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Investigation of the decay out of superdeformed bands in***Hg by lifetime measurements

A. Dewald, R. Kihn, R. Peusquens, and P. von Brentano
Institut fir Kernphysik, UniversitaKoln, Koln, Germany

R. Krucken? M. A. Deleplanque, I. Y. Lee, R. M. Clark, P. Fallon, A. O. Macchiavelli, R. W. MacLeod, and F. S. Stephens
Nuclear Science Division, Lawrence Berkeley National Laboratory, Berkeley, California 094720

T. L. Khoo and P. Reiter
Physics Division, Argonne National Laboratory, Argonne, lllinois 60439

K. Hauschild
Lawrence Livermore National Laboratory, Livermore, California 94550
(Received 7 June 2001; published 12 October 2001

The lifetimes of low-lying states in the superdeform&b) bands of'®Hg were measured by means of the
recoil distance method using Gammasphere and the Cologne plunger device. The deduced transitional quad-
rupole moments in all three bands were found to be constant within the experimental uncertainties and equal
those extracted from Doppler-shift attenuation method measurements for the higher-lying states, confirming
that the decay out does not strongly affect the structure of the SD bands. The experimental findings are used to
discuss the different mechanisms proposed for the decay out of SD bands.
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In recent years much experimental and theoretical worlk.awrence Berkeley National Laboratory. The plunger target
has been devoted to the interesting topic of the sudden decapnsisted of an approximately 1 mg/&rn*™Nd layer evapo-
out of superdeformedSD) bands. Various theoretical con- rated onto a 1.47-mg/ctthick tantalum foil. The recoiling
cepts have been employ€t9] to describe the mechanism nuclei had a mean velocity of 1.86% ¢ and were stopped
involved. Besides'®Pb and'®Dy, the nucleus'®Hg is the  in a 11 mg/crm gold foil. Target and stopper were mounted
ideal candidate for the further investigation of the decayin the Cologne plunger apparatus surrounded by 97 large-
mechanism leading to an abrupt decay out of SD bands afolume Compton-suppressed Ge detectors of the Gamma-
low spins because only in these nuclei have direct linkingsphere array{20]. Coincidence events with at least four
transitions been observed so fd0-12,14-1§ Thus for  Compton-suppressed gamma rays were recorded onto mag-
these three nuclei the absolute excitation energies, spins, andtic tape. In total, 72:810° unfolded triple events were
for some cases also the parities are known. In addition tgecorded at nine target-to-stopper distances ranging from 8 to
these experimental data knowledge of the absolute transition03 um separation of the foils.
probabilities for intraband transitions as well as for transi-  The lifetimes of the low-lying states within the SD bands
tions depopulating the SD bands are important experimentalere determined using the differential decay curve method
observables for testing the different mechanisms proposed(DDCM) [21,27]. The germanium detectors at Gammasphere
In this article, we report on a measurement of the life-can be grouped into 17 rings whereby the detectors belong-
times of low-lying states in the SD bands 1Hg using the ing to one ring have the same polar angle. Double-gated
recoil distance metho(RDM). We have successfully deter- spectra with gates set on the shifted components of higher-
mined the lifetimes of the three lowest-lying states in bandgying SD transitions were produced for each distance and
SD1, SD2, and SD3, respectively. Using intraband intensitiegach detector ring. For the lifetime determination we could
for the yrast SD band from an experiment with high statisticsonly analyze the ring spectra taken at the polar angles 17°,
[17], transition quadrupole moment3; were deduced di- 35° (combination of detectors positioned at 32° and)37°
rectly from these lifetimes. Comparison of theQg values  50°, 58°, 122°, 130°, 146fcombination of detectors posi-
with those extracted from measuremefis$,19 using the tioned at 143° and 148°and 163° as the diminishing Dop-
Doppler-shift attenuation methd®SAM) for transitions in  pler shift, proportional to cdg), made it impossible to dis-
the upper part of the bands shows that the deformation retinguish between shifted and unshifted peaks for the
mains constant down to the bottom of the band and is notemaining rings, which were only used to set gates. Spectra
appreciably disturbed by the decay-out process. taken at forward and backward angles were modified in such
Superdeformed states 6f“Hg were populated using the a way that the Doppler-shifted peaks came to the same posi-
reaction®Nd(*®Ca,4)%Hg at a beam energy of 210 MeV. tion as those in the spectra taken at 17° and 163°, respec-
The beam was supplied by the 88-Inch Cyclotron at thetively, while the position of the unshifted peaks remained
fixed. This can be achieved by splitting the spectra and in-
serting the appropriate space between unshifted peak and
*Also at A.W. Wright Nuclear Structure Laboratory, Yale Univer- Doppler-shifted peak to adjust for the polar angle. Thus we
sity, New Haven, CT 06520. were able to add up all analyzed ring spectra for each dis-
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FIG. 1. Doppler-shifted and unshifted peaks of three transitions within all three SD bafitfslin The spectra result from double-gated
spectra taken at eight different polar angles. The spectra have been modified in such way that the Doppler-shifted peaks came to the same
position as those in the spectra taken at 17°, while the position of the unshifted peaks remained fixed.

tance into one single forward and one backward spectrunthe intraband transitions. In our calculations we adopted the
respectively, which was then used to determine the shifteéxperimental spin assignments for bands SD1 and SD3 from
and unshifted intensities of the transitions of interest. So iRefs.[12,19 as well as the intraband intensities from Ref.
was possible to deduce lifetimes independently from the forf17] and considered internal conversion. The corresponding
ward and backward spectra for the transitions within thetransition quadrupole moments of the yrast and the excited
yrast SD band. For the determination of lifetimes within theSD bands of'®**Hg are presented in Fig. 2. For means of
excited bands, SD2 and SD3, the resulting backward spect@mparison we also plotted results from previous R[]
were reflected at the unshifted energy of the transition ond DSAM[18,19 experiments. The transition quadrupole
interest and added to the corresponding forward spectra imoments from this work almost equal those deduced for
order to collect the maximum statistics possible in one spechigher-lying states from DSAM datd 8,19. This corrobo-
trum. Examples of the spectra are given in Fig. 1. rates that the SD configurations dominate the structure of the

To determine the derivative of the intensities of the shiftedbands down to the region of their decay out. Previous experi-
components as a function of the target-to-stopper distance,raents have shown that this is also true f8fHg [24—27
step which is necessary when applying the DDCM, thesand *4Pb[28-30. The transition quadrupole moments ob-
data were fitted by a series of smoothly combined seconthined in RDM experiments at Gammasphgéhaés work) and
order polynomials over separate intervals. Gasp[23] for the yrast band SD1 if®*Hg yield Q,=16.87)

In Table | we give our results for the lifetimes for the eb on average.
lowest three states in each SD band together with the corre- For the two excited bands SD2 and SD3 we find average
sponding transition probabilitieB(E2) and Q, values for  quadrupole moments @,=19.020) eb andQ,=18.825)

TABLE I. Level lifetimes 7, reduced transition probabiliti€3(E2), and transition quadrupole moments
Q, for intraband transitions of low-lying states in the three SD band$4dg.

Band E, | E, T B(E2) Q
(keV) (1) (keV) (ps) (10° w.u) (eh)
SD1 6883.1 12 253.9 3.4763) 1.7 (°3) 18.1 (")
7179.1 14 296.0 2.9855) 1.6 (5 17.6 ("2
7516.3 16 337.2 1.9625) 1.3 (139 15.9 (")
SD2 443.8-E4- 12- 2423 4.312) 213 20.8 ('3
726.9+Eg- 14~ 283.1 3.9493) 153y 17.4 (°29
1050.4+Eg- 16~ 3235 1.9177) 1.7 (33 18.1(°39
SD3 7715 13 262.3 3.010) 2.4 (55 22.0 ("3
8018 15 302.7 3.0184) 1.4 (09 16.9 (39
8360 17 342.5 2.0066) 1.1 (30 14.8 (49
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35 weaker than theB(E1) strength found in the cas®™g
30 i whereB(E1) values of the order of 1¢ W.u. were found
[33-35. Values of this size have been found in octupole
25 - bands, e.g.1"®Hf [46], as well as for transitions between 2qp
S 20 ] states and the ground stdi&2]. Thus the lifetime does not
o) provide conclusive evidence as to the nature of the
— 15 band SD3.
@] ] In the following we will discuss the mechanism for the
10
] decay out of the SD bands it®#Hg on the basis of our
5 results. Recently several works have been devoted to the
] interesting problem of the abrupt transition from super-
0 o ‘ ‘ ! ‘ ‘ ' deformed to normal deformed states which was observed
35 0 5 10 15 20 25 30 35 40 in many SD bands in different mass regidis-9]. From
] the experimental point of view observables such as excita-
30 - tion energy, spin, lifetimes, and branching ratios of SD states
— 25 are of special importance. These quantities are suited to test
8 the different theoretical approaches which have been pro-
— 20+ _ _ posed to describe the decay out of SD bands. Sifitdy is
g 15; i% YT one of the rare cases where two SD bands could be con-
] nected to the normal deformed level scheme, this nucleus is
10 - of special interest to get deeper insight into this interesting
phenomenon.
5 i It is of course an open question if the mechanism under-
0 : . lying the transition from SD to ND states is the same in all

0 5 10 15 20 25 30 35 40 mass regions where SD bands have been observedHigy
Spln it is evident that the nucleus has to undergo a major change
in deformation, e.g., fron8~0.6 to 8~0.2, like in the mass-
FIG. 2. Transition quadrupole moments the SD band¥iHg. 150 region. This is different in the ma,ss-130 region where
Top: Q, values from this RDM experiment for the excited bands the SO'Ca"?d highly deformed banddD’s) (5%0'4) decay
SD2 (solid squaresand SD3(open squargsin comparison with [0 States with3~0.26 and where the decay is very well de-
values from a DSAM line shape analysis for band $0g and the ~ Scribed by level mixind36-3§.
average quadrupole moment determined by Matral.[19] (solid An approach to describe the decay out of SD bands based
line for average, dotted lines for uncertainieBottom: Q, values 0N level mixing between ND and SD states was proposed
for bands SD1 from this RDM experime(solid squaresand Kihn by Vigezziet al.[2] and has been frequently applied in the
et al. [23] (open triangles in comparison with values from a A=150 andA=190 mass region®,23—25,39—4p The to-
DSAM line shape analysifl8] and the average quadrupole mo- tal probability N, that a SD state decays to a ND state is
ment determined by Mooret al.[19] (solid line for average, dotted given by
lines for uncertainties

(1_|Cm|2)FN
(1_|Cm|2)FN+|Cm|2FS’

@

eb, respectively. The equality of these values with the one Nout(l)zz |G|
found for SD1 within their experimental errors reveals the m
stability of the SD potential minimum fof**Hg since the

band SD3 is about 800 keV higher in excitation energy. Fokyhere 'y, and I's are the decay width in the ND and SD
the band SD2 no link to other states has been observed so fgotentiai minima, respectiveiym are the mixing ampiitudes

It was suggested by Rilegt al. [31] that SD2 and SD3 are of 3 SD state with a set of ND states assumed to form a
signature partners of a neutron two-quasiparti@@p con-  Gaussian orthogonal ensembl&OE). These amplitudes
figuration. After the observation of links for SD3 to ND gre assumed to depend on the rdtiy Dy wherev is the
states as We” as ConneCtiEJ. transitions betWeen SD3 a.nd Coupiing matrix eiement anBN is the average |eve| Spacing
SD1, Hackmaret al. [13] assigned negative parity to band of the ND statesy is related to the tunneling width' rep-
SD3. It was further suggested that this band might be a ocresenting the penetration through the potential barrier sepa-

tupole vibrational band since a 2qp configuration was €Xrating the SD and ND potential minima using Fermi's
pected to lie higher in excitation energy and also the esti«go|den rule”;

mated B(E1) transition probabilities would support the
octupole vibrational assignment. 202

From the present work it is now possible to determine the = ) 2
B(E1) value of the transition depopulating the 18tate of D
SD3. The measured lifetime of 2.4 ps, together with the
branching ratio from Ref[13], yields anE1 strength of Recently, Gu and Weidenitier [7] elaborated a more
8(3)x 107 ° Weisskopf units(W.u) This is significantly —general expression fd¥,,, based on a statistical model de-
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TABLE II. Quantities relevant for the decay out of the SD band$®fiig. Given are the branching of the
decay outN,,, the estimated average level spacihg and the electromagnetic widify of the ND states,
and the electromagnetic widihs of the pure SD states as well as the squared admixitiaf ND compo-
nents into the observed SD states. Values for the tunneling Witditalculated in the framework of Gu and
Weindeniller (') [7] using Eqs(3)—(6) and Vigezzi () [2] using the approximatiofs). An upper limit
I'L . for the tunneling width extracted from E¢lL4) is also given.

Band [ Nout Dy I'y I's 1-¢c? Ty ry Thax
(R) (ev)  (meV)  (meV) (%) (meV) (meV)  (meV)
SD1 12 0.40 16.3 4.8 0.100 1.3 22 53 332
10  >092 262 4.1 0.039 9.9 >1700 >210 4074
SD3 15 0.10 26.5 4.0 0.230 0.7 6 18.5 336
13 0.16 19.9 45 0.110 0.6 11 30.3 354
1 >0.93 7.2 6.4 0.048 7.6 >400 >215 478
SD2 12 0.25 30 42 0.080 0.7 375 311
10 0.50 36 42 0.036 1.0 67.5 449

@Arbitrary, since the excitation energy is not known.

scribing the ND states. In this approach the mean SDnethod proposed by Vigezzt al. [2] where a further ap-
intraband intensityl;, is determined as the sum of two proximation is used, namely, a representation of the ND

components, states by an equidistant level spectrum with a fixed level
o spacing of Dy rather than the GOE. For cases where
lin=12+1 (3 TI'Y/Dy<1 and
and is related tdN,,; b r 1
out Y o l“i/DN<27-rF—S T2
Nout=(1—=1in). (4) N 1+—S>
12% is obtained directly from the quantitids’ and I'g _
from a simple relation betweeN,,; andI"! holds:
)
w1 Ne o[ I
|ianv=—1_,l. (5) Nout"’ FS DN. (8)
1+ T

From this relation as well as from E¢3) the tunneling

. LT width T'! can be calculated using the quantitis,,, I's,
The second term, the fluctuation contributitfp, has to I'y, andDy. T values determined with both approaches
be calculated numerically. In Refe7,43] it was shown that ) ) —
this term cannot be neglected as was done in an earlier puiScussed above are given in Table Il. The quantitgs;,

lication[5] and that it can be approximated by the expressiorl s: I'n, andDy are also given in Table II. L
In order to determind’y, only statisticalE1 transitions

— Iy %2 were considered for the decay between the ND states, since
lin= 1_0-913%3) they are expected to dominate this decay due to the high
excitation energy of SD states above yrastt MeV). This
[O 4343"(1“1) 0 4E(FN)°'13°T assumption’y~=TI'y! is supported by the fact that at spin
: rs)j b 124 the statisticaE1 transition probability is three orders of
xXexpy — T 01477 . magnitude larger than the collectiie2 decay probability
(_N) [41] and one order of magnitude larger than the statistical
D M1 transition probability[44]. Notice that noM1 or E2
(6) transitions have yet been identified considering the discrete
transitions between SD and ND states'#Hg. The situation
It was also shown thal,,, calculated by Vigezzetal. is different in the neighboring®Pb, where mixed2/M 1
agrees well Withﬁout obtained in Ref[7] for cases where radiation originating from SD states has been detected and
the following two conditions are fulfilled: where the eXC|tat|0_n energies of the SD states are more than
1 MeV lower than in'®*Hg. Furthermore, Kroken and Lee
I'y/Dy<1  and Iy/Dy<I'YTs. 7) discussed and refuted the decay via electric monopole tran-

sition applying the mixing modgl2]. The E1 decay prob-
These conditions hold very well for all known cases in theability was calculated as in Ref9] applying a statistical
mass-190 region. Therefore, it is justified to apply themodel following the parametrization in Re#5].
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In the following part of the discussion we want to deter- The onset of the decay out appears at the same spin range of
mine the normal deformed admixture of the SD states fron{8—12%. The mean tunneling width!, determined from Eq.
which a maximum tunneling width }, ., can be extracted. In (1) and the maximum tunneling widtl#1,42]
the weak coupling limit when the conditiol(g) are fulfilled
only the closest ND level has to be considered to mix with a Tl .= (mDycd)/2, (14)

SD state. Such a situation was found, e.g., in the cases of
133Nd as mentioned above ant?Pb [30]. Also in Hg  as well as the squared mixing amplitudes d? show a simi-
these conditions hold as can be seen in Table Il. Thereforéar and monotonous behavior.

we will apply in the following discussion the two-level mix- It appears to be very unlikely to obtain such regular decay
ing model in order to extract the normal deformed admixturepatterns if accidental level mixing with a constant, spin-
of the SD states. independent interaction is governing the decay-out mecha-
In Eq. (1) the summation ovem reduces now to only one nism alone. The decay out by purely accidental level mixing

term cannot explain this behavior unless, due to the very small
values ofl'!, each SD state with decay to ND states would

B (1-c*)Ty have to fall close enough to the nearest ND state with an
OUt_(l—cz)FN+czFS' ©) accuracy of aboubDy/100. At the same time this accidental

degeneracy would not occur for the higher-lying SD states.
whereN,, is calculated from the outgoing intensity,, and  All quantities related to the decay out of SD bands exhibit a

intraband intensity;,, taken from Ref[17]: very regular behavior and are comparable for states of dif-
ferent bands with the same spin values, although the excita-

lout tion energy can be very different. This points to an interac-

Nout=|0ut+|in- (10 tion between SD and ND states which is strongly spin

dependent. This has been pointed out already in Refs.
The normal deformed admixture-ic? of a SD state can [2—-4,39,4Q and was investigated in detail in R¢B]. The

be determined using the level lifetimewhich is related to  quantities determined in this work give further support for
I'y andI'g as the spin exponential spin dependence of the interaction

strengthv first proposed by Vigezzt al. [2].
5 5 Finally, we would like to mention another interesting ap-
ﬁ;=(1—c )y +cTs. (11) proach to explain the decay out of SD bands as it has been
suggested by Aber]. In this approach, the decay goes via
Combining Egs.(9) and (11) one obtains the following a doorway state with an interaction strength enhanced by the
relation for the squared mixing amplitudes-t? for the ND  onset of chaos at a certain excitation energy to values of

admixture using, which are given in Table II: aboutv =50 keV. This approach describes the observed de-
cay intensities as it varies at the bottom of the SD bands in
Nout 7 the mass-150 region. For the mass-190 region, where the

c?=1- - (12)

excitation energies were fixed via the observed linking tran-
sitions, the following question has to be raised: Why are the
For the lowest spin values no lifetimes have yet beerdecay-out patterns fotHg and %%Pb so similar with re-
measured. In order to extract a squared mixing amplitfde spect to the decay-out intensities,(1), although the exci-
for these states, using Eq4.1) and(12), we assume a con- tation energies are different by about 2 MeV? Even the decay
stant transition quadrupole moment in the lower parts of theut of the yrast SD band and the excited band SD3fhig
bands. We take the average of the existiPgvalues pro- occurs within the same spin windowi81<12% whereas
vided by RDM experiments, thus excluding uncertainties ofthe excitation energies differ by almost 1 MeV. If the onset
stopping powers which may affect the lifetimes determinedof chaoticity would be governing the decay out, one would
by the DSAM techniquel’g can be determined directly from expect a significantly larger interaction strengthfor the
the average transition quadrupole mom@ptaccording to excited band and thus a very different decay-out pattern.
c Since this is not the case, we conclude that the decay out due
™ to the onset of chaos seems not supported by our results.
FS:l'Z%EEiCLZQ“ (13 In summary, we have measured the lifetimes of the three
lowest states in each SD band i#Hg using the recoil dis-
where CL is the appropriate Clebsch Gordon coefficient. tance method. The corresponding transition quadrupole mo-
The such-determined ND admixtures-&2 are relatively mentsQ, agree within the experimental uncertainties with
small and only for levels where the decay out exceeds 90%hose for higher-lying transitions obtained from previous
the admixtures go up to 10%. This indicates rather pure SIDSAM measurementgl8,19, corroborating the thesis that
states until the lowest observed member of each SD ban&D configurations dominate the band structures down to the
We would like to note that the-2c? values increase steadily region of their decay.
for successive levels with decreasing spin. Comparing the In order to discuss the decay-out mechanism the measured
three different SD bands i"“Hg we observe a very similar lifetimes have been used to determine the mean tunneling
decay pattern despite their very different excitation energieswidth I'! for the penetration of the potential barrier separat-

FN ’T.
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ing the SD to the ND potential minimum. We applied the the decay out of the SD bands {*Hg is dominated by a
level mixing approacti2] as well as an approach based onweak admixture of the nearest-neighboring ND states gov-
statistical model calculation¥]. It was shown that for the erned by a two level mixing process. The assumption of an

1944g both variants can be employed and consistent resul@xponential spin dependence of the interactiom3| be-
were obtained. tween SD and ND states is supported as well.

In addition the squared mixing amplitude$ were deter- The members of the Cologne group are very grateful to
mined for SD states where decay out was observed. Thesge LBNL for its hospitality and the permission to use Gam-
mixing amplitudes were found to be in the range ofmasphere and the 88-Inch Cyclotron. This work has been
0.6-10 %, thus revealing that the SD structure is essentiallgartly funded by the German Federal Minister for Education
maintained down to the lowest observed SD states in alhnd ResearciBMBF) under Contract Nos. 06 OK 668 and
three SD bands of®*Hg. A very regular decay pattern was 06 OK 958 and the U.S. DOE under Contract Nos. ACO3-
found for these bands, as exhibited by the extradtecind 76 SFO0098(LBNL ), W-7405-ENG-48(LLNL ), and W-31-

c? values, which is similar to that observed in other nuclei in109-ENG-38(ANL) as well as Grant No. DE-FG02-91ER-

the A=190 region. The results support the assumption tha#0609(Yale).
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