neutron ca
ture was used. The measurements involved the use of cr
spectroscopy, coincidence measurements, electron spec
copy, and theg-ray induced doppler broadening method. A
I ,Kp54,41 state exhibiting some degree of collective e
hancement in its decay was found at 2173 keV. This coll
tive enhancement suggests a two-phonong-vibration compo-
nent in its wave function, although the present data does
determine if it is the dominant component in the wave fun
tion. If the most probable lifetime for the 2173 keV level
adopted, theB(E2;41→2g

1) value is similar to those of 4gg
1

states in166Er and168Er, and reasonable agreement would
found with all theoretical models which predict two-phono
g-vibrational states in164Dy. As such, in all nuclei for which
all the theoretical models predict a collective double-g vibra-
tion, i.e., 166Er, 168Er, and164Dy, a collective state occurs a
the right energies. Whether the double-g vibration also exists
in other nuclei and at relatively low-excitation energies
mains an open question. For that reason, it would be v
useful to measure lifetimes for more controversial can
dates.
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