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The (n,n'y) reaction has been used to search for two-phoparnbrational states il®Er. Levels
at 1943 and 2028 keV have been observed with collective transitions tg band. The latter, which
has B(E2;2028 — 27) = 7.4 = 2.5 W.u. (Weisskopf unit) is interpreted as thieK™ = 4,4" two-
y-phonon state. The former, for which the data indicate spin 0, B@R; 1943 — 2;) =21*6
W.u. and is interpreted as theK™ = 0,0* two-y-phonon state. This is the first observation of the
K™ = 0" two-y-phonon state in a well-deformed nucleus, and its identification places stringent limits
on the nuclear models. [S0031-9007(97)03409-1]

PACS numbers: 21.10.Tg, 23.20.En, 25.40.Fq, 27.70.+q

The existence of two-phonon states in deformed nuclefs well, the introduction of @ -unstable shape could pro-
has been the subject of considerable debate for ovetuce nearly degener and4?  states at an energy of
30 years. The recent measurement [1] of enharced =2.5 times that of they vibration(z;). The SCCM pre-
transitions from a level at 2055 keV M®Er, interpreted  dicts [8] that the energy of thej7 excitation is strongly de-
as theK™ = 4% two-phonony vibration (4;7), has not pendent on the quadrupole-quadrupole strergtlihereas
silenced the controversy which is now centered on thelehe4;y state has a weaker dependence. Therefore, for ap-
magnitude of the twars-phonon component in the wave propriate values ok, the two may approach a degenerate
function needed to reproduce the enhanédrate and condition. The QPNM predicts [4] that whilethéy state
the extent to which these states appear in other nuclenay existin afew nuclei,th@jy state lies at energies2.5
[2—7]. Following the discovery of thetz;y state in'®Er,  MeV and will be strongly fragmented. Similarly, the MPM
attempts [2] were made to locate candidates for these statpsedicts [9] that the;y state is very anharmonic, with a ra-
in other nuclei, mainly by considering branching ratios andio £(0;,)/E(2}) ~ 3.5, while E(4,,)/E(2]) ~ 2.8. As
energy systematics. For many of these candidates, Burke consequence of the predicted high excitation energy of
[3] has argued that data exist which rule out the possibilitytheo;y state, this excitation may lose its collective charac-
that the main components in their wave functions are ofer due to mixing with the large level density of other, non-
two-phonon character. This demonstrated the need fagollective excitations [9]. The DDM [10] indicates that the
absoluteB(E2)-value measurements and for consideringlowestlying 0" states in®~18Er are twoy phonon in na-
all data before assigning levels as two-phonon states. ture. This possibility was also suggested recently by Cas-

Certain models, such as the self-consistent collectiveten and von Brentano [13] based sd#-IBM (interacting
coordinate model (SCCM) [8], the multiphonon methodboson model) calculations, but was challenged by Burke
(MPM) [9], the dynamic-deformation model (DDM) and Sood [14] and by Gunthet al. [15]. Therefore, ev-
[10], etc., predict that states with propertieszkjfy states idence of the existence of thhj state and its location
should be widespread in the well-deformed rare-eartltan yield important information, not only on the values of
region. The quasiparticle-phonon nuclear model (QPNM)yarious parameters needed for models, but also as a much
[4], on the other hand, predicts thaty states should more sensitive test of different model approaches than the
exist in a few special cases only, such'&Dy, 'Er, 4/ state.
and '®Er. This limited set of nuclei arises from the In order to search for possible twpphonon states,
behavior of the density of levels in the vicinity of th@f,/ a series of(n,n’y) measurements was performed at the
states; these nuclei are predicted as being the only onémiversity of Kentucky Van de Graaff facility. Nearly
for which the density is sufficiently low that the two-  monoenergetic neutrons from tHél(p, n)*He reaction
phonon states are not greatly fragmented. bombarded an 82 g sample of,Bx enriched to 98% in

A feature common to many models is that they predict'®Er. Gamma-ray excitation functions with neutron en-
a relatively pureK™ = 0* two-phonony vibration(O;ry) ergies fromE, = 1.4 to 3.1 MeV, angular distributions
should not exist. Bohr and Mottelson [11] suggested thaat E,, = 2.1 and 2.5 MeV, andyy coincidence measure-
for 198Er these states should lie above ﬁfg/ excitation, ments with collimated 3.2 MeV neutrons were performed.
in the vicinity of 2.5 MeV. In a more detailed treatment, In the singles measurements, theays were detected with
Dumitrescu and Hamamoto [12] found that the positions ofan HPGe detector with 57% relative efficiency and a reso-
the two-y-phonon states depended on the anharmonicitielution of 2.1 keV FWHM at 1332 keV. The in-beam en-
introduced into the Hamiltonian. In particular, by intro- ergy calibrations were continuously monitored through the
ducing ay-dependent contribution to the moment of iner- use of a°Co source whosg rays were recorded simulta-
tia, theo;y excitation could lie lower than the;,/ state. neously with those produced by tkw n'vy) reaction.
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In addition to spectroscopic information, the angularbe the4? state. Recent Coulomb excitation experiments
distributions can be used to deduce level lifetimes via thg¢17] suggested that a level at 2028 keV had a large
Doppler-shift attenuation method (DSAM). The energycomponent of the two-phonon vibration. The present
of a v ray emitted by a nucleus recoiling in a stoppingwork confirms that this level decays by the 1169 and
medium is given by 1242 keV transitions. Other possible candidates were

. ruled out due to observed strong transitions to the ground

Ey(0y) = Eol1 + BF(7)c0s0,], (1) state band, previously known spiparity assignments, or
where E,(6,) is the energy of they ray observed at the apparent noncollective nature of the transitions. The
an angled, with respect to the recoil direction (taken 1157 keV transition will be discussed below.
to be the direction of the incident neutrong), is the Fahlanderet al. [17] had shown, using angular corre-
unshifted y-ray energy, ands3 is the recoil velocity in lations, that the 2028 keV level was consistent with spin
units of c. The extracted experimental attenuation factor4. Furthermore, using the Alaga rulesKa= 4 assign-
F(7) can be compared with th&(r) calculated using the ment was adopted. In the present work, an analysis of the
formalism of Ref. [16], from which the level lifetime can angular distributions and the excitation functions also in-
be determined. dicates a spin of 4, and the same conclusion as Ref. [17]

Since aK™ = 4" band head is expected (from the is reached regarding thié value [18]. Therefore, in two
Alaga rules) to decay to both the spin 2 and 3 memberindependent experiments, the 2028 keV level has been as-
of the ¥ band, transitions which had strong coincidencessigned as having, K™ = 4,4™.
with y rays from the2! and 3; levels and differed by Fahlanderet al. [17] observed an 1157 keV transition
73 keV (the3] — 2 energy difference) were identified. in their Coulomb excitation work, but their data indicated
Shown in Fig. 1 are portions of the coincidence spectr@nly that it fed either the ) or 37 levels. Furthermore,
with gates set on transitions decaying from m and as no angular distribution for the 1157 key ray was
33 levels. The 1119 and 1192 keV transitions originateobtained, the spin of the issuing level was not determined.

from the level at 1978 keV, which was suggested [2] tolf the 1157 keV transition was assumed to feed ﬂje
level, the absence of a transition to th;é state could be

used to imply [17] that the originating level hdd = 0*
100 1200 1300 orl1 . It was further suggested [17] that it originated
' : ' ' - ; from a spin O state, in which case tl&E2;0" — 2;)
L Gate: 2 ~0.,2 gsof 1 value calculated from the yield of the 1157 keW ray
i 1 would be12$ W.u. (Weisskopf unit).

In the present work, based on the coincidence relations
and excitation function thresholds, the 1157 ke\fay is
placed definitely as a decaying transition from a level at
1943 keV. No other transitions from this level are ob-
served. The angular distribution of the 1157 ke\tay
, ‘ , , , \ is isotropic, which is suggestive of spin 0, but not de-
“ot ' ' ' 1 finitive. Shown in Fig. 2 are excitation functions for se-
el Cate: 3,22, | lected levels with known spins, and those of the 1943 and
T 2028 keV levels. The experimental excitation functions
deviate from the calculated curves for bombarding ener-
gies greater than 2.4 MeV; this is probably related to the
omission of levels>2 MeV in the calculation, and the
choice of the optical potential used. However, as can be
seen, the curves are quite distinct for most spins, and the
excitation function for the 1943 keV level, together with
the isotropic angular distribution of the 1157 keVray,

E. (keV) lead to the unique assignment of spin 0. Hiosencdup-
Y per limit of 4%) of anE?2 transition to the2™ level of the
FIG. 1. Selected coincidence spectra from tf&r(n,n'yy)  ground state band is quite remarkable since this transition
reaction performed with 3.2 MeV neutrops. The upper partshould be strongly favored based on #ipdependence of
shows coincidences with the 703, — 2,0) and 786 keV  the transition rate, and suggests that one should consider
(2y — 0g,) transitions, while the lower part displays coinCi- yhis o+ state to be a possible collective excitation based

dences with the 779 ke\(3} — 2%,) transition. The inset ; ; ; ; _
displays the portion of the sypectrugm around the 1157 keV trans)n the y vibration. Shown in Fig. 3 are plots of-ray

sition obtained during the angular distribution experiment with€Nergy as a function of casfor the 1242 and 1157 keV

2.1 MeV neutrons. The 1157 keY ray is well resolved from Y rays. The experi.me'ntal value'ﬁ‘f(r) _iS noted for each
other transitions. transition, and the lifetimes are listed in Table I.

1140 1148 1156 1164

Counts per channel

100 1200 1300
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S . I
2.0222.42.62.8 2.0222.42.62.8 experimental values. (For some models, predictions are
Neutron energy (MeV) available only for'®Er; however, the similarity of the

FIG. 2. Excitation functions for levels with known spins; properties of low-lying states suggess that the values listed

4+ (1678), 1- (1830),3- (1917),0" (1934), compared with &€ probably appropriate fofoEr as well.)  While all
calculations from the programinpy [19] for the respective models listed in Table Il can SatleaCtOflly describe the

parities. The shape of the excitation function of the 1943 keV4_  state, only the harmonic oscillator, the Bohr-Mottelson
level agrees with that calculated for spin 0, and also with tha(BM) approach, and the SCCM give a good description

of the 1934 keV state. The shape of the excitation functio + o :
for the 2028 keV level agrees with that of the 1678 keV staten.Of the 0,, state. The SCCM prediction could be fur

Ambiguities between spin 0 and 4 can be removed by referring€r improved by a suitable adjustment of the quadrupole-
to the angular distribution data. quadrupole strengtk which would lower the();,/ energy.

The QPNM and MPM both predict that the relatively pure
An upper limit of B(E2;4" — 2) < 5 W.u. for the 0% state should not exist due to a high degree of frag-
1978 keV level is established from the present data, conmentation, contrary to the present results, while the DDM
sistent with the results of Fahlandaral. [17] of 0.9 = 0.4  predicts it to be the first excited” level and to have
W.u. For the 2028 keV level, the observ&dE2;4* —  a much more enhancefl2 decay rate. Detailed results
2%) =74 + 25 W.u. value suggests a collective en- for all excited0* states in thesdg-IBM calculations for
Y 168 i 6 i
hancement when compared to tma;yf — 0} B(E2) Er, expected to be similar fdf°Er, were not published
value [20] of 5.5 = 04 W.u., and is in gégreement in Ref. [21]. Howeversd-IBM calculations indicate that
with the value of 49 + 1.8 W.u. determined from most of theB(E2;0;” — 2) strength is exhausted by the
Coulomb excitation [17]. The ratiB(E2;4" — 27)/ 0, state [13], and thus the IBM predictions listed are those
B(E2;2, — 0g) = 1.3 = 0.4 is less than the expected
harmonic value of 2.8, but is not unlike the value of 1.5TABLE I. Measured lifetimes, relative/-ray intensities, and
observed [1] in'®8Er. For the 1943 keV level, thB(E2; ~ Multipole-mixing ratios for proposed twp-phonon states.
0 — 2;) =21 i(6 )W.u. also indic+ates ?n enhance- g [keV] 7 [fs] E, [keV] Placement I, S
ment, yielding aB(E2) ratio with the2 — 0, of 3.8 = N N
1.3, in reasonable agreement with the expected harmonic2028:2  320(110)  1242.3 417 - 21 0.47(1)
A 1168.8 4 — 3% 0.46(1) 4.5(1.0)
value of 5.0 for &, state. 144 L4
vy : 4557 43 — 4~ 0.07(1)
In Table Il, the properties of twg-phonon states ex- 942.7 350(100) 1156.8 017 S92t 10
pected in various models are listed with the observed : —_ Y :
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TABLE Il. Comparison of the experimental properties with disagree with the dynamic deformation model. The IBM
several different model approaches for proposed faionon  predicts that only th€; state will exhibit collective tran-

states. sitions to they band, and that it should be significantly
Ex(45,) E(0y,) BE24,,—2))  B(E20,,—2))  populated in two-neutron-transfer reactions, in disagree-
B | EBGny)  BE2H00)  BE2-00)  ment with the experimental properties of thg, level.

Expt. 2.58 2.47 1.3(4) 3.8(13)  There is good agreement with predictions of the harmonic

Harmonic 2.0 2.0 2.78 5.0 oscillator, self-consistent collective-coordinate model, and

BM* 2.5 2.6 2.5 4.0 a Bohr-Mottelson approach.

QPNM® 2.65 1.8 <1 The authors acknowledge useful discussions with J.

DD'VL 2.4° 15° 1.3 7.3 Jolie and M. T. McEllistrem. This work was supported

IBM " 2.5 15 1.4 18 by the U.S. National Science Foundation under Grant

SCCM 2.57 3.10 1.9 1.9 No. PHY-9515461

MPM?¥ 2.82 3.68 0.57 0.07 ) ’
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