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Identification of yrast states in ¥Pb
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y-ray spectroscopy of the high-spin states of the neutron-deficient nuti&s has been conducted with
the *5Gd(%Ar,4n) reaction. A cascade of three transitions was deduced frepncoincidence data gated by
detection of recoiling evaporation residues in a gas-filled recoil separator. In an earlier, separate experiment,
two of thesey rays were positively identified witH®Pb by recoily coincidence measurements with a
high-resolution, recoil mass spectrometer. From comparison with similar sequences in heaweleadd-
isotopes, the cascade #i’Pb is associated with the sequence of tHE@etransitions from the yra:%é+ level
to a low-lying %’* isomer. The variation of excitation energy with mass number of the levels concerned
suggests that their structure can be associated with weak coupling of anjpddeutron to states in the
spherical well. However, the possibility that they are influenced by mixing with states in the prolate-deformed
well cannot be discountediS0556-28138)00411-7

PACS numbd(s): 21.10.Re, 23.20.Lv, 27.78q

I. INTRODUCTION superdeformed bands reported by Hugeeal.[11], no evi-
dence has been found for significant deformation. Fotiades
Evidence has recently been presented for the observatiort al. [13] have very recently presented a level scheme for
at low excitation, of prolate-deformed, rotational bands in°'Pb which likewise shows no indication of deformed struc-
the very neutron-deficient, even-mass isotop&®b [1,2]  tures.
and 8%b [1]. In both cases, the main feature of the level Taking as a guide systematic trends in the odd-mass lead
scheme is a single-ray cascade with rotationlike spacing isotopes withA=191, one would expect the low-lying levels
for the third and higher excited levels. Its similarity to the in *¥’Pb to correspond to structures in which the odd neutron
well-established, yrast, prolate band obserj@d5] in the  occupies the single-particle states immediately belowNhe
corresponding isotone¥“Hg and '®Hg has been taken as =126 shell gap. Characteristic features of the level schemes
evidence for prolate deformation in lead nuclei. Thus prolatedf these isotopes are a low-spin, odd-parity ground state and
as well as oblate and spherical structures have been observii® observation, at low excitatior{100 keV), of a very
in the neutron-deficient lead isotopes and, as predicted ifong-lived 3 * isomer. Misaelidet al. [14] have observed
several theoretical calculatioris.g., Refs[6,7]), the prolate the « and 8 decay of two isomers, with similar lifetimes, in
band becomes yrast far>4 and A<190, at least in the ®Pb. Based on their observed decays, one is associated
even-mass isotopes. In recent stud&9] of the « decay of ~ with the ground state and the other with the expeci&t
192pg, excited 0 states in'®Pb have been reported at ex- state. Above the latter isomer, one expects to find'®fb,
citation energies of 5683,9] and 767 keV[9]. These have a pattern of levels corresponding to weak coupling of the odd
been identified respectively with the lowest-lying stafals i3, neutron to the spherical shell-model states in the adja-
beit mixed in the oblate- and prolate-deformed wells. cent even-mass lead isotope. In the heavier odd-mass iso-
In the very neutron-deficient, odd-mass lead isotopestopes, a significant component of this pattern is an isomeric
very little is known forA<191. In *%b, high-spin states %" state formed by the coupling of thrég,, neutrons.
have been studied by Lagrange al. [10], Hugheset al. If shape coexistence is present’f#ffPb, competing struc-
[11], and Baldsieferet al. [12]. However, apart from the tures may arise from odd-neutron configurations at either
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prolate or oblate deformation. In the isotorf€™Hg, this
mechanism gives risgHannachiet al.[15]) to three strongly 15000
coupled rotational bands at prolate deformation and, at oblats
deformation, a decoupled band from rotation alignment of
the i3, neutron. Similar structures are observed ffiHg

[16] and 8’Hg [17]. In the odd-mass Pb nuclei, the situation g
is expected to be more complex than in Hg because of theg
presence of spherical as well as deformed structures.

It is difficult to produce very neutron-deficient nuclei such 54
as 8’Pb by fusion-evaporation reactions owing to the severe
competition from fission, and recoil-coincidence techniques
are necessary. Thus, in two separate experimepis®y
singles andy-y coincidences were measured, with coinci- 0 2(')0 250 300 35'0
dent detection of evaporation residues in one or other of twa channels
different recoil mass analyzers, one providing good mass o .
resolution, and the other, high detection efficiency. These FIG. 1. Mass spectrum from projection onto Hgwec axis of
provided spectra in which contamination by radiation fromthe matrix ofXuwec of the FMA vsE, . Peaks are labeled by the
fission and Coulomb excitation was greatly reduced, as wefhass pumber of the recoiling ions and fall into two groups corre-
as definitive mass identification of therays from evapora- sponding fo charge stat€g=18 and 19.
tion residues.

10000

—
o
k=3

reaction products from the target to a silicon strip detector at
its focal plane with an efficiency as high as 50%. Although
Il. EXPERIMENTAL METHODS this high efficiency is obtained at the expense of mass resolv-

Excited levels of ’Pb were populated by bombarding ing power, the device was still capable, in the present experi-
self-supporting'>Gd targets with beams GfAr ions. Inthe ~ Ment of separating evaporation residues from beam particles
first experiment, carried out at the Argonne National Labo-2nd fission fragments. The silicon strip detector provided sig-
ratory, a beam of 174-Me\EAr ions, from the ATLAS nals giving the energy, position and detection time of par-

linear accelerator, bombarded a 0.42-mdithick target en-  tCles arriving at the focal plane. The energiesjofays in
fiched to 90.5% in‘5%Gd. Evaporation residues recoiling coincidence with particles detected at the focal plane of

from the target were analyzed and detected in the ArgonnB'TU (after aIIow_ing for their transit tim)eyve_re also re-
fragment mass analyz¢FMA) set at 0° to the beam direc- corded. Both recoil-gategl singles andy-+y coincidence data

tion, and y radiation was detected by ten Compton_were acquired. When using a silicon strip detector at the

suppressed, germanium detectors of the Argonne—Notrf@Cal plane, there exists the capability of uniquely identifying

Dame BGOy-ray facility placed around the target evaporation residues by observation of their time-correlated

. ; : decays. However the half-1if€18.3 s, Ref[14]) of the
In a second, similar experiment, a 0.80-mgfetiick tar- ¢ y13+ €l [14])

get, enriched to 92.3% if°%Gd, was bombarded with a PUtative’z ” isomer in**/Pb is too long for this technique to
beam of 176-MeV3Ar ions from theK =130 cyclotron at be feasible in the present case. In addn,@decay has bgen
the Accelerator Laboratory of the University of Jgkgla observed 14| to compete significantly with the branch in
Evaporation residues recoiling from the target were trans’Ehe decay of this level.
ported by the gas-filled recoil separator RITU, set at 0° to the
beam, to a silicon strip detector at the focal plane. Ill. DATA ANALYSIS AND RESULTS
y-radiation was detected in nineteen Compton-suppressed
germanium detectors of the JUROSPHERE array. In the con-
figuration used here this array consisted of fifteen 70%- The mass spectrum of recoil ions detected at the focal
efficient (EUROGAM Phase )l detectors in the backward plane of the FMA is shown in Fig. 1. The electric and mag-
hemisphere and four smallEFESSA detectors, two at 79°, netic fields of the FMA were set so that the central trajectory
and two at 101° to the beam direction. The two experimentsorresponded to mass-187 ions, and both khd 19
were distinguished mainly by the characteristics of the twacharge states of the evaporation residues fitted within the
magnetic analyzers: the FMA has mass resolution sufficieracceptance aperture of the MWPC. The spectrum in Fig. 1 is
to provide definitive mass identification of the evaporationa total projection onto the position axis of a matrixX>Qfpc
residues, whereas RITU, although having much poorer masss E,,, corrected for Doppler shifts. In constructing this ma-
resolution, is about an order of magnitude more efficient atrix, it was required that the transit time of the ions through
transporting the residues. the FMA (1.5 us) and theAE pulse from the MWPC both
The FMA (Davidset al.[18]) is a recoil mass spectrom- correspond to evaporation residues. The mass resolving
eter which produces dispersion in the ratio mass/charge ggowerM/AM in the spectruniFig. 1) is approximately 250
the reaction products. Recoiling ions which reached the focadnd is sufficient that peaks corresponding to adjacent mass
plane were detected by a multiwire proportional countervalues can be clearly discerned even though they are not
(MWPC) which producedAE and focal-plane-position sig- completely resolved. There is a tail on the high-mass side of
nals. Other details of the experimental arrangement using thiae peaks arising from second-order aberrations in the FMA,
FMA may be found in Ref[2]. which, in order to achieve the greatest yield, was used with
The recoil separator RITWYLeino et al. [19]) transports maximum aperture.

A. Recoil-y data with the FMA
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FIG. 2. (a) Part of they-ray spectrum gated by the two mass-  FIG. 3. Mass spectra from projections onto gypc axis of
187 peaks in th&ywec spectrum of the™>Gd+ %Ar reaction. Al-  the matrix of Xywec Vs E,, with gates on certainy-ray lines as
most all the lines of significant intensitypart from x rayscan be  discussed in the text. Peaks are labeled by the mass number to
identified with known transitions if®’Tl and the more prominent Which they correspond.
ones are labeled. As discussed in the text, all those that cannot be
identified with **7TI are regarded as candidates for transitions iny-ray lines with evaporation residues of a particular mass
187pp and the strongest of them are labeled by their energies onlyiumber, produced by projection onto the mass axis from the
(b) Total projection of the matrix ofy-y coincidences gated by Xywpc Vs E, matrix. In Fig. 3a) the gate is on the strong
detection of evaporation residues at the focal plane of the recoiB94 keV ling[see Fig. 2a)] arising from the 392.8 and 394.1
separator RITU. The more prominent peaks are labeled by theikeV transitions in*8TI [20]. This spectrum gives the line
energies and the nucleus to which they are assigned; the 831 keshape in the mass spectrum for recoil ions of a single mass
line is discussed in the text. (A=187) and provides a reference for the other mass spec-
tra. The mass spectra corresponding to two of the candidates
The spectrum in Fig. (@) is a projection on th&., axis of ~ for y-ray transitions in‘®’Pb are shown in Figs.(8) and
the Xywec Vs E, matrix with gates on the two mass-187 3(c); these show clearly that most of the intensity of these
peaks in the mass spectrum shown in Fig. 1. This spectrum i&vo lines is associated with=187 recoils. In the case of the
dominated by transitions in®Tl [20] and peaks corre- 416 keV gate, there are also suggestions of weak peaks cor-
sponding to x rays from thallium and gadoliniufthe Gd x ~ responding toA=186; presumably these correspond to the
rays presumably arise from chance coincidences or coincé415 keV transition in'®Pb[2]. Finally, to illustrate the mass
dences with beam particles scattered through the BMA.discrimination, the mass spectrum corresponding to the 724
There is no significant contamination of this spectrum with keV, 2" to 0" transition in ¥¥Pb[1] is shown in Fig. &).
rays from nuclei withA+ 187. Furthermore, ng-ray lines
corresponding to known transitions in any nucleus having B. Recoil-y-y data with RITU and a decay
A=187 andZ< 81, are observed, so it is concluded that the of evaporation residues
remaining lines are candidates for transitions'#Pb. The
strongest of them have energies of 315.0, 416.0, 424.0, 495.5
and 830.5 keV and four of them are labeled in Fig)2All Figure 4 shows a spectrum ef particles detected in the
these five lines are stronger than the weak&8fl v rays silicon strip detector of the recoil separator RITU during a
identified in this spectrum so it is very unlikely that any of short segment of the run. The most intense and highest-
them belong in the decay schefi#9] of that nucleus. How- energy group in this spectrum is attributed to the decay from
ever, they were not sufficiently strong for it to be possible tothe ground state of®Pb, previously reported by Le Beyec
determine their coincidence relationships from mass-gatedkt al.[21] and Tothet al.[22]. The a-decay branching ratios
y-7y coincidence data. given by these two groups are in conflict: 2.4% in the former
In Fig. 3 the four spectra show the identification of certainwork and 100% in the latter. The value of Tathal. (100%

1. a-decay data
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T T T The expected positions of otherparticle groups which
i ) 1 could have detectable intensity are shown in Fig. 4. The
100 - % ] predictions are based on an internal energy calibration using
" < 1 the three prominent peaks identified in the foregoing
i =~ = o l discussion with 186187:18ph - and a-decay energies of
2 i g 5 l 5535+ 15 keV [23] for ®Hg, and 586%5 keV and
g i ~25 & 5905+5 keV, respectively[24] for ¥Hg and ®Hg. Al-
s %% 3 S 7 though the most prominent nuclide in theray data is®"Tl,
" 2 £ & 1 the 5528-10 keV a-decay branchi25] from the 9/2 iso-
r ﬁm &4 - mer in this nucleus is expected to be very weak or undetect-
r S able in the present experiment owing to the snf@lll5%
o :M'L. et Wb ey ] [26]) a-decay branching ratio.
5400 5600 5800 6000 6200 6400 6600 2. The recoil y-y data
energy [keV]

) The recoil y-y data were sorted to produce &n vs E,

FIG. 4. Part of the spectrum af particles from the decay of matrix of coincidences within a 200 ns window, gated by the
evaporation residues at the focal plane of the recoil separator RITUrequirement of the detection of the corresponding evapora-
Peaks are labeled by the parent nucleus and the correspondi@ﬁ)n residue at the focal plane of RITUThe transit time of
a-particle energy in keV. The energy scale was calibrated by 3h . ;

; . e residues through RITU was approximately u8.) The
linear fit to the "**Ph(6335), **Pb(6073), and™Ph(5980) peaks pectrum in Fig Ebg)] is a total projgcption of thig r%co?l—gated
and the expected positions of the other peaks were predicted witﬁ_y matrix Thé strongest lines can be attributed to transi-
this calibration. 4 . .

tions in 8771 [20] and 'Hg [3], and to x rays from thal-

. .. lium, mercury, and gadolinium. Lines corresponding to tran-
appears to be the more rehab;géPThe peak at 5980 keV in Figgi o iy 18‘%/b (1 2]gand 188pph [1] are also Sresentg.] Since
Elz’z']d)e.m'f'gd V;”th ththscafytﬁ ikz) (sef&:‘%%;gamp:f ,nR(te_f. essentially all evaporation residues contribute to this spec-

th tls ‘Z.Ou tr?nef- t'rthofgﬁpebs €o ore fopena:j 7to obe trum, it is more complex than that obtained with the FMA
withstanding the tact tha Y rays w u [see Fig. 2a)] despite the requirement af-y coincidences

slightly less intense in the recoil-gatedy data than those of - - ;
) X . i n the former case. In particular, the peak-to-continuum ratio
18pp. This can be attributed to thedecay branching ratios :n Fig. 2(b) is worse a?\d (I:ounsequenﬁ)ly of tH&%Pb candi-

of 22% and 100% for'®Pb and ***Pb [22], respectively. dates, only the 831 keV line could readily be discerned.
Note, however, that the comparisonwidecay intensities in A p,rojection from the recoil-gategi-y matrix, with a gate
the two nuclei takes no account of the unobserved fractiongn the 831 keV lindFig. 5a)], shows coinc,idences with
of the decay strengths which may depopulate long-lived isoﬁnes at 318, 416, and 476 kéV and with Pb x ragEhe
mers. . - eaks at energies less than 70 keV correspond to gadolinium
The secpnq strc.)pgest. peak in the specirum in .F'g;T 4 %nd tungsten x rays, the latter from fluorescence in detector
60173:3 k_eV, IS 'qe?}g'ed with Fhe’ decay of the pUI"_"t'Vé_ shielding) Figure 8b) shows the projection with a gate on
=7 ' isomer in *Pb, previously reportec_j by_MlsaeI|Qes the 416 keV line, after subtraction of contamination from
etal. [1.4] and !‘9 Bgyeqat al. [21]. At first sight its Promi = jines in coincidence with the 419 keV transition iffHg [3].
NENCe 1S surprising In view of the smaitdecay branchm_g The 416 keVy rays are in coincidence with lines at 476 and
ratio of 2.0% deduced b.y Le Bgyett al.and the fact that, in 831 keV; the remaining lines can be identified wiftfPb
the present work, the intensities of the. proposééPb y rays[1,2], in coincidence with the 415 keV transition in that
rays were foundltf? be only about one-third of those of coms,, ey it was not possible to remove these contaminants
parable *Pb or *%Pb lines. Howgyer, as discussed above'owing to the low statistical accuracy and the proximity of
doubt has b?‘e” cast on the Va“d'ty_Of the Smﬂ*“gcay other overlapping peaks. The gate on the 476 keV [Iifig.
branching ratio given by Le Beyest al.in the case of ®Pb 5(c)] confirms the mutual coincidence relationship between
so it seems possible that tH&’Pb a-decay branching ratio the 831, 416, and 476 key-ray lines. The'¥T! lines in the
may be much greater than the 2.0% reported by these workez¢ e\ gate arise from contamination in the gate from the
ers. Even though Misaelides al.[14] observed botf- and 476 9 and 477.3 keV lines in that nuclgi2®]. The 318 keV
B-decay branches from thé¥(") isomer in'®"Pb, branching gate shows a very weak line near 830 keV and thallium x
ratios were not given in that work. Even if the-decay rays but otherwise is essentially featureless.
branch is as large as, say, 50%, the strength of the We thus deduce from the recoil-gatedy coincidence
18’pp a-particle group in Fig. 4, relative to those é¥%Pb  data that the 831, 416, and 476 keV lines form a cascade.
and *%b is larger than would be expected from a compari-One of them(the 831 keV ling is in coincidence with lead x
son of the intensities of theiy rays in the recoil-gateg-y  rays, and the mass-gated data obtained with the FMA dem-
data discussed below. This strongly suggests that a substaonstrate that the 831 and 416 keV lines are associated with
tial fraction of the®Pb y-decay strength may pass through A= 187 recoils. The cascade is therefore unambiguously as-
another isomer, lying at higher excitation than the one whossigned to*®Pb and is shown as an inset in Figapwith the
a decay is observed, and whose lifetime is long enouglordering of the transitions determined by relative intensities.
(>~20 ns) that most of the decays take place after theOn the basis of systematic trends, it is assumed that the low-
nuclei have recoiled out of the field of view of the Ge detec-est level shown in the cascade is the low-lyig isomer
tors. observede.g., Ref[10]) in the heavier, odd-mass, lead iso-
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FIG. 6. Plots against mass numb&of the excitation energies
of the yrast 2, 4%, and 6" states in the even-mass lead isotopes
with A=186 to 200, and of the excitation energies relative to the
gl T kLN, R A Attt L3+ isomer of the yrast/ *, 2%, and22* states in the odd-mass
0 200 400 600 800 lead isotopes withA=187 to 199. The main sources of the data

energy [kev] plotted are'®®b[1,2], ¥Pb, present work!®Pb[1], ¥%Pb[27],

FIG. 5. Projections from the recoil-gatedy matrix with gates i:opb (28], 19153b [13], 19255)1210]’ l93pb19[1o,11 %P [2%63(1
on the 831, 416, and 476 ke)ray lines which, as discussed in the Pb[29,31, *Pb[32], *"*Pb[33], *Pb[34,35, and **Pb
text, are identified with transitions itfPb. Contaminant lines from
other nuclides are labeled by their energies and the nucleus respon-
sible. The partial level scheme fdf’Pb deduced in the present gjmilar dependence of, for A=191, of the energies of the
work is shown as an inset in the top panel. The widths of the arrows2_1+ and 4* levels and of the”2—5+ and 6" levels. This is the
indicate the relative intensities of the correspondincays. behavior one would expect if the levels in the obicsases
arise from the weak coupling of drg, neutron(or neutron
hole) to the 2", 4%, and 6" states in the spherical well of
the neighboring evei- core. The similarity is closest in

50

topes and, also from these trends, its excitation enaigy
noted byA in Fig. 5) is expected to be about 100 keV.
The angular distributions of thé®Pb y rays in the
: : N - - ¥1pp and*Pbh.
recoil-y data were isotropic within statistical uncertainties so . .
it was not possible to obtain any information on spins from o A<191, however, there is a sharp divergence be-
these data. The spins and parities tentatively assigned fy/€en the trends in the odd- and evkreases. The energies
higher levels in the inset to Fig(® are, similar to those of Of the 27, 4, and 6" levels continue to decrease with
the lowest level, based on comparisons with the heavier oddiecreasingA reflecting the predicted6,7] influence of the
mass lead isotopes and are discussed further in the followingrolate well near midshell. On the other hand, the energies of
section. the ¥*, &% and 2" levels remain essentially constant
with A for A<191. This behavior is consistent with these
IV. DISCUSSION levels arising, as foA=191, from weak coupling of the odd
neutron to the spherical states in the even-mass isotopes. The
latter states have not been observedifPb and®Pb pre-
sumably because they are not yrast. If, }fiPb, a3 *[624]

Figure 6 shows plots against mass numbBerfrom A
=186 to 200, of the excitation energies of the yrast 24",

and 6" levels in the everd isotopfg of lead and of the o3t hand, for example, were to compete with the spheri-
excitation energies, relative to tHg* isomer, of the yrast

cal states, and this band had significant signature splitting as
3, &%, and 27" levels in the oddA isotopes. With the it does in the isotond®Hg [15], then it is possible that only
exception of the 6 levels in 1%619820Bbp which have not a single sequence of transitions would be observed and this
yet been identified, the spin and parity assignments are wellould not distinguish between the spherical and deformed
established for all these levels in the isotopes whth192.  structures. The clearest evidence for prolate deformation may
For A<191, the assignments are less certain and, particularlpe in the observation of transitions in both signatures of the
in the very light isotopes, are based largely on extrapolatiory *[624] band or in the other prolate bands. Now that the
of systematic trends in the heavier isotopes. present work has positively identified transitions between the

It can be seen in Fig. 6 that, féx=191, the energies of lower yrast levels in‘®’Pb future studies can be focussed on

the ¥ levels in the oddA isotopes follow closely those of extending the level scheme along these lines. Measurements
the 2" levels in the everi isotopes. Likewise, there is a on the decay of the expected isomeric spherical states should
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