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Evidence for Octupole Vibration in the Superdeformed Well of 190HI
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An excited superdeformed (SD) band has been observed in 19OHg which

decays to the lowest-energy (yrast) SD band rather than to the less deformed

states as observed in most known SD bands in the A~150 and A-190 regions. The

band exhibits properties which are in good agreement with predictions of

collective octupole vibrations in the SD well of 190Hg.
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The presence of superdeformed (SD) nuclear states, i.e., states with

very elongated shapes, in several regions of the periodic table is now well

documented. 1-3 Besides the lowest-energy SD rotational sequence (hereafter

referred to as the yrast SD band), excited SD bands have also been found in

many nuclei and can be understood in terms of excitations of particles across

the Fermi surface in the deformed mean field. However, no excited SD bands

have been observed based on collectively vibrating band-heads. The existence

of such bands should be expected, since rotational bands associated with

quadrupole and octupole vibrations are commonplace features of nuclei at

normal prolate deformation. The corresponding excitation energies represent

a measure of the stiffness of the nucleus with respect to the deformations

involved.

Among the collective vibrational excitations, those associated with the

octupole degree of freedom have been predicted to play a significant role in

the SD wells of the A-150 and A~190 nuclei. 4"70ctupole collectivity is

enhanced at these large deformations by the presence near the Fermi surface

of many pairs of orbitals with opposite parity and At=3. Calculations using

Hartree-Fock and modified harmonic oscillator mean fields 4"7predict that in

the A~150 and A~190 regions, the SD minimum in the potential energy

surface is far more octupole-sofL than the first minimum, and that this

softness extends to the non-axially symmetric octupole modes, which are

relatively unimpo_t for shapes with smaller deformations. 8 Cranked

Strutinsky calculations with a Woods-Saxon potential9 even suggest that a

reflection-asymmetric, axially non-symmetric minimum corresponding to a

bnn_na-like shape may become lowest in energy at high spin in some nuclei

near A~190. Attempts to reproduce these calculations within the same

cranking approach, but with a differently parametrized Woods-Saxon

potential, did not, however, yield the same results. 10
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The calculations of refs. 5 and 7 not only predict the presence at low

excitation energy of rotational bands associated with octupole vibrations, but

they also suggest a distinct signature for such bands. Very large E1 matrix

elements (B(E1) - 10x10-3 W.u.) should connect the octupole states to the

yrast SD levels. Thus, while the in-band transitions with B(E2)~2000 W.u. 11

prevail in most excited SD bands, in the case of octupole-vibrational SD

bands, deexcitation to the yrast SD band may be expected. No clear evidence

for strong inter-band E1 transitions has been reported thus far. (Transitions

between two SD bands in 193Hg12 initially thought to be of E1 multipolarity,

were shown to have M1 character instead. 13)

We report here on the discovery of a new SD band in 19OHg with the

properties expected for octupole-vibrational SD states. In particular,

transitions llnl.-in_ the new SD states with levels of the previously known SD

band 11,14have been found and, as a result, the excitation energy of the new

band relative to the yrast SD band was measured.

The experiment was carried out using the early implementation phase

of the GAMMASPHERE spectrometer 15 which consists of 32 Compton-

suppressed Ge detectors. Excited states in 190Hg were populated with the

reaction 160Gd(34S,4n) at a beam energy of 163 MeV, with a target consisting

of a stack of three self-supporting 0.5 mg/cm 2 16°Gd foils. The beam was

provided by the 88-Inch Cyclotron at the Lawrence Berkeley Laboratory.

Events of interest were selected by requiring that at least three Compton-

suppressed detectors fire in prompt coincidence within a time window of 50

ns. A total of 660 million triple and higher-fold coincidence events was

recorded. The data were analyzed by sorting all events into a three-

dimensional histogram. 16 Double-gated one-dimensional histograms were

created using full background-subtraction and proper propagation of errors. 17
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The previously known SD band in 190Hgll,14 was observed. With the

added sensitivity of GAMMASPHERE, it was possible to add a 317.7 keY

transition at the bottom of the band (Fig. la), and the highest transitions were

determined more accurately as well (fig. lb). More importantly, the

coincidence spectra gated on the members of this band contain transitions

belonging to a second band (fig. la), which is populated five times more

weakly. This excited band begins an accelerating pattern of de-excitation to

the yrast SD band (fig. lc) at a rotational frequency of hm=0.30 MeV, and no

measurable intensity remains in the band below tic0=0.25 MeV. This pattern

of decay is ,nllke those of almost all previously observed SD bands in the

A~lS0 and A~190 regions, in which the nucleus remains in the SD band

until Rn_lly decaying to the normally deformed states. The probability of

direct decay to the normally deformed states in the present case is measured

to be 4__31%, i.e. consistent with zero. Only two other cases exist in which

somewhat similar patterns have been observed; one is clue to an accidental

degeneracy of levels in 150Gd,18 and the other involves M1 transitions

between signature partners in 193Hg.13

The above observations come from measurements of coincidence

relationships between the two SD bands, but the inter-band transitions

themselves have also been tentatively identified in this experiment (figs.

lc,2). All three of these transitions, at 607, 625, and 641 keV, are

unfortunately close in energy to other g_mma-rays in the spectrum

associated with superdeformation in 190Hg (the 608.1 and 641.5 keV in-band

transitions in the excited SD band, and the normally deformed 625.6 keV

4+-,2 + transition fed in the decay of the SD states). The following evidence

points toward their placement in the level-scheme of fig. 2: (1) the intensity

of the coincidence between the 543 keV and 641 keV transitions is larger by a

factor of-3 than it would be if the coincidence were only due to the in-band



5

E2 transitions in the excited SD band; (2) the energy difference between the

two paths leading to the (27+_') state (i.e., 625(1)+558.4(1)-641(1)-543.3(3)

keV) is equal to -0.9(14) keV, consistent with the proposed level-scheme to

within 0.6 standard deviations; (3) the centroid of the compound peak near

625 keV peak is shifted downward by approximately 1.4 keV, or 3 standard

deviations, in gates on the excited SD band, compared to the energy of the

normally deformed 4+-,2+ transition; (4) as discussed in more detail below,

the coincident intensities between the two SD bands are consistent with the

total intensities of the three pairs of overlapping peaks; and (5) a sum of

double coincidence gates on the 625 keV transition along with low-lying

members of the yrast SD band shows the expected enhancement of the 576

and 608 keV lines, compared to a similar coincidence spectrum gated on the

417 keV 2+-,0 + transition.

The surprisingly large branching ratios for decay from the excited SD

band to the yrast SD band allow the unambiguous determination of the

multipolarity of the inter-band transitions as El, for the reasons outlined

below. Estimates of the partial widths of the inter-band transitions can be

obtained by assuming that the quadrupole moment of the states in the

excited band is similar to that of the yrast band, i.e. Qo=18_+3 eb. 11 The

extracted partial half-lives for the connecting transitions with energies of

641, 625, and 607 keV are then 110_30, 120_30, and 180_80 fs, respectively.

These are far too short for M1 or E2 transitions, which would have to have

strengths of about 1.0 W.u. or 900 W.u., respectively, to achieve these values.

Such strengths would be unprecedentedly large 19for configuration-changing

transitions in a deformed nucleus. (The mechanism described by Semmes et

al. 13 for strong M1 branches between signature partners cannot apply here,

assuming that the yrast SD band is a K=0, zero-quasiparticle configuration.)

All but five of the detectors in this experiment were located at forward and
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backward angles,and AJ=I dipoletransitionswere thereforeattenuated

relativeto AJ=2 quadrupoletransitionsby a factorof0.74 due to their

angular distributions. This attenuation factor was measured to be 0.7!-0.4 for

the transitions linking the excited band to the yrast band, a value which

marginally favors AJ=I dipole assignments. Based on the above evidence,

and assuming that the yrast SD band corresponds to a K=0, zero-

quasiparticle configuration with even spin and positive parity, we conclude

thattheexcitedband hasnegativeparity,and probablyoddspin.

With the assignmentofE1 multipolarity,the strengthsofthe inter-

band transitionsareallconsistentwith(8.+-2)><10-3W.u. ThisE1 rateisthree

ordersofmagnitudelargerthanthosetypicallyobservedinheavy,deformed

nucleiand issimilartothoseobservedinthe octupole-unstablenormally-

deformed statesof actinidenuclei.8The extractedE1 rate is in good

agreement with calculationsS,7 forthe neighboringnucleus192Hg which

predicta strengthof11x10-3W.u.fortransitionsfroman octupole-vibrational

statein the SD welltothe zero-phononyrastSD band (atzerorotational

frequency).Transitionsofthisstrengthcorrespondto an electricdipole

moment of0.48(3)e.fm.

Another unique feature of the excited band is its moment of inertia.

The dynamicmoments ofinertia_¢_)forthetwo SD bandsarepresentedasa

functionofrotationalfrequencytlcoinfig.3. The 2¢s)valuesfortheyrastSD

band exhibitthesame behaviorasthoseofallotherSD bands ineven-even

nucleiof the A~190 region,i.e.a smooth increaseof _¢2)occurswith

increasingfrequency.At thehighestfrequencies,a sharpriseisnoticeable.

Such arisehas been qualitativelyreproducedincrankedStrutinsky14,20and

crankedHartree-Fock21 calculations,and isinterpretedas beingdue toa

combinationofa dynamic reductioninthepairingcorrelationsas a function
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of spin and a band crossing between the zero-quasiparticle SD band and a

rotation-aligned (jts/2)2 neutron band. More important for the present

discussion is the observation that the excited SD band is characterized by a

constant value of _(2)=123±1 _2/MeV (with _2=3.6 per degree of freedom)

which is larger than that of the other SD bands in the region. In fact, it is

larger by 6% than the moment of inertia calculated for a rigid body with a

prolate deformation corresponding to the ordinary SD minimum 11 with

_2=0.47, _4=0.07. (The rigid-body moment of inertia was calculated using the

experimental value of ro=1.212 fm for the nearby nucleus 194pb.7 A

correction for the diffuseness of the surface was included.) Since the

superfluidity of a nucleus can only reduce the moment of inertia relative to its

rigid-body value, the quadrupole moment of the states in the excited SD

band, Qo, is apparently larger than that of the typical SD minimUm. 22 This

observation is consistent with the calculations of ref. 7, which predict

Qofl.13×Qyrast for the octupole vibrational band. An upward revision of the

value of Qo by this amount does not increase the extracted E1 strengths

significantly compared to the statistical errors.

Based on the discussion above, we suggest that the excited SD band

observed in this experiment is a rotational band built on a one-phonon

octupole vibration in the SD well. Experience with normally deformed states

shows that the octupole-vibrational bands with K=0, 1, 2 and 3 are ordinarily

significantly split, and that the full multiplet is seldom observed. Thus, the

observation of a single band in this experiment is not surprising. The

octupole multiplets in the normally deformed well are typically mixed

significantly at high spin by the Coriolis force, and a similar effect has been

predicted to occur in the SD well. 6 All four values of K can contribute to an

odd-spin wave-function, but the strong transitions to the K=0 yrast band

observed here imply that the K=0 and K=I components are domln_nt. The
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excitation energy of the excited band relative to the SD yrast line varies from

0.40 MeV at the bottom of the band to only 0.15 MeV at the top (assuming

odd spin for the excited band). Although the generator coordinate

calculations of refs. 5, 7 and 10 were carried out at zero rotational frequency,

RPA calculations have been performed for states with collective rotation6

giving, at _0=0.25 MeV, a predicted excitation energy of 0.7 MeV above the

yrast band for the lowest vibrational mode, composed mostly of the K=2

component, and 1.1 MeV for the next vibrational state, which is mainly K=0

and 1. This is in only rough agreement with the observed excitation energy of

0.4 MeV near _o)=0.25 MeV, but the comparison is not as informative as could

be hoped for as the calculations were performed at fixed co, and thus the

states being compared have different an_tlar momenta, since the two SD

bands have different moments of inertia.

From the study of octupole bands in the normally deformed well of

many nuclei it is well known that, at moderate spins, the wave-functions of

these negative parity states are dominated by a small number of two-

quasiparticle configurations. 8 (An indication of such an effect is present, for

example, in the RPA calculations of ref. 6 for the K=2 octupole vibration in

the SD well of 192Hg, but not for the Kffi0,1 states.) It is interesting to note

that, if a similar effect were present in the excited SD band discussed here,

most of the lowest two-quasiparticle excitations in 190Hg would involve a j15/2

quasineutron coupled to a quasineutron occupying one of the positive parity

orbitals located near the Fermi surface (see ref. 11 for the relevant

quasiparticle spectrum). The occupation of a single j15/2 orbital would have

the effect of blocking the first rotational alignment of a j15/2 neutron pair.

Octupole correlations are also predicted to dilute the rotation-aligned

character of the quasiparticle orbitals. 11 Both of these effects would

influence the _c2) moment of inertia of the excited SD band and result in more

_1L pl
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constant Sc2_values as a function of frequency than in the yrast SD band, in

agreement with the observations in fig. 3.

In conclusion, we have observed an excited SD band in 19OHg, whose

properties agree well with those predicted by generator coordinate

calculations for a rotational band built on an octupole-vibrational band-head.

This is the first experimental information to become available regarding the

susceptibility to octupole deformation of nuclei in the A-150 and A~190

regions of superdeformation. This is also one of the first cases (ref. 13) in

these regions in which it has been possible to obtain an experimental

measurement of the relative excitation energy, parity, and possibly spin of

two SD bands.
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Captions for figures:

Fig.1. Double-gated gamma-ray coincidence spectra, showing SD

transitionsin 190Hg:(a)Sum ofdoublegateson transitionsinthe

yrastSD band with tlco<0.28MeV; Co)similartopanela,but with

gatesathighfrequenciestoenhancethetopoftheband;(c)S_of '•"

doublegateson transitionsintheexcitedSD band. Transitionsin

the excitedSD band are marked with underlining,normally

deformedtransitionsincoincidencewiththeSD bands aremarked

with asterisks,and transitionswhich are doubletswith thv inter-

band E1 transitions aremarked with daggers(seetext.,),bxeas of

peaks do not correspondtoactualgamma-ray intensitiesbecause

some transitionshave been used as gates,whileothershave not

becausetheyareunresolveddoublets.

Fig. 2. Partial level-scheme of SD states in 190Hg. Where branching ratios

are different from 100%, they are shown in brackets, with the error-

bars in parentheses. Branching ratios were determined from the

coincident intensities between the two bands, not directly from the

intensities of the inter-band transitions. The energies of the

transitionsconnectingthetwo bands aretentative.Transitionsat

thetopand bottomoftheyrastSD band havebeen omitted(cf.fig.1),

asindicatedby thedots.The spinnexttoeachlevelisundetermined

up toan over-alleven integerconstantX, and the bracketson the

spinsoftheexcitedband indicatethattheassignmentofodd spinto

thesestatesistentative.The energyofthe 607 keV inter-band

transitionisbasedon differencesoftheothergamma-my energies.
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Fig. 3. The dynamic moment of inertia _¢_)as a function of rotational

frequency _ for the two SD bands in 19Orig.
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