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The yrast superdeformed band #‘Pb has been populated using th&Yb(*Mg,5n 1%Pb reaction at
Epean= 130 MeV. Decayy rays were detected using the GAMMASPHERE array at the 88-Inch Cyclotron.
Twelve y-ray transitions have been observed directly linking three members dftRb yrast superdeformed
band to low-lying normal deformed levels. Anisotropy measurements indicate that these linking decays include
E1l, M1, and mixedM1/E2 multipolarities. The radiative widths deduced are very inhibited, typically
B(E1)~10"8 Weisskopf units(W.u) and B(M1)~10"° W.u. Without recourse t@ priori assumptions
J7=6" and E,=4878.4(3) keV have been unambiguously assigned to the lowest-lying observed superde-
formed statdthe state populated by the 170-keV intraband transitidhe intensity of the observed primaries
accounts for 2@)% of the superdeformed band populatip80556-281@7)03105-1

PACS numbsgs): 21.10.Re, 23.20.Lv, 25.70.Gh, 27.8Qv

[. INTRODUCTION transitions between the yrast SD band and low-lying states in
199ph have been identified, including the transition proposed

The observation of one-step “primary” gamma-ray tran- by Brinkman. These transitions have been placed in the level
sitions directly linking the superdeformé8D) states to the ~scheme of'*4Pb using coincidence relationships and agree-
normal deformedND) low-lying states of known excitation ments between the energies of the primary transitions and the
energies E,), spins, and parities)(") is crucial to determin-  energy differences in level spacings. Furthermore, measure-
ing theE, andJ™ of the SD states. With this knowledge one ments of angular asymmetries have yielded the multipolari-
can begin to address some of the outstanding problems asdégs of the primaries which have allowdd assignments of
ciated with SD nuclei, such as the identical band issue, anthe ***Pb SD states to be unambiguously determined for the
one can also place more stringent restrictions on theoreticéirst time withouta priori assumptions about the character of
calculations which predict SD states and their propertiesSD bands. A study performed in parallel to our work using
This information may also lead to a more detailed underthe EUROGAM-II array reports similar, but less extensive
standing of the deexcitation of hot nuclei and other processeg®sults[3].
involved in the decay of SD bands to the ND states.

The resolving power of the new generation of 4y-ray
spectrometers allows the prospect of realizing this goal.
Brinkman et al. used the early implementation of the The experiment was performed at the Lawrence Berkeley
GAMMASPHERE spectrometer array32 detectors and  National Laboratory 88-Inch Cyclotron facility. High-spin
proposed a single candidageray linking the 1%Pb yrast SD  states in*®#Pb were populated following thé"*Yb(?**Mg,
band to the low-lying ND states iA>*Pb[1]. Using 55 de-  5n) reaction aE(?®Mg) =130 MeV. Coincidenty rays emit-
tectors in the GAMMASPHERE array Khoet al. observed ted during the decay of these high-spin states were detected
multiple links between the yrast SD band #¥Hg and the  using the GAMMASPHERE arraj] which, for this experi-
low-lying level scheme and conclusively determined valueanent, consisted of 88 large-volume~{5% efficien}
for E, andJ of the yrast SD statg®]. Here we report on an Compton-suppressed Ge detectors. The detectors were
experiment in which GAMMASPHERE with 88 detectors located in rings at 17 different angles with respect to the
was used: Thé&e, and J™ values of the yrast SD states in beam: ©0=17.3(162.7)°, 31.7(148.3)°, 37.4(142.6)°,
194pp were uniquely determined. Twelve single-step linking50.1(129.9)°, 58.3(121.7)°, 69.8(110.2)°, 79.2(100.8)°,

80.7(99.3)°, and 90.0°. The isotopically enriched 98%)
17%yp target was 1.21 mg/cfithick, and evaporated directly
*Present address: Lawrence Livermore National Laboratory, Liv-onto a 6.13-mg/crA Au backing. The signal-to-noise ratio of
ermore, California 94550. the SD primaryy rays is enhanced when a thick backing is

II. EXPERIMENTAL DETAILS
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used because the lower-lying SD states have lifetimes thdines of SD band B, the transition energies of the excited
are longer than the characteristic stopping times of thdvands are sufficiently separated from those of the yrast band
evaporation residues in the Au foil. Thus, the linking transi-to cause little contamination of the yrast SD-gated cube. Sec-
tions do not exhibit angle-dependent Doppler shifts, orond, both excited SD bands i*Pb are~5% of the yrast

broadening, and the intrinsic detector line shape is expecte®D band, making it highly improbable that linking transi-
Approxima’[e|y 14 109 events were recorded with sup- tions from the excited bands to the ND states would be ob-

pressed Ge fold=4. served in these data. Energy and efficiency calibrations over
the range 0.100-3.548 MeV were obtained from the standard
%6Co, ®%Eu, and®?Ta sources.

Figure 1 illustrates two energy regions of a triple-gated,
abackground—subtracted spectrum for the yrast SD band in
194pph projected from this cube. All possible combinations of

: 9 double gates on the SD lines between 170 and 532 keV
Y ray ‘.N'th an energ;yltgat_ﬁ?rressgonded lt.d b {rZStdS?] inclusive were summed to produce this spectrum. Relative
transition energy|6-10. The -gate list _Eexclude .t € in-band intensities deduced from this spectrum are given in
419.9-keV vy ray of the SD c_ascade (_jpe to its pr_QX|m|ty 0 Taple || 564)%, 346)%, and 107)% of the SD band inten-
the 421.1-keV 7 —5" low-lying transition. In addition, the = gjty decay out occurs from the three lowest observed SD
y rays were required to be In prompt coincidence with re-states, respectively. Figurdal illustrates that a number of
spect to the beam pulse. High fold everitsld=5) were  ,.ray transitions from the low-lying ND states #1*Pb[13],
incremented into the SD-gated cube foIIowing_ the procedgrq;abebd by their correspondind—J7, are in coincidence
of Ref. [11]. One should note that the excited bands inwith the yrast SD cascade. Many candidates for the discrete
19%pp reported in Ref.12] are not expected to influence our single-step transitions feeding into these low-lying ND states
search for linking transitions between the yrast SD and NCcan be seen in the higher-energy portion of the triple SD-
states. First, with the exception of the 341- and the 456-ke\gated spectrum, Fig.(h). These transitions have energies in

IIl. ANALYSIS

The search for linking transitions was performed using
triple coincidenceRADWARE cube[5], gated by at least one

TABLE I. The in-band SD transitions if®Pb: y-ray energiesE,, relative intensitied ,,? intensity decaying out of the baridy,
asymmetry ratiR,q,m, Spin and parity informatiod™, multipolaritiesoL, and the widthd s and gy

E, I, | out Raysm oL Favored JT—J7 I'sp Tout
(keV) (%) (%) oL (eV) (eV)
X105

380.205) 91(4) - 1.425) L=1AJ=0 orL=2AJ)=2 E2 18" 16"

339.945) 92(4) - 1.405) L=1AJ=0 orL=2AJ)=2 E2 16" —14"

298.493) 94(4) - 1.475) L=1AJ=0 orL=2AJ)=2 E2 14" 12+

256.323) 1005) - 1.4Q5) L=1AJ=0 orL=2AJ=2 E2 12V 10"

213.263) 90(5) 10(7) 1.454) L=1AJ=0orL=2AJ=2 E2 10" —8* 6.99) 0.8(1)
169.524) 56(4) 34(6) 1.498) L=1AJ=0orL=2AJ=2 E2 86" 2.8(4) 1.7(3)
- - 56(4) 1.210° 154)P

&Corrected for detector efficiency and electron internal conversion, and normalized to the intensity of the 256.3-keV transition.

PAssumes smooth extrapolation BE® [E3P(6+ —4+)=124.4 keM and| (6+—4+)=0.04%.
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Singh[13]. A full resolution RADWARE cube[5] was, there-
452°(575.2) fore, sorted to build a more complete low-lying excitation
spectrum. The resulting level schertgee Fig. 3 is essen-
tially that of Refs[15] and[16] with the addition of the 664-
50 - 27 0°(965.4) and 672-keV transitions observed in REL7]. These two
transitions depopulate states wily=2800 and 2914 keV,
respectively. Also, the 283-, 479-, 722-, and 788-keV transi-
4 i ) . i , f ; tions observed in Refl17] were placed at afE,= 2525,
(b) 595®Sg26 — 426752 2299, 3522, and 2609 keV, respectively. Additional states
‘ were added at 3374 and 3471 keV and a previously unob-
served 867-keVy ray atE,=2408 keV. Twelve of the can-
* didate primaries were placed with the aid of the new decay
1000 1 [ N scheme of'®Pb. We have also established that 12 further
transitions are in coincidence with yrast SD band. These
o+ . . . . i : . rays are listed in Table Il. However, these transitions are too
200 300 400 500 600 700 800 900 weak to be uniquely placed in th€%Pb level scheme; they
50 q (¢) 595@SD? 27427 could form part of the multiple-step decays between SD and
(193512036X2069) ND states.

N1/ 211655 23534 24607 2609.6 Multipolarities of the SD lines and the linking transitions
were deduced from an empirical asymmetry r&jg,,. Ma-
trices were constructed which containgely coincidences
between any detector witfl) detectors located at the three
most “forward” and “backward” angles ©@=17.3°,
31.7°, 37.4° and 142.6°, 148.3°, 162.7° with respect to the
beam line and, (2) detectors at90° (®=69.8°, 79.2°,
80.7°, 90.0°, 99.3°, 100.3°, artlL0.2° with respect to

FIG. 2. Coincidence spectra projected from an SD gated cub® beam ling  The asymmetry ratio Ragyn(E,)
obtained from the summation of pairwise gates between the yrast | ,(forward+backward)!,(90°), multiplied for conve-
SD band anda) the 2743-keV transition antb),(c) the 595-keV  nience by the ratio of the number of detector®9@t to the
yrast 6" —47 transition. An asterisk denotes a contaminant fromnumber at the forward and backward angles, was deduced for
19%b brought in by the 218595 keV gate. Transition energies are relevanty rays in these matriceRag,m values of known
labeled in keV. low-lying stretched.=2 andL =1 transitions are given in

Table lll. The mean values are 1(3% and 0.712), respec-
the range corresponding to those expected for the primar§jvely- i o )
linking y rays[14]. _ The Rasy_m val_ues obtained for the SD ar_1d linking transi-

Coincidence relationships between these candidate prim&©nS are given in Tables | and IV, respectively. One should
ries, the low-lyingy rays, and the yrast SD transitions in note that with thes&,,, ratios it is not possible to distin-
1%4pp were used to verify which, indeed, are linking transi-guish betweer(1) L=1, AJ=1 andL=2, AJ=0 and(2)
tions, and to place them in th“Pb level scheme. We give L=1, AJ=0 andL=2, AJ=2 transitions. Nevertheless,
two examples. For the first example, coincidence relationtn€se measurements can be used to plesgictionson the
ships for the 2743-keV primary transition were deducedPfimary multipolarities and, sincdf’ is known, limits on
from the background-subtracted spectra shown in Fig. 2. Figdi’ - On comparing the possibl#” values deduced for each
ure Aa) was obtained by summing all triple-gate combina-SD level from the measured angular anisotropies of the link-
tions between the 2743-keV transition and two of the yrasing transitions(Table 1V, column 6 one finds that the two
SD band in'®Pb. From this spectrum we determined thatlowest SD states can only be assigndd=6" and
the 2743-keVy ray depopulates the band below the 170-kevJ"=8", respectively. These assignments have been made
intraband SD transition since the 170-keV line is observedwithout any assumptions about the nature of the SD band
Another important feature is the enhancement of the 595and are in agreement with those calculated in RE$]. In
keV 6" —4" low-lying yrast transition in comparison with addition, a mean value ®Ryg,=1.43(2) was measured for
Fig. 1(a). This indicates that the 2743-keV transition decaysthe intraband SD transition, consistent with the abdVe
into, or above, the state from which the 595-keV line de-assignments, confirming thelf2 charactefsee Table)l
populates. As a second example, in Figé)2and Zc) we These results have allowed the excitation energy of the
present partial spectra obtained by a summation of triplgrast 6 SD state in'*Pb to be unambiguously determined;
gates on the 595-keV and any two in-band SD transitions. Iwe find E,(6")sp=4878.4(3) keV, in agreement witf8].
is apparent from these figures that the 595-kgVay is in  Assuming a smooth extrapolationde=0 [18], the bandhead
coincidence with the SD band, the 303-keV-8 6" transi- of the SD band is estimated to hat#g=4640.7(4) keV.
tion, and the 2117-, 2353-, 2470-, 2610-, and 2743-keV pri-This is in very good agreement with the axial Hartree-Fock-
mary transitions. Bogoliubov + BCS calculations of Kriegeet al. [14], per-

Initially seven linking transitions could be placed with the formed with the Sk effective interaction which predict
adopted level scheme of*Pb compiled by Browne and E,(0<p)=4.86 MeV. For comparisor,(0<p) is estimated

(a) 2743®SD° 4199
100 1 !
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to be 6.017 MeV in'%Hg [2], the only other example in the
A~190 region of an SD cascade to have been unambig
ously linked into the low-lying level scheme via primary

transitions. Ir; this case, the same cal_cul_a_tions p_redict thB(aL) values are given in Table IV. Obtainirg(cL)’s for
bandhead of*Hg to lie at 5.00 MeV, a significant disagree- e primaries depopulating the"6SD state required the fol-
ment. The calculations do not include the nonaxial degree qbwing additional assumptions about the unobserved
freedom or configuration mixing, which are expected to beg* _,4* intraband transition. First, the energy24.4 ke\j
more important in***Hg than in **4Pb. Inclusion of these was calculated from a smooth extrapolation of known tran-
effects may ameliorate the discrepancy. An alternate selfsition energies. Second, the intensity of this transition is es-
consistent calculation by Girdd 9], with the D1S effective  timated to be<4%. The resulting transition strengths indi-
interaction, yields 6.49 and 4.55 MeV, respectively, for thesecate that the decay out of the SD states is highly retarded—
two nuclei. These calculations, while also axial, include con+ypical values were found to bB(E1)~10 8 Weisskopf
figuration mixing effects through the solution of the Bohr- units (W.u) andB(M1)~10 % W.u.
Hamiltonian, an approximation to the generator coordinate Similarly retarded transition strengths were obtained for
method(GCM) equation. The better agreement of this calcu-the primary €1) decays from SD states i**Hg, as sum-
lation for 1%Hg, without loss of agreement it®Pb, may marized in Table V. However, there are a number of striking
imply the importance of configuration mixing fo®*Hg or differences between the character of the Iinking transitions
the efficacy of theD 1S effective interaction in this region of Observed in these two cases. From a comparison of Tables
the periodic table. However, both more experimental valuedY and V itis |mm9%|ately apparent that many more prima-
and improved calculations will be required to decide this"€S are observed ii°Pb—12 linking transitions have been
technically important point placed in the level scheme of*Pb compared to 4 in
o it 1944g. Also, in contrast to'®*Hg in which only E1’s have

Reduced transition probabilitieB(oL) (where o repre- 9 ’ o gin\ 1990 y
sents either electric or magnetic radiation andgs the mul- been observed, the linking transitions b are ofEl,
tipolarity) for the primary decays have been calculated b 1, and mlxedMllFT? multlpolarme_s. That we observe
relating the branching ratio of each primary to the in-band.tmh E1 andM1 ransitions depopulating the*Pb SD band
is not unexpected. In average resonance neutron cdjiie

TABLE II. Transitions observed in coincidence with the yrast M1 strengths are typically 1/7 of tHel strengths and both
194ph SD band in addition to those placed into the level scheme of1 andM1 transitions routinely depopulate highly excited
Fig. 3. Transition energies in keV. Errors arel keV.

B(E2) value assuming a constant in-band transition quadru-
upoIe momentQ;=20.6(13) eb, derived from both Doppler
shift attenuatiori20] and recoil distancE21] measurements.

Transitions observed in coincidence with

84— 64p 170-keV line 15— 84p 213-keV liné
TABLE lll. Asymmetry ratios obtained from the present data

1960 2128 for known stretched. =1 andL =2 transitions in***Pb.
2049 2208
2171 2215 E, (keV) 77 ol Raysm
2192 2269

2566 280.2 5 4" El 0.712)

2996 302.6 g —6" E2 1.3312)

595.4 6f—4+ E2 1.308)

ot observed in coincidence with the{$—62, 170-keV transi-  575.2 42+ E2 1.344)

tion.
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TABLE IV. The primary SD decay data it*Pb: E,, |
percentage of the SD band populatfon.

y» Ragym: 37, oL, and reduced transition probabiliti&oL). |, is given as a

E, (keV) I, (%) Raysm oL NH Jr FavoredoL B(oL) (W.u)
Decays out of the third lowest SD level{=10")

1887.93) 1.04) 0.91) L=1AJ=1, (117) (10%,117,12%) (ED) 5(2)x10°8

L=2AJ=0
Decays out of the second lowest SD lev#T=8"

2116.%4) 0.95) 0.31) mixed M 1/E2 g* 8%,9%,10" M1/E2

2438.54) 0.94) 1.02) mixed M1/E2 - - -

2609.64) 1.7(6) 1.4(3) L=1AJ=0; 8" 67,8%,10" M1 2.39)x10°°
L=2AJ=2

2627.94) 1.3(6) 1.4(3) L=1AJ=0; 8" 67,87,10° El 1.68)x10° 8
L=2AJ=2

2806.13) 1.7(5) 0.7(1) L=1AJ=1, 7 6-,77,8" El 1.716)x 1078
L=2AJ=0
Decays out of the lowest SD level7=6"

2353.43) 2.8(6) 0.8(1) L=1AJ=1, - - -
L=2AJ=0

2469.74) 1.5(6) 1.4(3) L=1AJ=0; - - -
L=2AJ=2

2579.12) 3.0(6) 0.7(2) L=1AJ=1 - - -
L=2AJ=0

2636.62) 1.8(6) 0.82) L=1AJ=1,; e 6-,77,8" El =12(5)x1078
L=2AJ=0

2742.52) 3.3(6) 1.1(2) mixed M1/E2 6" 56", 7" M1 =22(7)x107°

3056.412) 0.8(5) - - 57 - El =4(2)x10°8

Total I ,=21(2)% of SDband intensity accounted for by the above primaries.

&The relative intensities were obtained from a triple-gated, background-subtracted spectrum for which the 170-, 213-, and 256-keV lines, in
addition to the 420-keV line, were not included in the SD gate list, corrected for detector efficiency and normalized to the intensity of the
256.3-keV SD line. Angular dependence pfray emission has not been corrected for; it is not expected to be important because of the
41 coverage of GAMMASPHERE.

normal states, for example, iht%Sn [24]. One should also greater phase space for decay availabl&fiilg compared to
note that the decay of the shape isomers’ifU [25] and 199ph. The factors that contribute to this are the following:
238 [26] is also very different; the predominastbranches (1) The excitation energies of the SD bandhead®’f®b and
areE1 andE2, respectively. 19%g are estimated to be 4.640 and 6.017 MeV, respec-
A surprisingly large proportion of thé®Pb band inten- tively. (2) The spin of the SD states at deexcitation is higher
sity, 21(2)%, is accounted for by the one-step decays comin 1%Hg. (3) The E, of the ND states into which the prima-
pared to the recent results #*Hg which indicate that only ries decay is~2.4 and~2.8 MeV for *Pb and *Hg,
~5% of the yrast SD band intensity is attributed to the onerespectively(4) In addition, **4Pb is spherical at low exci-
step links[2]. The root cause of these differences reflects theation energy, while coexisting oblate and prolate minima at
further increase the density of ND states'ffHg compared
TABLE V. The primary decay data fof*Hg. E,, I,, and  to 199pp. These distinctions result in an order of magnitude
oL taken from[2]. difference in the level densities of states at the point of de-
excitation in ***Hg, leading to a more fragmented decay.

E, (keV) Ly (%) oL B(oL) W.u? It has been suggested that the decay of the SD to ND
Decays from the)™=12" superdeformed state states is statistical and governed by the mixing between SD
3489.3 1.4 E1l 2.76)x 1078 @ and NI_D levels at similar excitation energi€d7]. In this
3709.6 0.7 E1 1.13)x10°8 2 scenario, the pattern observed in the decay of the SD states
4195.2 12 E1 1.33)x10-8 2 reflects the deqa_ly of the ND component and the ret_arded
Decays from thel™=10" superdeformed state decay-out tran3|t|0n_strengths result from a small admixture
4485.3 15 £1 1.43)x10-7 b of ND components into the SD wave function. An order of

magnitude calculation of the squared amplitmﬁe)f the ND
admixture has been performed using the method outlined by
@These values correct an error in REH]. Kruckenet al.[28]. These calculations relate the out-of-band
bAssumesESP(10" —8%)=211.7 keV andISP(10*—8%)=3% transition probability\,; to theE1 ND-ND transition prob-

Y Y e El . . . . .
[22]. ability A g5, Which is estimated using a standard back-shifted

Total | ,=4.8%
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spin-dependent level density formul@9] and the Brink- bined with the different low-lying ND structure df*Hg and
Axel giant dipole resonand&DR) strength functiorf30,31] 194pph. Evidently each case is different and any generaliza-
with Lorentzian parameters taken froni32]. The tions about the nature of the primary decays based on a
a2=\ou/\EL values obtained are D%, 1.83)%, and  single case must be viewed cautiously.

7(2)% for the 10, 8", and 6 SD states, respectively, as-  Calculations by Dgssinet al.[35] estimate the branching
suming a constant in-ban@; (errors have been determined ratio of single-step links to be-5% compared to the unre-
from the experimentally deduced, only). The increase in solved statistical decays. However, these calculations have
a2 with decreasing spin reflects the competition between théeen “tuned” for **Hg and it is not clear how one would
in-band and out-of-band decay. Even if the Lorentzian funcextrapolate to the different excitation energies and level den-
tion accurately modeled the dipole transition strength belowsities of the *#Pb case. The decay-out pattern of the yrast
~3 MeV, one should note that a factor of 4 uncertainty inSD bands in has also been calculated by Boreta. [36].
a2 arises using published extremum values of the level denThese calculations reproduce qualitatively the SD band in-
sity parametem, a=A/7.5[33] to a=A/13.5[34]. Further  tensity proﬁlg, but for S|mp.I|C|ty only treated?2 transitions.
uncertainties arise from a limited knowledge of the levelBoth calculations need refinement. o o
density itself, and the peak cross section, energy, and width Greater understanding of these properties is anticipated

of the GDR for neutron-deficient Pb isotopes. with the improved resolving power of the “complete”
GAMMASPHERE and EUROBALL arrays, for example,

excited bands and their decay properties. A unique determi-
nation of theJ™ and E, values of SD bands is needed to

In summary, 12 discrete one-stepray transitions have place more stringent restrictions upon theoretical calcula-
been observed linking three members of ##éPb yrast SD  tions which predict the SD states and their properties, in
band to low-lying ND levels. A further 12 high-energy tran- particular, the excitation energy of the SD bandheads. In ad-
sitions have also been identified to be in coincidence with thelition, this knowledge will help to address the phenomena of
yrast SD band. Anisotropy measurements have determingtdentical” bands—for the first time the spins of states emit-
that the linking decays includel, M1, and mixedM1/E2  ting y rays of similar energies could be compared and con-
transitions. J”=6", E,=4878.4(3) keV andJ"=8", figurations assigned to the SD bands with greater certainty.
E,=5047.8(3) keV have been unambiguously assigned to
the two lowest-lying observed superdeformed states without
making assumptions about the properties of SD bands. These
results represent the first experimentally self-consisfént We would like to thank Torben Lauritsen for help with
assignments to an SD band. data acquisition and David Radford fenDWARE. We ac-

Here 212)% of the 1%Pb yrast SD band intensity has knowledge often useful conversations with Mort Weiss.
been observed to decay out through the one-step linking trardoanne Heagney of MicroMatter fabricated the targets. The
sitions. At first glance this is a suprisingly large proportion of 88-Inch Cyclotron crew are thanked for faultless operation.
the SD flux when compared to the5% observed for the This work has been funded in part by the U.S. Department of
199g yrast SD bangi2]. A more highly fragmented decay in Energy, under Contracts Nos. W-7405-ENG{8NL ) and
19449 is to be expected from simple arguments based oACO03-76SFO0098LBNL), and the National Science Foun-
level density considerations at the point of SD decay, comdation (Rutgers and lowa State

IV. SUMMARY
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