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A search for the double-vibration is performed using thermal neutron capture!®®y. A level at 2173
keV in Dy is found to exhibit a collective enhancement in its decay to the sipgjiration, suggesting a
contribution from theK™=4" doubley excitation. Both its energy and the measu(E2) value to the
single-y vibration are in reasonable agreement with the different theoretical predictions.
[S0556-28187)50209-3

PACS numbgs): 21.10.Re, 23.20.Lv, 25.40.Lw, 27.70q

Recent experimental improvements in nuclear spectrossan address two fundamental questions abouytibration:
copy following Coulomb excitatior{1], inelastic neutron the amount of collectivity and the degree of anharmonicity.
scatterind 2], and thermal neutron captur@] make possible The first question concerns the study of the microscopic
the measurement of lifetimes of highly excited, low-spininterpretation of this vibration in terms of its fermionic con-
states that have been previously inaccessible. Knowledge atituents. The long-debated question whether the Pauli prin-
the level lifetimes allow, for instance, reduced transitionciple, in conjunction with the restricted number of twofold
rates [most importantlyB(E2) valueg to be determined, degenerate Nilsson orbits close to the Fermi surface, forbids
which are one measure of the collectivity in the wave func-the creation of a double-vibration was answered if6].
tion for a state. The transition rates often present detaile®ince this observation, some of the nuclear models have
tests of our understanding of the nuclear many-body probbeen refined6].
lem, because they can confront well-established descriptions The second question deals with the geometrical interpre-
of low-energy states, and excitations built on them at highetation of they vibration. The observation of a singhevi-
energies. bration does not answer the question whether the atomic

In the present work, one of the cornerstones in the collechucleus vibrates with respect to an axially symmetric or a
tive model description of well-deformed rotational nuclei, y-deformed equilibrium shape. However, in the former case
the vy vibration [4], will be studied by the search for its the double-phonon excitation gives riseKd=0" and 4
double excitation. Although the singlgvibration is a firmly ~ bands at approximately twice the energy of the single
established feature of deformed nudlé], the double exci- K7™=2" vibration. In the latter case, the double excitations
tation was only recently observed for the first timef8Er  are much higher in enerdy,8]. The question of the anhar-
[5]. Once identified, the properties of doubjeexcitations monicity is still controversial. Most theoretical models pre-
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dict anharmonicities which lead to double-phonéfi=4"
(4;,/) states at about 2.8 times the energy of the single-
vibration. As an example, fot*¥Dy the multiphonon method
(MPM) predicts 2.879], the quasiparticle-phonon nuclear
model (QPNM) 2.82-3.02[10], and the self-consistent 2200 |
collective-coordinate methogBCCM) 2.63[11].

While agreement exists between the theoretical descrig
tions, the experimental situation is not at all clear. A system:
atic search for candidates for doubjevibrations in well-
deformed rare-earth nuclei, based essentially on branchir
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ratios, by Aprahamian and co-workdrs2,13 found candi- 140.0 |

dates with energies ranging from 1.29 to 2.89 times that o

the y vibration. However, it has been argued!] that single- 120.0 ]

nucleon transfer data rule out the possibility that the domi-

nant component in the wave functions of these candidat Gate: 638.4 and 761.8 keV

levels was two-phonon in nature. The very low-energy ratios
for some states found in Rgfl2,13 together with the criti-
cisms by Burkg 14], cast serious doubt on whether branch-
ing ratios alone are sufficient to identify doubjeribrations.

It is clear that more absolutB(E2) values, as well as the
consideration of all data, are needed to settle the question..
The present work will focus oA®Dy because it is one of

the three candidates identified by QPNM calculati¢h@]
and not ruled out by Burkgl4]. The other two candidates
are %%Er and %%r for which the doubley vibration has
been found5,15,16. An earlier attempt to identify the : :

state in'%Dy was undertaken by Winchedit al.[17] usifg 100 1300 10 EnergytkeV] 15500
Coulomb excitation. This work excluded the eXistence Of 2"
double+y vibration below 2.05 MeV, which corresponds to  FIG. 1. Selected coincidence spectra from the
an energy ratio of 2.7. Therefore, the theoretical predictions®Dy(n,,,y)'%Dy reaction. The upper part shows coincidences
can still be correct if the 4, state occurs in an energy win- with the 754.8 keV (3—24p transition, while the lower part
dow from 2.05 MeV to 2.3 MeV. The earlier claim displays the sum of coincidences with the 761.8 {204,y and
[12,13,1§ for the 4, level at 2205 keV falls within the 688.4 keV (2, — 24 transitions.

energy window. However, this claim is based on a questionhjgh-resolutiony-ray data. Therefore, from the present data
able level schemgl9] as will be shown below. the 2173 keV level is the only reasonable candidate for the
In order to identify possible candidates for §74state 4% state.
which are populated after thermal neutron capture, unpub- The 2173 keV level was observed previously in e
lished [20] (n,y) data measured at the high-flux reactor of decay of1¢“Th. Based on coincidence relations, the 1345.3
the Institut Laue-Langevin(ILL) have been reanalyzed. keV y-ray is assigned as the 21133; transition. The con-
These data consist gfray energies measured with the bent-version coefficienta,=0.0011(4) is determined for this
crystal spectrometer GAMS2/3 and the pair spectrometetransition from the electron conversion data, and thusktds
PN4, electron spectra measured with the BILL spectrometein nature.(The theoretical conversion coefficiefifsl] for an
and -y coincidences. The coincidences are used to identiffE2 and M1 multipolarity areax=0.0014 and 0.0028, re-
possible candidates in the following way. Two series of gatespectively) Table | lists the transitions decaying from the
connected with the decays from band were placed. The 2173 keV level and the measured intensities per 10000 neu-
upper part of Fig. 1 shows transitions coincident with thetron captures. It should be noted that the nonobservation of
754.8 keV (3 — 2 transition, whereas lower part shows the transitions previously listed as decaying from this level is

coincidences with the 761.8 keV {250+.) and 688.4 key  Not due to insufficient sensitivity, since much weaker transi-
v oo " I ast) . At tions than those expected from the 2173 keV level are ob-
(2, — 24 transitions. If a candidate for K"=4" level

exists, it should show decay lines in both spe¢the Alaga served. Similar problems appear with the decay of the 2206

: ) keV level for which many transitions given in R¢fL9] are
rules predict that the decay to théﬁ Zevel should dominate
with a relative energy shift equal to the;'?rZ; energy dif- TABLE I. Transitions from the 2173.1 keV level.
ference of 66.3 keV. Only two states can be constructed in -
the 2.05 to 2.3 MeV energy window from the data in Fig. 1.5 kev) 'y By (kev) I AL
They correspond to excited states at 2173 keV and 2206411.301112 82.220.6 761.7931) 2+ E2
keV. The latter one is the state suggested in H&3,13,18§. 1345288179 23.95.1) 828.1811) 3+ E2
Its decay branch to the:2is, however, doubtful as can been 1930.87¢114) 26.32.0) 242.2231) 2+ E2
seen from Fig. 1, and this transition is not observed in the
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TABLE II. Lifetime for the 2173.16 keV level derived under
2173.10 o K=dyy different feeding assumptions.
Feeding Lower limit Upper limit Stat. model
7 (fs) 190" 332 477" %3 409278

(1) the slowing-down process in matté®) the initial recoll
distribution, and(3) the nuclear lifetime of the excited state
which decays by the measurgday transition. Provided that
the two first processes are understood, the observation of the
Doppler broadening allows the determination of lifetimes in
the fs to ps rangg3]. However, in the few ps range one often

828.18 v 3+ reaches the limit of the energy resolution of the instrument
} v band and, depending on the recoil distribution, only lower limits
761.79 2+ for the lifetimes can be deduced.

The target used consisted of 1.2 g of Oy enriched to
95% in %3y and contained in three carbon containers. The
sample was placed at the in-pile target position of the high-

2422 4+ flux reactor within a neutron flux of 810%“n/cnts. This
high neutron flux is necessary due to the low efficiency of a
} ground state band double flat-crystal spectrometer. The lifetime of the 2173
0 o+ keV level was measured by scanning in second order of re-

flection the 1411.3 keV transition. The standard procedure
described if 3] was used to analyze the data. The instrumen-
tal broadening taken into account by the so called “excess
width” was determined to be 0.2113) fringes which equals
8.4(5) marcsec. The thermal velocity was deduced from
scans of the 277 keV and 688 keV lines, decaying transitions
from relatively long-lived states, and equaled 8% m/s. In
order to accumulate enough statistics, the 1411.3 keV line
Svas scanned extensively. The broadened line profile has
Been fitted with the coderIDDLE [23]. The slowing down of
the recoiling nucleus was treated in the framework of the
y ) " - mean free path approximatigMFPA) [3]. Figure 3 shows
scheme limits the spin to be (24)", whereaslghe feeding of {he comparison between the fit of the data and the experi-
a level with1<4 by the 3™ decay of thf 5 '%Tb ground  mental line shape, obtained from summing all data. Note that
state is highly unlikelyl With the I7=4" assignment, the {ne |ifetimes were fitted to all individual scans in order to
Alaga rules can be used to determine tievalue. The ex-  4ypid effects due to possible long term drifts of the spec-
perimental value of the ratio B(E2;217%3;)/ trometer.
B(E2;2173-27)=0.37(9) can be compared to the theoret-  The main difficulty in applying GRID to heavier nuclei is
ical values of 14.1K=0), 6.9 K=1), 2.2 K=2), 0.14 the uncertainty concerning the feeding paths. The lifetime
(K=3), and 0.56 K=4). The only values with similar limits are obtained with extreme feeding assumptions: to de-
B(E2) ratios to the experiment are those =3 andK  termine the upper limit direct feeding of the level under in-
=4. However,K=3 can be eliminated since in this case thevestigation was assumed, whereas for the lower limit all
most intense transition should be to th@ kevel, rather than known lines feeding the level have been taken into account
the 2; state. Therefore, thd ,K™=4,4" assignment is and the rest of the intensity has been assigned to come from
adopted for the 2173 keV level. four hypothetical states situated 0.5, 1.0, 1.5, and 2 MeV
The y-ray induced doppler broadenii@GRID) technique above the 2173 keV level. All transitions were assumed to
[3], using the two-axis flat crystal spectrometer GAMS4arise from states with an infinite lifetime. Results derived
[22], was used to measure the lifetime of the 2173 keV levelWwith the different feeding assumptions are listed in Table 1.
The GAMS4 spectrometer, installed at the high-flux reactofFrom these limits, the lifetime is determined to @eking
of the Institut Laue-LangevifiLL ), is able to measurg-ray ~ account of lower and upper uncertainty estimates, respec-
energies with an energy resolution upaE/E:]_O’G_ After tively) in the interval from 110 to 770 fs. Also shown is the
the capture of a thermal neutron, the newly formed nucleus igesult obtained from a statistical modeW] describing they
in an highly excited state from which it will quickly decay by cascades feeding the level, which leads to the most likely
the emission of an energetic primapyray. Each emission of Vvalue for the lifetime of 410%3 fs.
a y ray induces a small recoil to the atom. Due to the ex- Having obtained the multipolarities, conversion coeffi-
treme resolving power of GAMS4, the observation of Dop-cients, branching ratios, and lifetime, the upper and lower
pler broadening on the line profile of subsequently emitted limit for the B(E2;217%2;) values are found to be 16.8
rays caused by these recoils becomes possible. The exaatu. and 2.2 W.u., respectively. The most likely value, ob-
form of the line shape depends essentially on three effectsained from the statistical description of the feeding, is

. |
FIG. 2. Partial level scheme df“Dy. The widths of the arrows
are proportional to th®(E2) values determined from the known
lifetime of the Zy* state, and the lifetime obtained from the statisti-
cal model description of the feeding for the 2173 keV level.

absent from the high resolutiopray spectra. The revised
decay scheme for the 2173 keV level is shown in Fig. 2. Th

keV level is fed in the decay of®Tb suggests that the
previously adopted "=4" value is correct.[The decay
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4_1j§-$ W.u. Adopting the lifetime of 6.@) ps[19] for the lated from other levels of the same spin, and hence are ex-

27 ‘state, the experimental ratioB(E2:2173-27)/  Pected toremain rather pure wik=0, itis likely that theK
B%EZ'Z*—,>O*Q in the interval 0.5—3.9 is deierminedylfthe mixing occurs in the wave function for the 2173 keV level.
’ 'y . . .

; gs L .~ Thus, it can be argued that the 2173 keV level cannot be a
most likely value of the lifetime of the 2173 keV level is pure K™=4" two phonon state, and th@robable B(E2)

a.do.pted, aB(E2) ratio of 1055 is determined, Wh'Ch, S ratio of unity may be a reflection d¢ mixing. It is notewor-
S|£nllar to the values of 1.3 and 1.5 found for the assignedpy that K mixing was also invoked to explain deviations
4., states in**Er and ‘**r. TheB(E2) ratio is smaller  from the Alaga rules observed for the double phonon states
than, but still in reasonable agreement with, the theoreticah r and °%r. An alternative explanation could be mix-
predictions of the QPNM, MPM, and SCCM models, whiching of the K™=4" state with the known two quasiparticle
predict a ratio of approximately 1.8, as listed in Table Il state at 2194 ke\26]. This might explain the population of
Also given in this table are the energy ratios the level in thes decay of'®*Tb and the decay branch to the
E«(4,,)/Ex(2;), and good agreement is found between ex-ground state band.

periment and theory. In this work, candidates for thk™=4* double«y vibra-

The rather large interval fdB(E2;2173-2) covers the tion in %Dy were sought. To this aim thermal neutron cap-
values expected for a weakly collective state, to a highlyture was used. The measurements involved the use of crystal
collective one. While there appears to be some degree afpectroscopy, coincidence measurements, electron spectros-
collective enhancement, the uncertainty on B{(&2) value  copy, and they-ray induced doppler broadening method. An
does not allow one to determine definitely if the 2173 keVI,K™=4,4" state exhibiting some degree of collective en-
level is predominately two-phonon in character, or if it hancement in its decay was found at 2173 keV. This collec-
merely has a minor two-phonon component in its wave functive enhancement suggests a two-phoweribration compo-
tion. If the K values for the states were good quantum num-nent in its wave function, although the present data does not
bers, transitions which violated tieK <N\ rule, \ being the  determine if it is the dominant component in the wave func-
multipolarity of they ray, would not be observed. Therefore, tion. If the most probable lifetime for the 2173 keV level is
the placement of the 1930.8 key ray implies a certain adopted, th&8(E2;4" —27) value is similar to those of%
degree oK mixing in the wave functions. Since the low-spin states in'®Er and%%r, and reasonable agreement would be
members of the ground-state band are energetically very isdound with all theoretical models which predict two-phonon

y-vibrational states it®Dy. As such, in all nuclei for which

TABLE Ill. Comparison of the experimental energy aB(E2) all the theoretical models predict a collective doubletora-
ratios with model prediction§25,11,9 for the proposed doublg-  tion, i.e., 1%Er, %8y, and®Dy, a collective state occurs at

state. the right energies. Whether the doubleribration also exists
in other nuclei and at relatively low-excitation energies re-
Exp. QPNM SCCM MPM mains an open question. For that reason, it would be very
useful to measure lifetimes for more controversial candi-
EX(4;}/) 2.85 2.83-2.93 2.63 2.82-3.02 dates.
E42,) This work was supported by the Swiss National Fund for
B(E2:4,,-2;)  0-5-39 1.94 1.83 1.75 Scientific Research, and by the U.S. National Science Foun-

B(E2;2; —04q) dation under Grant No. PHY-9515461. The authors acknowl-
edge the help of F. Becvar with tlleCEBOX calculation.
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