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Spreading widths for superdeformed states in*®Hg and 1%Pb
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Using several theoretical models, we have obtained estimates for the spreadingIWifhshe decay out
of a superdeformedSD) band. We pay particular attention to the statistical model by Gu and Weidemmu
Our results for*®*Hg and***Pb are compared to other theoretical predictions and to experimental upperbounds
for I't. We find that the models of Gu and Weidefhauand of Vigezziet al. yield a consistent description of
the data. We relatE' to the strengthy of the interaction that couples the normally deformed levels to the SD
level at which the decay out of the SD band occurs. Using an exponential spin dependeneeaire able
to reproduce the intraband intensities in the SD bandS4dg and %Pb.
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The sudden disappearance of the intensity ofjthdecay 1
within a superdeformedSD) band has posed a puzzle that |av=—1«¢- 2
has received much experimental and theoretical attention. 14+ —
We mention here the theoretical models put forward in Refs. I's

[1-9], the measurements of lifetimes of the lowest observ-

able SD states in Ref§10—17 [these are sensitive to the Here,I's stands for the&e2 decay width within the SD band,

interaction between SD and normally deforn{diD) stateg, ~ and the spreading widthi'=27v?/D describes the mixing

and the study of the quasicontinuum gfrays linking SD  between the SD state and the ND states of the same spin and

and ND state$18]. A major breakthrough has occurred only parity due to barrier penetration wheseis the root-mean-

recently with the first observation of discrete transitions link-square nuclear matrix element.

ing the SD bands 1SD-1) and 3(SD-3 in %Hg [19,20 The quantityl,, dominates ovef;,. whenever the ND

and the SD band 1SD-1) in ®%b[21-23 with the ND levels overlapaverage ND level spacin@ smaller than or

levels in the same nuclei. These novel results have made $imilar to the average-decay widthl"y of the ND states

possible for the first time to determine the excitation enerwhile Iq, is important or even dominant in the opposite case

gies, spins, and parities of SD states in the mass 190 regiowhere I'y <D. This latter case is typical of most heavy
The intensity attenuation of thg decay within a SD band nuclei for which decay out of a SD band has been observed.

is due to the mixing of SD and ND states. Properties of thdn Ref.[7], the termly, is given in closed forni7], andl g,

barrier separating these groups of states can be deduced fromseen to depend only on the two dimensionless parameters

the spreading widthE ! of the SD states. Do the theoretical [''/T's andI'y/D. In the sequel, we do not use the closed-

models yield the same information di'? If not, which ~ form expression but a fit formula fdk,c also given in Ref.

should be preferred? With these questions in mind, we applj/7],

in this paper various models to data on the decay out of SD

bands in'%Hg and 1°*Pb. We pay particular attention to the —— I\ %2

model by Gu and Weidenriar [7] as this model is derived =] 1-0.913 D

under controlled approximations from the underlying statis-

tical theory. Additionally, we are able to reproduce the intra- 0.4343| r 04 ﬁ 013032
band intensities in the SD bands i#Hg and **4Pb using an sy D
exponential spin dependence wf xexpy — T 02477
The model of Ref[7] is based on a statistical treatment. (F)
The ND states are described in terms of the Gaussian or-
thogonal ensemble of random matrices. Within the model the 3)
intensity I, for y decay within the SD band is the sum of
two parts, We recall that within the statistical model of R&¥], 14,

carries sizable statistical errors because the intraband inten-
sity is sensitive to the relative positions of SD and ND states
that are coupled by. Figure 2 of Ref[7] shows that as a
result, the values df ' have an uncertainty of about an order
Here,l,, is the square of the ensemble average of the intraef magnitude. Within these uncertainties, the fit form(8a
band transition amplitude whilg,,. is the ensemble average is a reasonable approximation to the analytical result for
of the square of the fluctuating part of the same amplitudelg,.. We have smoothed the sug=1,,+ I,c SO that it does
The first term is given by not rise above intensity values of 100% that might otherwise

EZ I av+m:- (1

0556-2813/2001/64)/0643166)/$20.00 64 064316-1 ©2001 The American Physical Society



KRUCKEN, DEWALD, VON BRENTANO, AND WEIDENMULLER PHYSICAL REVIEW C 64 064316

TABLE I. Intraband intensityt;,, width I'g of SD stategcalculated using average quadrupole moments
calculatecE1 widthT'g;=T'y, and average level spacimyof the ND states for states in SD bands'iHg
and ***Pb. The intraband intensity, is defined as that fraction of the occupation probability of a SD state at
spinJ that decays to the lower-lying SD state at spiR2().

SD band J (h) E, (kev) lin (%) I's (meV) I'gs (MeV) D (eV)
194g-1 12 255 58 0.097 4.8 16.3
10 212 <9 0.039 4.1 26.2
1944g-3 15 303 90 0.230 4.0 26.5
13 262 84 0.110 4.5 19.9
11 222 <7 0.048 6.4 7.2
194pp-1 10 214 90 0.045 0.08 21700
8 170 62 0.014 0.50 2200
6 124 <9 0.003 0.65 1400

happen because of the approximate nature of the fit formuld®pp, the approximatio y=I'g; may not quite suffice
(3). (The result of the full theory by Gu and Weidenliea  here. This is also indicated by the observationMi/E2
always stays below or at 100y4d.he difference between the transitions in the decay out of the yrast SD bandfPb.
smoothed fit formula and the exact result remains below 20% The spreading widtH™! can be determined numerically
and is thus small compared to the statistical error, see Fig. By using Eq.(1). Our analysis shows that in the present case,
of Ref. [7]. | 5 contributes at most 4% fq, while Tq, is dominant. Thus
Because of the large fluctuations of the intensity, it is notwe can neglect,, in Eq. (1) and calculatd™ analytically
sufficient to work only withl,.. The variance olj, must  from the data. The difference between the numerical result
also be taken into account. In our analysis, we assume th@sr I'' and this approximation is at most 6%. This value is
the experimental intensity patterns are close to the averaggmall in comparison with the statistical error expected from
behavior. This assumption is supported by the observatiogig. 2 of Ref.[7] and comparable to the error of the fit
that the intensity patterns of all observed SD bands in thégrmula (3).
mass 190 region are fairly similar although the excitation |n Table Il we compare the results fbf* obtained from
energies of the bands differ. This is a somewhat surprisinghe model of Ref[7] as just describefourth column with
feature that is not understood at present. We cannot expegdsults obtained from several other modgst,5. We also
that the intensity pattern of every SD band follows exactlycompare with the upper limits fdf! extracted from lifetime
the calculated average intensities. Therefore, the extractefleasurement§16] (last column. The values determined
values forl'! have to be seen as estimates rather than exagiom the data in the weak-mixing limit of the model by
values. Vigezzi et al. [2] (third column are of the same order of
For the determination of ' we have calculatedls from  magnitude as our results. This is expected since according to
the average SD guadrupole moments (1@8 for **Hg  Ref. [7], both models should give similar results Ty
and 18.3eb for ***Ph). These average quadrupole moments<DTI'!/T's. This condition is met for those states in the mass
were extracted from the results of experiments using the ret90 region for which decay out of the SD band has been
coil distance methodl15,16 and the Doppler-shift attenua- observed(Some deviations between the two approaches are
tion method 24,25. The widthI"y, was calculated under the expected due to the approximations used in R2f. The
assumption that statisticéll transitions will dominate the most significant differences appear whep drops below
decay of the ND statesly, ~I'g;) at the high excitation 10%) The results in both columns meet the constraints im-
energy of the SD states. We have used the approach outlingfbsed by the experimental data. TRevalues given in Ref.
by Dgssing and VigezZi26] to calculate the level density [5] (column 3 are much smaller than all other values. This is
p(U) and theE1l width I'e; at the excitation energy)  due to the fact that in Ref5] only I, was considered and
=E,—2A. TheE1 width is approximated by the analytical T, - was neglectedi{,~1,,). As noted above and as already
expression26] I'g; =cg, T°, with T~ /a/U. The parameters pointed out in Ref[7], this approximation is not reasonable
in Ref.[10] were used to calculate the factgy; [26] and the  in the mass 190 region. We conclude that in this mass region,
level density parametem=22.58 MeV *. A backshift pa- a consistent analysis of the data is possible in the framework
rameter of 2=1.4 MeV was used for'®Hg and ®Pb,  of both Refs[2,7], while Ref.[5] is not applicable.
which is based on the analysis of the continuyray spec- The model of Ref[8] is based on a two-level mixing
tra of the decay out of the SD band i#*Hg [27]. The  model for resonant states and reports valuedfothat are
experimentally known excitation energies at each spin werequal to those of Ref5]. At first sight it is not clear why this
used for the S)19,20,22,23 and ND[28] states. mixing model should give results that differ so strongly
Table | shows the calculated values &g, I'y, andD for ~ from, say, the weak-mixing limit of Ref2]. A closer look at
the levels of interest it®Hg and *Pb. We note that be- Refs.[2,7,8 shows that all models come to very similar
cause of the small excitation energy of the SD states imesults for the interaction strength(see Table 1ll. However,
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TABLE II. Average spreading widtl'! determined in this work using the framework of various models
for states in SD bands if**Hg and !%Pb. The maximum spreading widtf, , determined from lifetime
measurementfsl5,16| are presented in the last column.

Band J r Tl
(%) (meV) (meV)
Ref.[4] Refs.[5,8] Ref.[2] This work? Ref.[16]
1944g-1 12 6800 0.097 37 25 270
10 27 500 >0.890 >132 >800
1944g-3 15 84 200 10 6 110
13 111 000 8 4 120
11 147 000 >30 >300
194pp-1 10 15 100 0.011 79 000 390 000 1710 000
8 131 000 0.009 5600 3200 42 200
6 1130 000 >3400 >103 000

3Based on the framework of Rf7].

Ref. [8] uses a relation connecting the spreading wiith  Refs.[2,7] yield, within the expected statistical error, equiva-
and the interaction strength that differs from that of all lent values fod™* . These values lie within the bounds given
other work. The quantity' introduced in Ref[8] is defined by lifetime measurements. We expect that similar statements
asT!= ZFUZ/(A2+F2), with T = (Ts+T'\)/2. This quantity apply even wheryg,c andl,, are comparable. In the regime
is not related to the spreading widfh used in this work; the | luc=12y, the result of Ref[5] cannot be gsed to angly;e the
two quantities should, therefore, not be compared. data. The work of Ref.8] uses a nonequivalent definition of

l . - - -
The model by Shimiztet al. [3,4] differs from the ones ]F . The estimates given in Refs3,4] are far too large. This
. . C ok | . act calls for a deeper theoretical understanding of the barrier
discussed so far, in that firedicts values forI'*. In this

; . . penetration mechanism.
model, the actiorA for the superfluid tunneling through the ™| '1ha second part of this paper we study the possibility to

potential barrier separating the SD and ND potential wells i%se the model by Gu and Weidefitea [7] to reproduce the
calpulated. The _model also predlcts_ the dependence of th@xperimentally observed intensity patterns. It has been
action on the spin of the state for which decay out of the SDshown in the recent paper by Kiken[9] that one needs an
band occurs. The actiomA is related to I'" by T  exponential spin dependence of the interaction to account for
= (hwg2m)exp(-2A), with iws~0.6 MeV[10]. For most  the sudden decay out of the SD bands. This fact was already
states, the predicted values Bt (column 2 are seen to be pointed out in a number of papel,4,6,29. In Ref.[9] a
significantly larger than the results of Ref2,7]. TheI'!  Monte Carlo simulation on the basis of a two-level mixing
values of Refs[3,4] are also inconsistent with the upper model was compared with predictions based on the model by
limits for T'* shown in the last column. The large overesti- Gu and Weidenrilter. It was shown that for the same spin
mate of['! by the model of Refs[3,4] is not understood so dependent interaction both approaches predicted similar av-
far. erage intraband intensities. In this paper we elaborate more

We conclude the first part of this paper by summarizingon the results within the framework of the model by Gu and
our results. Wheneveg,. dominates ovel,,, the models of Weidenmilier.

TABLE lll. Comparison of the interaction strengthobtained from several models for the decay out of
SD bands int*Hg and*®Pb. The values in the last column are calculated fromithealues in Ref[8] by
the relation''=27v?/D.

SD band J (h) v (eV)
Ref.[2] This work® Ref. [8] modified

194Hg-1 12 0.31 0.26 0.49

10 >0.74 >2.6 >2.2
1944g-3 15 0.20 0.16 0.51

13 0.16 0.18 0.33

11 >0.19 >0.68 0.63
194pp-1 10 522 1150 1130

8 44 43 71

6 >27 >280 >78

3Based on the framework of R€f7].
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FIG. 2. The interaction strength versus spin for the parametriza-
tions of Egs.(4) and(5) (solid lineg. The curves are labeled by the
parameter valuga ( (keV), J; (%)]. The curves nearly coincide in
the region where the decay out of the SD band®fitlg occurs. The
dashed lines show the estimates of the mean level sp&ciigthe

FIG. 1. Experimental intraband intensitiés percent in the SD ND st_atfgs at the excit_ation_ energy of the _SD states in the_yrast _SD
band 1%Hg-1 (a), **Hg-3 (b), 1*Pb-1 (c), in comparison to the band in 4H%9as explained in the text._The inset §hows the |nte_nS|ty
calculated average intraband intendify= ,,+ Ty as given by Eq. p_atterns for f‘Hg SD-l_caIcuIated with t_he various pgr_ametnza—
(1) [7]. An exponential parametrization ofJ)=voe”* was used tions forv(J) in comparison to the experimental intensities.
for the interaction strength. Values ofvy=50 keV (v,
=100 keV) andae=1 were used for*Hg (***Pb). The two com-
ponents (4, Ta,e contributing tol;, are shown as well.

and excited SD band if®Hg can be described by the same
interaction function. For'®¥Pb we have used an interaction
) ) , . , of vg=100 keV leading to significantly larger interactions
We will start by using a spin dependent interaction of theg; the point of the decay out as compared-#Hg.
form It is important to ask the question what role possible fluc-
tuations play and if one even should expect the calculated
v(J)=vee” ™. (4 average intraband to agree with the experimental intensities
of a single band. It was shown in R¢8] that fluctuations of
This parametrization corresponds to a linear spin dependentke separation between the mixing SD and ND will have an
of the action integral for the tunneling through the barrierinfluence on the observed intensity pattern. For clarity let us
separating superdeformed and normal deformed potentigonsider the example of band SD-1 #i*Hg. Figure 2 in
minima[3,4,10. As in the example of Fig. 1 in Ref9] we  Ref.[9] shows that the intensity at spinA2an have almost
use parameters afy=50 keV anda=1 for the SD bands any value and is very sensitive to the exact separation be-
SD-1 and SD-3 in'®*Hg. Figures 1a) and 1b) show the tween the SD and ND states. However, from this figure it is
calculated average intraband intensitigs=1,,+1s,c @s a also evident that at spin Zdindependent of the level sepa-
function of angular momentum in comparison to the experiration the intraband intensity is larger than 90%. Similarly, at
mental data in*®*Hg bands SD-1 and SD-3. Also shown are spin 10 the intraband intensity is below 10%. Therefore, we
the individual components,, andIy,.. Figure 1c) shows can conclude that the point of the decay out is defined by the
the same for SD band SD-1 i¥*Pb but here the intensities spin dependence of the interaction alone while the exact in-
were calculated using,=100 keV. One can see that the tensity for the intermediate spin depends on the exact level
calculated intensities closely follow the experimental inten-separation. In a similar way we expect that fluctuations of the
sities. However, we would emphasize again that for purposegansition strengti’c;, such as Porter-Thomas fluctuations,
of practicality we have assumed that the experimental intenhave a similar effect on the detailed intensity pattern but do
sities are a good representation of the average behavior erot determine the point of the decay out. However, the exact
pected for each band. We feel that this assumption is sugole of these fluctuations has not yet been studied in detail.
ported by the fact that the Monte Carlo simulations byWe would conclude this discussion by remarking that the
Krucken[9] find that the parameters used here are within theexact reproduction of the experimental intensity pattern,
set of parameters that provide the maximum probability towhile possible, is not the main goal of this investigation. We
reproduce the experimental data’itfHg. are using the experimental intensities mostly as a guideline
The figure also shows that at the point of the decay out théhat defines the point of the decay out.
fluctuating partl g, is clearly the dominant contribution to Another experimental observable that can be used to test
Ti,. Our results support the findings of RE®] that the yrast the theoretical description of the decay out is the transition
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quadrupole moment of the intraband transitions in the spinthe band **Hg SD-1. Thus we see that the value of
range of the decay out. While Réf7] does not provide an  cannot be uniquely extracted from the data. In Fig. 2, we also
explicit prediction for the quadrupole moments we can usehow the average level spacimy (dashed curves These
the near equivalence of the model by Gu and Weiddlemu  ¢rves were calculated for the ND states at the excitation
and the two-level mixing model used by Vigezti al. and energy of the SD states of the yrast SD band4fHg. The

Kgrucrlien. Ir? par:ticular, t_he Molme Car_lo simulationz of Rgf' nonmonotonic curve foD is obtained from the experimental
[9] show that the experimental intensity pattern and qua 'UND yrast line. The smooth curve is based on a smooth ND

pole moments are simultaneously reproduced using the sa Fast line fitted to the experimental ND states in the spin
the exponential spin dependence of the interaction as used 1n . .
this paper for the model by Gu and Weiderkeu We would range from 16 to .24h' Our results for th.e. Interaction
point out that an explicit calculation of quadrupole momentss”e_ngth and spreadmg_ do r_lo_t depend sensmvely_ on the_ use
within the framework of the full statistical model by Gu and ©f &ither curve. From Fig. 2 itis apparent that the interaction
Weidenmilier would be desirable for the future. strength in the critical spin range (1614:) is much

Finally, we would discuss if the assumed exponential spirsMaller than the mean level spacing. A
dependence is unique or if other solutions for the spin de- Recently it has been suggested by AbEgythat the en-

pendence of the interaction are possible. Extrapolation of nancement of the decay out of the SD band is due to the
in Eq. (4 down to J=0 vyields values of v=u, onset of chaos. This would explain the exponential depen-

~50-100 keV. This figure is comparable to the strength ofdence ofv(J). However, the close similarity of the interac-
the interaction that couples collective excitations in nucleition Strengths for the states in the yrast and excited SD bands

and, thus, seems somewhat large. We have to bear in minf '%*Hg seem to contradict this suggestion. If the onset of
however, that we are sensitive toonly in the spin range CNaos. mlgthe ND states would play a role for the yrast SD
where the decay out of the SD band happens. In the absenf&nd in *Hg one would expect that the ND states in the
of a reliable microscopic model for the spin dependence o¥!Cinity of the states in the excited SD bands would be al-
the interaction(tunneling actioh one has to consider other '€ady more chaotic, resulting in a larger interaction or a de-
parametrizations that gives similar values foand its spin & out of the band at higher spin values. This is not seen in
dependence in the experimentally accessible spin range. UH€ data. .
til there is a better microscopic understanding of the interac- !N Summary, we have been able to reproduce the spin
tion or other experimental observables constraining the poscjependence _Of the experlm(_antal Intensity patterns by using
sible parametrizations we have to consider deviations fron" gxponer_ltlal parametrization for th? spin d.ependence of
the simple exponential spin dependence. One could, for osihe interaction strength. An extrapolation of this strength to

ample, consider saturation of the interacti@m equivalent ~SPIN Z€ro is not possible. Several parametrizations {d)
the action of the tunneling through the baryiet low spin describe the experimental data well but differ in their values
values as given by the parametrization at spin zero by several orders of magnitude. The interaction

strength in the region of the decay out of the SD band is
typically much smaller than in cases where coexisting shapes
PRRPEERE (5) interact and where typical values of tens of keV are found.
1+ew o This indicates that the interaction between the SD states and

Figure 2 displays this parametrization for various combina-the ND states is suppressed by the tunneling barrier.

tions of the parametens, andJ, (solid curve$. For the SD Important discussions with R. F. Casten, C. W. Beausang,
bands in*®*Hg, the results are very similar in the spin region B. R. Barrett, and D. Kusnetzov are gratefully acknowl-
where the decay out of the bands occur. The inset shows theglged. This work was in part supported by the U.S. DOE
average intraband intensities derived for these interactionsinder Grant No. DE-FG02-91ER-40609 and the German
They all yield a very satisfactory description of the data forBMBF.

v(J)= — 20
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