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Differential lifetime measurements and identical superdeformed bands in**>1%Hg
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High-precision lifetime measurements have been performed in superdef¢@Bebands of*°>1%Hg with
the Doppler-shift attenuation method. Intrinsic quadrupole mom@gteere extracted for three SD bands in
199g and for the yrast SD band itPHg. Within experimental uncertainties, all four SD bands have equal
Qo values. These results provide constraints on differencé&3yinalues between the “identical” SD bands
194g(3) and **Hg(1). [S0556-28187)51005-3

PACS numbgs): 21.10.Tg, 21.10.Ky, 21.10.Re, 27.8Qv

The observation of rotational bands in different nuclei y-ray energies requires that both bands have equal moments
with moments of inertia nearly identical to each other hasof inertia 3?). In the framework of the Strutinsky method,
been among the most exciting recent discoveries in nucledhe moment of inertia is given by a sum of a macroscopic
structure physic$1]. In superdeformedSD) nuclei, many and a shell-correction terrtwhere the latter would include
cases of rotational bands consisting of 10—20 transitions witthe effects of pairing and particle alignmenffo get a
either the same energies, or with energies obeying a fixesense of the change in deformation required to compensate
relation with respect to a SD band in a neighboring nucleusfor the change in mass for identical bands, let us consider
have been reportdd]. The remarkable degeneracies in tran-only the macroscopic term. The®3 scaling of the
sition energies have spurred many theoretical explanationsigid body moment of inertia would lead to an expected dif-
but at present there is no generally accepted one. ©me ference in deformation8,(1%Hg)— B,(*°*Hg)=0.04. This
called heroig class of explanations speculates that the degerdifference corresponds to a value of
eracies are due to some new underlying symmetry. The othe¥Qg ma=Qu(**Hg) — Qo(***Hg)=1.7 e b (using the ex-
(unheroig class attributes them to accidental cancellations ofression for the quadrupole moment given in Ré&D]). A
several effects, such as changes in deformation, alignmendijfference of 1.7e b is well within the sensitivity of the
and/or pairing which compensate for a change in mass. Fudifferential DSAM technique and is in contrast with the
ther progress in understanding this striking phenomenomuch smaller differences iQ, values recently found for
clearly depends on experimental information beyond transiidentical bands in thé =150 region[7,8].
tion energies: spins, parities, and quadrupole moments must In order to compare DSAM measurements for SD bands
also be measured. With the completion of the new generatioim neighboring nuclei, great care must be taken to ensure that
of y-ray spectrometers, substantial progress is being madal bands are populated under nearly identical conditions in
toward this goal. Excitation energies, spins, and parities haveerms of angular momentum input and excitation energy, so
been established very recently in a few SD nuclei neathat the sidefeeding into the states of interest is as similar as
A=190 [2-5], and intrinsic quadrupole ;) moments possible. Furthermore, the uncertainties associated with stop-
(which probe the quadrupole deformaticare beginning to  ping powers must be minimized by choosing the same stop-
be determined with sufficient accuracy using the Dopplemping material and making the recoil velocity profiles as close
shift attenuation metho(OSAM) [6—8]. Here, we report on as possible. These considerations form the basis of the so-
measurements of th®, moments of a pair of identical SD called “differential” DSAM measurements as they minimize
bands in1%21%Hg. the systematic uncertainties, allowing different@} values

These nuclei are of central importance to the understande be precisely measured. First measurements of this type
ing of SD bands because they include the first cases fanave recently been reported {4t13€Ce by Clarket al.[6], in
which the spins, parities, and excitation energies are knowt*814%Gd and Dy by Savajolset al.[7], and in 115Dy
(bands 1 and 3 in%Hg [2,3]). Furthermore, band &sing  and **'Tb by Nisiuset al. [8].
the notation of Ref[9]) of %Hg is “identical” to the yrast Motivated by these considerations, DSAM measurements
SD band of *Hg, i.e., the y-ray transition energies of were performed with the Gammasphere spectronjétgrin
194g(3) are equal to those if®Hg(1) to within two keV  two experiments, when 55 and 85 Compton-suppressed Ge
over nearly the entire energy range. The equality of theletectors were present. Excited states'ifHg were popu-
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- . FITFTAU [12,13 was used. To compute the average recoil
1 —Hgm 1 —Hg@ velocity at which the decay from a particular SD state oc-
E curs, the following assumptions are madb: The Q, values
are the same for all SD levels within a band, and the transi-
tion probability T (in ps™!) of a band member of spih is
described within the rotational model by the expression

Q=177 + 0.4 eb 0.2 | Q=176 £ 0.6 eb T(|—>|—2):122E3Q3<|K20|(|—2)K>2, WhereEy is the
S i R R v-ray energy in MeV(2) The sidefeeding into each SD state
400 600 800 400 600 800 is approximated by a single rotational cascd@éth the

number of transitions in the sidefeeding cascade proportional
to the number of transitions in the main band above the state
Ho(3) F () r of interes}, having the sam8(® moment as the main band,
o8 F and controlled by a sidefeeding quadrupole mont@unt(as-
sumed to remain the same throughout an entire SD)bé&3)d
A one-step delay at the top of all feeder cascades was pa-
0177 £ 0.5 eb rametrized by a single lifetimé&s;.
The code takes into account the measuyedy intensi-
e TR ties and also includes a correction for the internal conversion
Energy (keV) process. The detailed slowing-down histories in both the tar-
get and the Au backing were calculated with electronic and
FIG. 1. Measured fractional shifté(7) for SD bands in n'uclear stopping powers pFOVided by the code TRIM, ver-
19219449 The curves represent the best fit corresponding to the'On 1995’_bY Z'EQIetl_A'] which uses the most recent evalu-
value of theQ, moment given. The dashed lines indicate the spread!ion of existing stopping-power data. In the fit of thér)
in full shift due to the slowing down of the beam across the targetValues, ax’ minimization was performed witl,, Qs;, and
See text for a detailed discussion. Ts as parameters. The quality of the fits to the data can be
) ) judged from Fig. 1(solid lineg where the derive®@, values
lated with the_l48|Vd(4SC§,4f;) reaction at a beam energy of are also given. The results of the centroid shift analysis are
205 MevV, while states in**Hg were populated using the summarized in Table I. The quoted errors include the cova-
ONd( Ca,4n) reaction at a .bea.m energy of 202 MeV. In riance between the three parame'[@@ st, andef_
each case, the targets consisted~df mg/cn? Nd evapo- In order to investigate the possibility of changes in the
rated onto thick Au backing&l3 mg/cnt) in which the re-  in-band Q, values with rotational frequency, a line shape
coiling nuclei were stopped. The beams were supplied by thgnalysis of several transitions in each of the SD bands was
88 inch cyclotron at Lawrence Berkeley National Labora-performed. Such an analysis was possible for SD transitions
tory. In the first beam time, approximately<110° three- and i the energy range 439E,<700 keV; transitions of
higher-fold coincidence events were recorded for each of thﬁ)wer energy are Comp|ete|y Stopped and those above this
two reactions. In the second experiment].8x10° four- range exhibit sharp Doppler-shifted peakfsr which the
and higher-fold events were recorded for th@Nd(**Ca,  analysis reduces to that of a centroid shittifetimes of
4n) reaction. In all cases, the recoiling Hg nuclei wereindividual levels were extracted from the line shapes with the
slowed down and brought to rest in the Au backings. codeLiLIFI [15] which also uses the TRIM stopping powers.
Spectra sorted by angle were constructed by combiningor each nucleus, some 4@ecoiling ions were traced in a
data with double coincidence gates placed on stopped andonte Carlo simulation. The feeding model as described
nearly stopped transitions at the bottom of each of thexpove was also used in the line shape calculations with the
SD bands. Particular care was taken to ensure that COﬂSiStqntbanon and Sidefeeding quadrupo|e momeépy; as free
gating conditions were applied to each of the SD bands stucharameters for each levébr those transitions above 700
ied, i.e., similar combinations of gates were used for eaclxev in each band, lifetimes obtained from the centroid shift
spectrum. The data analysis consisted of both centroid shi{nalysis were uséd
and individual line Shape fits. Fractions of the full Doppler For each line Shape, both the state lifetime and sidefeed-
shift F(7) were obtained for transitions in three SD bandsing parameter are derived from the fit. The results have been
of *Hg and in the yrast SD band 6fHg. TheF(7) values  obtained from fits to the angle combinations available in the
were determined from the centroid of the-ray peak Gammasphere data: for ban&%zHg(l) and 194Hg(1), fits
at each angle using the first-order relatioR(7)  were performed on spectra obtained at eleven independent
= ((E,)—E9)/ESBocoss, whereES is the nominali.e., un-  angles. Due to lower statistical accuracy, fits¥Hg(2) and
shifted y-ray energy, andE,) is the corresponding energy °#Hg(3) were performed for spectra at five different angles
derived from spectra measured in the detectors located at avhich were obtained by the summation of spectra from ad-
angle # with respect to the beam direction. The faci@y  jacent angular rings. Simultaneous fits to successive transi-
refers to the initial velocity ¢y/c) of the recoiling nucleus tions were performed in order to determine correlations be-
assuming formation at the center of the target. Hie) tween fit parameters. Examples of comparisons between
values are presented in Fig. 1 as a function of the transitioexperimental and calculated line shapes are shown in Fig. 2;
energy. it is apparent that the data are well reproduced.
In order to extract the intrinsic quadrupole mome@s The transition quadrupole moments were derived from the
from the experimentalF(7) values, the computer code level lifetimes using the rotational formula, as described

Fractional Doppler Shift F(1)
T
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TABLE |. Summary of centroid shift analysis results for SD band$*f'®Hg. The uncertainties quoted
do not include the systematic stopping power uncertainties, which could be as large as 10—-15%. The fifth
column lists theB, values derived from the experimental désae text for detai)s The last column presents
results from previous measurements, all of which represent av€agalues derived from the analysis of
DSAM line shapes.

Band Qo (e b) Qsi (e b) Tss (fs) B> PreviousQg (e b)
192Hg(1) 17.7-0.8 11.0°38 9+ 0.48+0.02 20.6:2.C°
' 18.7+2.0
1%4Hg(1) 17.7:0.4 11.8°3% 19722 0.48+0.01 17.202.6F
1%4Hg(2) 17.6:0.6 11.6:1.2 28"3 0.48+0.01 17.6:3.CF
194g(3) 17.5-0.8 10.8"53 1738 0.48+0.02

8Mooreet al.[17].
bwillsau et al. [18].
‘Hugheset al. [16].

above. The individuad, values for all four SD bands are certainties on th€, values are only about 0-10.2e b). The
plotted againsg, in Fig. 3. The average values fd?Hg  observation that th@; values are considerably smaller than
bands 1 and 2 areQy=18.1+-1.3eb and Qy=18.1 the in-bandQ, values is consistent with the results of previ-
+2.1e b, respectively. For the identical bands, the averag®us measuremen{d6,17]. (2) When comparing the uncer-
values are Qu,=17.6-1.0eb for %Hg(l) and tainties in differentialQ, measurements in th&~190 re-
Qo=17.5+2.4e b for 1%Hg(3). These values agree with the gion with those from recent measurements in fhe 150
results of the centroid shift analysis. Furthermore, the indiregion[7,8], it should be kept in mind that the sidefeeding in
vidual Q, values are essentially constant with rotational fre-the lighter mass region occurs over a range of transitions for
guency, indicating that the consta@t assumption used in which the F(7) values are not changing very rapidly
the centroid shift analysis is indeed reasonable.

Due to the scatter in the individu&, values and the .
relatively large error bars obtained from the line shape analy- 3

sis, the results of the centroid shift analysis will be used in % I@ 1
the comparison of the differenti®, values. At this point, ég S ﬁ%lif 3
the following details concerning the error analysis and side- : i I%
feeding assumptions used in the centroid shift analysis de- 10 F @ "Hg(1)<Q> =181 £ 1.3 eb
serve further discussioiil) The uncertainties in th@, val- s [ 4 THo(@2)<0> =181 %2160
ues are dominated by correlations with the sidefeeding 0 :*9(3) <Q°f= ”~5|““‘ o . . |
parameterQq; (i.e., for fixed Qg; values, the statistical un- %w0 "0 B0 550 eoo . es0 700 750
—~ 30
0 £
QL s
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r ® "Hg(1) <Qy> =176 £ 1.0eb
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FIG. 3. Experimental transition quadrupole mome@s as a
‘ . function of transition energy, derived from line shape fits. The top
500 550 600 panel presents the results for the three SD band&‘tg. The solid
Energy(keV) line corresponds to th®, values calculated in Ref24] for the
yrast SD band in'®Hg. The dasheddotted lines represent the
FIG. 2. Sample line shapes for spectra obtained in detectors aesults of calculations by Satukt al. [23] for the yrast(excited
backward angles of Gammasphere, the thicker lines correspond 8D bands of'*Hg. The lower panel presents a comparison of the
the calculated line shapes. Transitions'##Hg(1) are shown inthe  Q, values for *®Hg(1) and the identical SD ban&®¥g(3). The
top panel and the lower panel shows the same region focalculatedQ, values of Galkt al.[24] and Satutat al.[23] for the
1944g(3). The arrows indicate the unshifteghray energies. Note yrast SD band of%Hg are represented by solid and dashed lines,
the presence of several contamingimays in the'%Hg(3) data, two  respectively. The averag®, value for each SD band is shown in
of which were taken into account in fitting this particular spectrum.the figure(see the text for details
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TABLE II. Experimental and calculated intrinsic quadrupole moments for SD band®#¥Hg. The
calculated results are taken from Chasrfi2?|, Satutaet al.[23], Gall et al.[24], Girod et al.[25], Krieger
et al. [26], Boncheet al. [27], Meyeret al. [28], and Heene29]. The Q, values presented for the calcu-
lations of Chasman were derived from the values of theand v, deformation parameters given in the
original paper. All quadrupole moment values aresib.

Band Expt. Chasman Satula Gall Girod Krieger Bonche Meyer Heenen
192Hg(1)  17.70.8 19.2 19.9 186 18.0 185 182 18.5
1%4g(1)  17.7£0.4 19.3 195 185 184 17ig.s 18.5 18.6
1944g(2)  17.6:0.6 19.3 180 18.6
1%44g(3)  17.5:0.8 19.3 18.6*

&Calculated for they([512]5/20[624]9/2) configuration.
®Obtained from Hartree-FoekBCS calculations.
“Obtained from generator coordinate method calculations.

[F(7)=0.9]. As a result, there is less sensitivity to the side-larger Q, values’ The most important conclusion to be
feeding properties. In contrast, the sidefeeding in thedrawn from this comparison is that the similarity @y val-
A~190 region persists down te(7) values as low as 0.4, ues seen in the data is also present in the calculations, re-
and there is a larger sensitivity to tlig,; fit parameter(3)  flecting the fact that the additional neutron orbitals occupied
Finally, it should be emphasized that since the same decap ®Hg (with respect to'%Hg) are not shape driving. In
model and feeding assumptions were consistently applied tcontrast, for SD bands in thA~150 region[7,8], some
all bands, theelative differencesn the Qg values are valid pronounced differences i, values have been measured,
even if the model used in the analysis is simplified. which are correlated with the number of occupied intruder
The results of the present analysis are compared witlorbitals. Remarkably, the results of those studies also indi-
those of previous measurements in Table |: good agreemenptte that bands that are identical to the yrast ban&Pily
between allQ, values is obvious. In particular, the agree- have the sam@, values. In the case of the excited bands in
ment between our results and the most recent measuremenif§Hg, the calculations of Satulet al.[23] and Heenerfi29]
in 1%Hg [16] is excellent. It should be noted that for the casewere performed for the lowest SD neutron excitatite
of band 1 in'%Hg, the previous measuremefisy, 18 were  [512]5/29[624]9/2 configuration suggested [8]), which is
performed using®S induced reactions and detector arraysnot expected to be strongly shape driving. However, from
with lower sensitivity; therefore, the associated uncertaintiesecent calculations, Nakatsukasd al. [30] propose that
are larger: Recent recoil distance methé®DM) measure- bands 2 and 3 in*Hg correspond to thé&=2 octupole
ments for 1921°Hg [18,20,2] also indicate similaQ, val-  vibration rather than to the neutron excitation proposed in
ues of about 18 b near the bottom of the bands. Since theRef. [9]. While Q, values were not calculated for these
RDM results do not depend on stopping power formulationspands in Ref[30], changes imQ, values, if any, are antici-
the agreement between the latter measurements and tpated to be small and it is not possible to distinguish between
DSAM results gives us further confidence in the stoppingthe two interpretations on the basis of our measurements.
powers used in the analysis. Using the results shown in Table I, one can investigate the
Table Il compares the results of recent calculations usingnaximal differences quadrupole moment and deformation
a variety of theoretical models with the values extracted fromallowed by the data for the different SD band%¥he 8,
our measurements. In cases where the evolution of the Siialues given in Table | were computed from the experimen-
minimum in deformation space is calculated as a function otal Q, values using the expression of RE1L0|, under the
the rotational frequencyfw, the values computed at assumption that th@, values are the same for each band.
hw=0.3 MeV are listed in the table. Th®, values given Within experimental uncertainties, all four bands have the
for Chasmar{22] were derived from the corresponding de- same quadrupole moment and deformation. The difference in
formation parameters; those presented for Sattial. [23]  Q, between the yrast and excited SD bandsfHg is
were derived from the calculategh and 54 values using the  §Qg ¢,;=0.1+0.7e b and 0.2:0.9e b for bands 2 and 3,
relationship given by Nazarewiaz al. [10]. The other cal- respectively.
culated quadrupole moment values were taken directly from For the identical bands, the difference @, values be-
the corresponding references.
From an inspection of Table Il, it is clear that the agree-
ment between experiment and theory is quite satisfactoryiThe discrepancies between the data and some of the calculations
although there is a tendency for theory to give somewhare not considered serious since the experimental errors do not in-
clude the systematic uncertainties associated with stopping powers,
which are estimated to be of the order of 10-15%. Furthermore,
ISimilar results were obtained by Koricht al.[19] in a Eurogam  uncertainties in parameters used in the theoretical calculasoich
experiment where an average value@f=19e b was measured asrg) limit the accuracy with which absolut®, values can be
for the yrast SD band ift®Hg (see Fig. 2 of Ref[19)). compared.
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TABLE lIl. Comparison of differences in thQ, values calcu-  with the conclusions of Ref31] that individual valence or-
lated for equal moments of inertiadQomad and the experimental  pitals do contribute to the quadrupole moment. However, it
values 6Qo,exp for identical SD bands in different mass regions. s not clear if one can deduce the contribution of the shell-
correction term with sufficient accuracy using the simple ap-

Bands 9Qomac (€ b) Qo.exp (€ b) proach discussed above. In any event, our results define the
192H9(1), 2%Hg(3) 1.7 0.2r1.1 allowed difference in quadrupole moments for theories
which attempt to explain identical bands.
SDy(1),1Gd(4) 19 0.0-0.7 In summary, we have measured precise lifetimes in SD
1520(1), 44Gd(3) 07 0.3-1 2 bands of192'1?‘|—|g. In contrast to thé\~ 150 region(in par-
ticular), very little variation in theQ, values was found. The
152Dy(1), 5'Dy(4) 0.9 0.0:0.7° smaller variations probably reflect the stronger influence of
i s pairing correlations in the SD bands of tAe-190 region,
Cel1), **'Cel2) 0.7 1105 which tend to “wash out” the individuality of the occupied
13 13 _ " orbitals. (However, the implications of a recent differential
Celt), e 07 0.£0.5 DSAM measurement for bands #21%Hg [32], where pos-
33avajolset al. [7]. sible differences between tii@, values of1®2Hg(1) and sev-
PNisius et al. [8]. eral bands in'®Hg were found, need to be evaluate@he
‘Clark et al. [6]. results of theoretical calculations also indicate that the SD

minimum in this mass region is very stable with respect to
tween Hg(1) and 19%Hg(3) is 6Qq c= 0.2+ 1.1€ b. This neutron number and orbital occupation. For theories which
exp=0.2£1. .

difference is smaller than théQ, .= 1.7€ b (see Table I explam.the origin of identical bands, our results place tight
: constraints on allowed changes in quadrupole moment for

estimated from the change in mass in the macroscopic term, . ; .
. offsetting mass changes. Alternatively, the theories can as-
Hence, further compensation for the mass change must come

f . : . sume from the start the small measured difference in quad-
rom a shell-correction effecte.g., from changes in align- rupole moments

ment and/or pairing Table Il gives the values 06Qg mac P '

and 6Qq ey, for several other identical SD bands. With the  This work is supported by the U.S. Department of Energy,

exception of thg 1*%Ce(1), 1*'Ce(2)] pair, the measurements Nuclear Physics Division, under Contract Nos. DE-FGO05-

indicate that contributions from shell-correction terms are88ER40411, W-31-109-ENG-38, DE-AC03-76F00098, DE-

needed to compensate for the mass change. This is consistéit02-94ER40848, and DE-FG02-87ER40346.
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