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OST!Abstract

The mechanisms for feedingand decay of superdeformed(SD) bands are

examined. Data connectedwith both processes In Ig2Hg are compared wlth

model calculations. The calculationssuccessfullyreproducethe data,

suggestingthat the mechanismsfor both processesare understood.

Constraintson the energy of the SD band energiesand on the well-depths

at low and high spins have been obtained. At the point of decay around

spin 10, we suggest that the SD band is 3.3-4.3MeV above the normal yrast

line and that the well depths at spin 10 and 40 are 0.5-1.3and 3.5-4.5

MeV, respectively.

I. Introduction

The occurrenceof a superdeformed(SD) secondaryminimum in the _"_'_,_;, ,.

potential energy surface Is a direct consequenceof shell structure [I] +*__+

| Knowledrjeof the propertiesof the pocket thus, providesflrst-hand +_lm |

i know_edgeof the shell correction, lt is Impor_alltto know for example, _J_

II! JlI_II_IIIUTIONOF"!'HII;IIOI;IIMI_IITIll UNI-,IMITI:'II|
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the energy of the SD minimumwith respectto that of normal states wlth

smallerdeformation. What is the depth of the SD pocket and how does lt

changewlth spin? Experimenthas so far provided littledirect

informationdespite the observationof over 50 SD bands In the A --150 and

1go regions. Discrete line spectroscopyhas provided informationon the

momentsof inertia and microscopicconfigurationsof the ground and Iow-

lying states in the SD weil, as well as on the pair correlationspresent

In these elongated, rapldly-rotatlngstates (see e.g. Ref. 2 for a

review). The excitation energyof the SD states Is, In general, not known

(althoughlt has recentlybeen determined [3] In 143Eu). Furthermore,the

barrierpenetrationprocess has not been extensivelystudiedto deduce the

height and thickness of the barrierseparatingSD and normal states, or

the inertialmasses and the role of pairing associatedwith the tunnellng

motion. These toplcs "-Illbe discussedIn this talk and In the following

two by Shimlzu and Sletten, in a sessiondevoted to these subjects.

Calculationson the feedingprocess have been performedby Schiffer and

Herskind [4] and on the decay by Vlgezzlet al. [5].

Propertlesof the fissionbarrier have been deducedfrom studies of

fissionisomers [II, and there certainlywas a lot of excitement In the

heydaysof fission isomers! We are recapturingsome of the same thrill In

our studiesof superdeformationtoday.

A secondaryexcited minimum Is commonly referredto as a false vacuum

in other fields of physics. Thus, study of SD statesprovides us a

marvelousopportunityto study physics in a false vacuum.

A common element In the feedingand decay processesis the mixing

betweenSD and normal sates. The mixing, in turn, Is governedby the

level density p of the respectivestates and the coupling (through

tunneling)between them. Thus, by studying both processeswe can infer

informationon p and the coupling,and thereby,obtain constraintson the

excitationenergy of SD statesand the depth of the SD weil.

II. Feeding of Superdeformed States

The observables through whtch we can study the feeding of SD bands

lnclude: (t) the Intensities of the SD bands relattve to the ground state

population, (tt) the change of the SD Intensities wtth spin, (t11) entry

distributions (tv) quaslconttnuum spectra of 7 rays preceding the SD band

I
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transitions,(v) the 11fetlmesand feeding times of SD band levels, and

(vi) L/-L/ correlationmatrices. We shall discuss here mainly the first
three items, although the other Items have been used In our analysis but

wllI only be touched upon here.

In thls talk, we shall consideronly data for normaland SD states of

192Hg. (The physics conclusions,of course, apply to all SD states.) The

160Gd (36S,4n)reaction was employed,using beams (with a mid-target

energy of 159 MeV) from ATLAS. 7 rays were detected in the Argonne-Notre

Dame 7-ray facility. Discrete lines were detected in 12 Compton-

suppressedspectrometers(CSG),and fold K and sum-energyH were measured

in a 50-elementBGO hexagonalarray. Gates were set on selectedpairs of

coincidentllnes in the CSGs to generate two-dimensional(K,H) matrices

associatedwith feeding of either all (mostly normal)or SD states in

192Hg. The entry distributionswere obtained after correctingfor the

instrumentalresponse and conversionof K to multiplicityand of

multiplicityto spin I. The procedureIs briefly describedin Ref. 6.

The entry distribution (I,E) representsthe 2-dlmenslonalpopulation

distributionin spin I and excitationenergy E, from which 7 decay starts

after particleevaporation.

The entry distributionsfor all states in 192Hg and for the SD states

are shown in Fig. 1(a) and (b). Also shown in these figuresare lines

denoting the normal yrast states (extrapolatedbeyond spin 30), the SD

yrast band, and the top of the barrierseparating normaland SD states.

The SD state is seen to originatefrom the portion of the total channel

entry distributionwhich lies at high angular momentum. A superpositlon

of Fig. 1(a) and (b) revealsthat the entry distributionfor SD states has

slightlylower energy at a given spin than that for al_ states.

To understand how the compoundnucleus decays and becomestrapped in

the SD minimum,we have developeda Monte Carlo model to follow the 7

decay process. Two classesof states are considered in the model: SD and

normal states (the latter are defined as all non-SD states). The

calculationstarts with the measured entry distributionfor a11 states in

a given nucleus,with equilibriumassumed between the two classes of

states. In other words, the prior history of particledecay _s not

consideredrelevant for the populationof SD states,an assumptionwhich

is borne out by the resultsof the model (see below).
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At each step of the decay, either a collective stretchedE2 or a

statisticalE1 transition is possible,with probabilitydetermined by the

respectivetransition rate. In the course of a transition,the shape of

the nucleuscan remain the same or it can change (SD to normal, or vice

versa),as a consequenceof admixturesbetween the two classesof states.

The EZ 7-wldth is controlledby the transitionquadrupolemoment Qt and

moment of inertia_. (whichdeterminesthe 7 energy)appropriatefor each

weil. The statisticalE1 width is governed by the level density

parameter,_, in the usual Fermi gas formula and the 7 strength function

S7 in each weil. The parameterswhich characterizethe properties of the
nucleus and which affect the feedingprocess are given in Table I. Each

parameterhas a strong affecton one (or at most two) observables,which

is indicatedin the Table. Conversely,the observablesconstrain the

parametersand reveal propertiesof the nucleus.

The energies of the SD band ES_ and the well-depthWI (at spin I) are

two parametersthat we are particularlyinterestedin. The excitation

energiesof the SD band levelsare fixed by a single parameter,EsB,the
energy at I = O; other levelsare given by the measured transition

energies E7 [7] or, below I = 10, by E7 obtained from extrapolation. EsB
has a strong affect on the intensityof the SD band (measuredrelative to

the ground state population);a lower energy resultsin larger calculated

intensity,as might be expected. Fig. 2 shows the calculatedSD intensity

as a functionof EsBfor severalvalues of the well depth W40 at spin 40.

Notice that the measured [7] relative intensityof 2 ± 0.2% is only

obtained for a small range of EsBvalues between 5.75 and 6.25 MeV.

However, a mlnor dependencyon other parametersand the requirementof

simultaneouslyreproducingall observables- which is the procedurewe

adopt - lead to larger range of acceptable values. Good fits to all

availableobservables [items (1)-(v)above] lead to EsB= 5.6-6.2 MeV and

W40 = 3.5-4.5 MeV. Values in this range give X2 _;2X2min in a least

squares fit of (a) the SD band intensity, (b) the feedingspin of the SD

band, (c) the entry spin, (d) the width of the spin distribution,(e) the

entry energy, (f) the width of the energy distribution,(g) and the energy

of the quasicontinuumE2 peak. The upper bound on E_D is given by the

measured entry distribution(withoutany recourseto comparisonwith

calculation)from the requirementthat the SD band must lie below its

entire entry distribution.
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Table I. Model Parametersand the ObservablesThey Mainly Influence

Model

Parametera Description Value Main Influenceb

Esd SD at I=O energy 5.4-6.2MeV Intensity

W,_v Barrier parameter 3.5-4.5,0.6 Entry distribution,

MeV <CE2sd_J __

C_.sd,_L.n Moment of inertia 121,61c (CE2sd_,<CE2n_F>
_i_MEV-1

Qsd,Qn Transition 20,4c eb Doppler shift of edge

quadrupole of quasi-continuum

moment E2 spectrum

asl,an Level density parameter A/(8-14),A/8 Statisticalspectra

Frot Rotationaldamping 200 MeV Ridge intensity in

width ET-E7 matrix

Uo Energy above yrast -1.2 MeV Feeding spin of SD

Iine for stopping band

cascade

aSubscripts"sd" and "n" refer to superdeformedand normal.

bparametershave the strongesteffect on these observablesand smaller

effects on other observables.

CQsd from SD band (Ref. g)_ Qn from Doppler shift of quasicontinuum

spectrum feeding normal states.

I
m



Figure I(c) shows that the calculationsuccessfullyreproduces the

measured entry distributionleadingto SD states. Naturally,the

projectionsof the entry distributionon both the spin and energy axes are

also reproduced - see Fig. I (d and e). Good agreementis also found for

the intensltlesas a functionof spin for both the SD band and the normal

yrast states in lg2Hg - see Fig. 3.

The we11-depth at spin 40, W40, is quoted above since its value

around this spin has a strong influenceon the entry distribution.

Theoretically,WI is expected to increasewith spin. To allow for this,

we assume WI increaseswith spin, fix W0 at 1 MeV (thevalue calculated in

Ref. 8), and vary W40. Tunnelingacross the barrier also depends on the

barrierwidth, characterizedby the barrier frequency_B, which we fix at

0.6 MeV, a somewhat arbitraryvalue adopted from Ref. 5-see section III.

Since the model is able to reproduceall known observables,we may

employ it to give insight into the feedingmechanismof SD bands.

Initially,for the hot nucleus,there is completemixing between the SD

and normal states. Consequently,there are jumps between the two classes

of states,with an averageof 2.2 jumps in each cascade. It is only when

the cascade approaches the barrierthat the probabilityfor trapping in

the SD well becomes significant. The trapping probabilityincreasesas

the cascade approachesthe minimumof the SD well and becomes very small

when a discrete line SD band is finally fed. (However,the SD band does

eventuallyjump to the normal states - see section III.) On average,

trappingoccurs around 1-2 MeV below the barrier. This may be seen in

Fig. 4, which shows a sample of cascades which successfullypopulate SD

band, i.e. are trapped in the SD pocket. Thin lines,which denote E2

transitionsemitted by a nucleuswith SD shape, are seen to dominate I-2

MeV below the barrier. Thus, the decision on trappingoccurs rather late,

~10-14 s after formation of the coB_ooundnucleus,well after the time f_r

particle emission and shape relaxation. This justifiesour use of the

measured entry distributionas the starting stage of the 7 cascade.

The feedingmechanism revealedby the model providesan explanation

,cr a number of phenomena. The E2 transitions in Fig. 4 lead to

pronounced E2 peak centeredaround 0.7 MeV and to ridges in a E7-E7
matrix. We have observed both features in our datac The model also shows
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that cascadeswith E2 transitionsbelow the barrier in the SD well can

still escape out of the weil. This should lead to higher intensitiesIn

the ET-E7 ridges than for SD bands - as observed. The model also explains
why SD bands are fed with larger intensitywhen the entry distributionof

the nucleus of interest is cold. For higher initialE*, the cascade will

reach the discrete SD band at lower spln due to the competitionbetween

cooling statlstlc_ltransitionsand non-coollngE2 transitions. At lower

spin, W is smaller and the SD band is higher above the normal yrast line,

leadingto a lower value for PSD/Pn;both disfavor the populationof SD

states.

III. Decay of Superdeformed Bands

The observables for studying the decay of SD bands are: (1) the

variation of SD intensity with spin, (11) the spin distribution of normal

yrast states following the decay, (111) the spectrum of the decay 7 rays,

(iv) peaks in spectra obtained by sumlng two (or more) decay lines • see

talk by Sletten and Ref. 3, and (v) llfetlmes. We concentrate here only

on item (I).

When the 7 cascade reachesthe _1_oundor Iow-lylngstates In the SD

weil, sharp intraband E2 transitionsaY'eemitted from levelswhich are

isolated from the normal states. This isolationleads to an impressively

long series of about 20 equally-spacedtransitions;however,the

intensitiesof the lines drop suddenlyo see Fig. 5. This sudden

disappearanceof SD lines is a general feature and occurs around spin 10

in the A = 190 region and around spin 25 In the A = 150 region. Another

common feature is that the decay pathways through which the SD bands decay

to the lower-lyingnormal statesmust be highly fragmented;this Is

deducedfrom the fact that no individualpath has yet bee found. What Is

the cause for the sudden decay? Is it due to mixing with normal states or

to a disappearanceof the barrier? Can we obtain informationon WI and

how it changeswith spin from the decay process?

FollowingVigezzi et al. [5],we suggest that the decay is attributed

to mixing with normal states. As the spin decreases,the energy of the SD

state above the yrast line grows, so that the SD level is embedded in a

sea of normal states with increasinglevel density - see Fig. 6. Coupling

between SD and normal states leads to a spreading of the SD state among

the normal states, characterizedby a Spreadingwidth I'. Thus, although
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the coupllngbetween SD and normal states is small (becauseof the

barrier),mixing may occur when F/Dn acquires a finite value. Dn (= I/ph)

Is the average spacing betweennormal states. In addition,with

decreasingspin in the A = 190, the IntrabandE2 rate FSD rapidly fal!s

becauseof the growing fractionaldecrease in E7 and the E75 dependence.

Thus FSD/Fn drops as spin decreases;Fn is the width for statisticaldecay

for an excited normal state. This discussion emphasizesthat the decay is

governedby two quantities- F/Dn and FSD/Fn. More detailsmay be found

in Shimlzu et al. [11] and in Ref. [5].

We have performed calculationsfor 192Hg based on the model proposed

by Vigezzi et al. [5], who applied it for studyingthe decay of SD bands

in the A = 150 region. FSD is calculated using the transitionquadrupole

moment Qt measured by Moore et al. [9],which was measured for states with

X -22-36. (Recentlifetime measurementsby Lee et al. [10] for the lowest

spin SD states in Ig2Hg confirmthat Qt is the same aroL_ndI = 10, where

the decay occurs.) Fn is calculatedusing level dens_i:iesgiven by a

Fermi gas formula and a standard7 strength function. W_:kave made

calculationswith the well depth WIO as a parameterwhich is adjusted to

make the decay occur at the observedspin value. W is directly related to

r"

,_'z,B 2z"

W =-----_'n {_WsF}2r Eq. I

FollowingRef. 5, we have used_wB = _Ws = 0.6 MeV. The calculated

intensities(averagedto removethe stochasticitypresent in the decay

process)are shown in Fig. 5. The solid line has been calculated using

WIO = O.86,MeV and dWi/dI = 0.25 MeV/_. To reproducethe sudden drop in

SD intensity,it is necessaryto vary WI with spin. This was also found

[5] to be necessary in the A = 150 region. If WI is fixed at 0.86 MeV,

the SD intensitiesdrop gradually,as shown by the dashed line in Fig. 5.

The decay rate is dependenton F/Dn and, hence, on Dn. Since Dn is

quite uncertainand could vary from 1/10 to 10 times the value given by

the Fermi gas formula, there is a correspondinguncertaintyin the deduced

value of WIO. We are able to obtain a constraint,WIO = 0.5-1.3 MeV.

As shown in Eq. I, the barriertunnelling is governednot only by W,

but also by _wB. Specificallyit is the action,defined as _W/_wB in the
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inverseparabolic approximation,which characterizesthe tunnelling. The

actlon around spin I0 (from decay) and around spin 40 (from f_adlng) are

shown on Fig. 7. For comparison,the theoreticalactioncalculated by

Shimizu et al. [11] Is also shown. There is fair agreementat low spin,

but the theoreticalvalues at hlgh spln are significantlylower than our

inferred values. The origin of this discrepancy Is not yet understood.

It ts interesting to examine several of the quantities which affect

the decay process. At the point of decay for 192Hg r/D n -3 x 10-2, rSD/I'n

-5 x 10"3, and the tunnelling prob_btl_t:/ is -1.5 x 10-4. (Our an.:lysts

for 152Dy gives corresponding values of approximately 12 x 10-2, 0.6, and

7 x 10-4.) Thus, the decaying SD state is still very sharp and is lot

spread among several normal states; in fact, it acquires a small component

of only the nearest neighboring one or two normal states. The small

values of I'/Dn and of the tunnelling probability imply that the coupling

between SD ar_ r_rmal states is extremely small, Indicating that the

barrier is stil_ sizeable. Despite the small mixing which occurs between

the two classes of states, the decay nonetheless happens because FSD is

much smallerthan I'n.

As the SD band cascadesdown, an unusual phenomenonoccurs: we have

a sharp state, isolated in its own pocket, which is embedded in a sea of

stateswith increasing level density. By proximityto a normal state, it

inevitablyacquires a small normal component at low spin, through which it

decays to the lower-lyingnormalstates. Since the relevantparameters

shouldbe similar for SD states in each of the A = 150 or 190 region, the

spin at which the decay occurs should be similar in each mass region.

Thus the model naturally explainswhy SD states decay around spin 10 in

the whole A = 190 region and around spin 25 in the A = 150 region.

IV. Summary

The feeding and decay mechanismsof SD bands is now believed to be

well understood. We have developed a _del whtch can account for almost

all of the observables connected with the feeding process and shows that

trapptng tn the SD well occurs when the 7 cascade reaches 1-Z MeV below

the barrier. Model calculations of the decay process reproduce the decay

of SD bands and partially attribute the suddenness of the decay to a

decrease of W as spin decreases. By comparing data and the results of the

ii
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models, we constraln the energy of th: SD band in IgZHg to 3.3-4.3 MeV

above the normal yrast llne at the point of decay around spin I0. The

well depths at spln I0 and 40 are 0.5-1.3 and 3.5-4.5MeV, respectively,

and implies that WI changeswlth spin. A variationwith spln Is also

necessaryto reproduce the sudden decay out of the SD band Into the normal

states.
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