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The neutron-rich isotop&€Bi has been produced in proton-induced spallation of a uranium carbide target at
the ISOLDE facility at CERN, extracted from the ion source by the pulsed-release technique and resonant laser
ionization, and its3 decay is studied for the first time. A half-life of @3s was measured and is discussed in
the self-consistent continuum-quasi particle-random-phase approximation framework that includes Gamow-
Teller and first-forbidden transitions. A level scheme was constructe@ o, and a deexcitation pattern of
stretchedE2 transitions 8— 6*—4"—2*—0* to the ground state is suggested. Shell-model calculations
based on the Kuo-Herling interaction reproduce the experimental results satisfactorily.
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I. INTRODUCTION yields, however, spectroscopic information in the heavier nu-

The neutron-rich lead region is of exceptional interest tog(l)g'n%gslgngznllg Zlbjgi F%[amed for microsecond isomers in

trace the evolution of single-particle levels and the residual

proton-neutron interaction beyond the doubly magic nucleus In a simple anq elegant way, the pulsed—releese technlque
20801 \While 2%%Pb is well understood in terms of the shell allows us to considerably reduce the contamination at on-line

model, experimental data on the heavier isotopes are ve ass separators on the condition that the isotopes of interest
scarce and it is far from clear to what extent the shell modef* © longer lived than the unwanted sped@ In the mass

is upheld[1]. In particular, extended systematics have bee eg(ljon %1g.<A<tr2]1.9’tth'S indeed rl(r)]ld? for _thﬁ-d_tetcayw:g
collected over the past years for the neutron-deficient poIonéenae:rrllier e?(np:ejrimlesz2t0E]gsvvsegzgfrosgo;)?cr]?jggnvxlle(reesfhSs ob
ium isotopes down td°Po [2—4] but it remains an open . . - ' . : . i
guestion how the structure evolves on the neutron-rich Sidéamed in theA=215,216,217 isobaric chaifS-11. In the

where protons occupy thie,, andhg;, and neutrons theg, current experiment we have _ complemented the pulsed-
orbitals. release suppression of contaminants with the element selec-

In the present paper we focus on the decay?’8Bi to tivity of the RILIS laser ion source at ISOLDE2,13. By
2185 In the latter nucleus, only qray of 5142)keV was comparing spectra that are taken with and without laser irra-
known from thea decay szz’an [5], tentatively assigned to diation_of the ion' source, the unique signature of the element
the deexcitation of the first+2level. The scarcity of data under investigation becomes evident. Our paper details the

. . 21 . .
follows from the mass contaminations th@atlecay studies at findings for *Bi, the 3 decay of which has been observed

on-line mass separators often suffer frg6). On the other for the first time, while the results obtained in the=215
hand, at the FRS facility at GSI reaction products were iden-Chaln will be published elsewhefé4,13.
tified in the fragmentation of &8 beam at 1000 MeV per

nucleon up t?*2Tl, 21%Pb, 218Bi, and ?°%o. Due to the low Il. EXPERIMENTAL SETUP

The experiment was carried out at the General Purpose
Separator of the ISOLDE facility at CERN, Geneva. A
*Present address: University of Jyvaskya, FIN-40351 Jyvaskyldl.4 GeV pulsed proton beam was delivered by the PS
Finland. Booster to a UG graphite target of 50 g/cfrthickness. Out
TCorresponding author. Email address: serge.franchoo@cern.chof the 14 proton pulses that are contained in every PS-
*Present address: GSI, D-64291 Darmstadt, Germany. Booster supercycle and which are 1.2 s apart, 10 were sent to
Spresent address: Michigan State University, East Lansing, MISOLDE. The intensity was on averagée<30'® protons per
48824. pulse.
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The ions diffused out of the target into the ion-source 1000 | o, resonance
cavity, which consisted of a niobium tube of 30 mm long
with an internal diameter of 3 mm. Resonant laser ionization ™ |
of bismuth in the cavity was accomplished in three steps soo
[12]. A first tunable pulsed dye laser with wavelength
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=306.8 nm and 10 mW power lifted the atom from the =0 § 0 50 100 150 s
6p°® Sy, ground state to the7s *P,,, excited state. The 0 . Semtcdebictonlde | .
ultraviolet radiation was obtained by doubling the fundamen- off resonance .

15 |-

e*e

tal frequency with a nonlinear beta barium borate crystal. A
second identical laser witth,=555.2 nm and 120 mW ok _
power provided the necessary energy for the atomic transi- ¢

tion to the 28p[1]3,, level. Both dye lasers were pumped 5}

by copper-vapor lasers, operating at a repetition rate of

11 kHz. The latter at the same time supplied the energy for 0 500 1000 1500
the final ionizing transitions to the continuum at ; Energy (keV)

=510.6 nm,and,‘312_: 5,78'2 nmf with 1900, mW of power. FIG. 1. B-gatedy spectrum at mass 218 wittop) and without
_The off-line ionization eff|C|enC_y for bismuth was ‘?'ete'f' (bottom) laser irradiation of the ion source. The lines of which the
mined to be 6%412]. However, during the actual experiment energy is given(in keV) are attributed to the decay 8t%Bi. The

the laser power in the last step was twice lower than off-lingnset shows the half-life behavior of the sum of the 263.0 and
and an efficiency of 3% can be estimated. The linewidth of3g5.7 keV transitions together with a single exponential fit.

the dye-laser radiation covered about 10 GHz. Albeit broad,

the wavelength of the first-step laser nevertheless had to berays. The energies and the relative intensities ofthays

corrected for the atomic hyperfine splitting and isotope shiftthat we assign to the decay 8¥Bi are listed in Table |I.
The extracted ions were subsequently mass separatefihese intensities were divided by the efficiency of the detec-

During our measurements, the separator remained closed f@r setup, determined by means @ANT simulations[16].

an extended span of 20 ms after the impact of the protoisince the 509.8 keV line overlapped with the annihilation

beam on the target. This way of operation is known as thepeak and the 425.5 keV line was corrupted by f&Br

pulsed-release techniqu&] and enabled the efficient sup- contamination, normalization was performed with respect to

pression of short-lived isobaric contaminants, in particulathe 385.7 keV ray.

surface-ionized francium. An exponential fit of the time behavior of the 385.7 and
The ions were finally implanted in an aluminized Mylar 263.0 keV vy lines yielded a half-life of 3@)s. The transi-

tape, 100um thick and 12.5 mm wide. The transmission ef- tions at 425.5 and 509.8 keV could not be used as they were

ficiency from the focal plane of the separator to the tape wagontaminated by?*"Br activity and annihilation radiation,

85(2)%. After collection, the sample was transported to therespectively. In as far as the statistics were sufficient, the

detection setup every ten supercycles, i.e., 168 s. The setupmaining lines that are attributed to the decay ?8Bi

consisted of two high-purity germanium detectors of 70%

and 75% relative efficiency, one low-energy germanium de- TABLE I. y-ray energiesE, coincidence relations, and relative

tector with a 0.3 mm thin beryllium entrance window, and anintensities 1, of - rays assigned to the decay 3fBi.

NE102A plastic scintillator in front of the latter. The scintil-

lator hﬁg a thickness of 1 mm and a surface of 31E (keV) coincident lines 7(%)

X 25 mnt. All detectors were arranged in close geometry.

The data were recorded #Xyy coincidences with an MBS- 174.39) 263.0,385.7, 425.5, 509.7 <22

based acquisition system. Any two detectors firing simulta176-89 263.0, 385.7, 425.5, 509.7 <13

neously triggered the acquisition. 263.q1) 1745, 176.6, 287.1, 385.7, 418.3,  (56)
425.5, 463.5, 509.7, 702.9
Il RESULTS 287.%2) 176.6, 263.0, 385.7, 425.5, 509.7 2.7
385.11) 174.5, 263.0, 287.1, 418.3, 425.5, 100.0
Comparison of the3-gatedy spectra collected with and 437.0, 463.5, 509.7, 537.8, 702.9
without laser irradiation of the ion source allowed to unam-4;g 35) 263.0, 425.5, 509.7 @)
biguously identify they deexcitation pattern that can be as- 425.51) 174.5, 176.6, 263.0, 287.1, 385.7, (9%)

cribed to theB decay of?'®Bi. These spectra are shown in

Fig. 1. The measurement times with and without laser irra- 437.0, 463.5, 509.7, 537.8

diation were 325 and 9 min, respectively. The spectra con?37-02) 385.7, 425.5, 509.7 @

tain contaminant lines frord%Tl, a product of the decay of 463.96) 385.7, 425.5, 509.7 @

220Fr, while also®*™Br can be seen, most likely separated in 509.11) 174.5, 176.6, 263.0, 287.1, 385.7, 182

the form of molecular BaBr after bonds with stable barium 425.5, 437.0, 463.5, 537.8

impurities in the target material. 537.81) 385.7, 425.5, 509.7 13)
In as far as the statistics allowed, it was cross checked thaiy; g3, 263.0, 385.7, 509.7 @

the newly found lines were coincident with atomic polonium
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JR\ Taking into account a transmission ratio from the focal
oy 11 5.06 MeV plane of the separator to the detector setup d2B86 as

83 - NQf
" g quoted before, the simulated efficiency of the setup, and
adopting a branching ratio of 100 % for the 425.5 keV ray,
e the production rate of'8i was determined at 48) at/uC.
S § - This number includes a correction for summing, conver-
sgde 8 sion, the fraction of the activity removed by the tape before
7@ 651 -F- 5 B-T 28— 22656) having decayed, and the fraction not released from the ion
s@67) £ | 853§ 2071 source due to the period of 20 ms the separator being closed
6(()%)2) 6‘7(>17) i T @,%@%Hﬁl 2) after impact of the proton beam, as explained above.
Lo~ 18587(2)
1S 6 e
4017) 6.1(1) S 1583.92) g+ IV. HALF-LIFE CALCULATIONS
S
26(31) 6.4(5) S 5132092 ¥, The measurement gd-decay half-lives in thé&\=126 re-
§ gion is of importance for nucleosynthesis in order to define
) 035.22) s the d_ynamlcal time scale of theprocess. The ra.tlo of the
3 : “5 half-lives for 8 decay and charged-current neutrino capture
§ gives a rigid constraint on the neutrino flux in the most re-
g cent neutrino-driven wind scenario of tmeprocess, which
"_S097() (ot includes neutrino flavor oscillatior{d7]. However, near the
r process paths frord= 60 toZ~ 90 andN=126 the various
global models encounter difficulties as not only the Gamow-
0 . Teller (GT) but also the first—forbidde(F_F) decays are ex-
1 gt 18 B ol pected to play a rol¢18]. The self-consistent treatments of
Po [keV] B-(_jecay half-lives are of spemal interest, as_t_hey are more
84 134 reliably extrapolated to regions far from stability and carry

the advantage that the predictions@flecay rates are based
on the same ground-state description as the one to calculate
the nuclear masses.

FIG. 2. Proposed level scheme 8fPo. The logft values are
lower limits as y rays from higher levels can have escaped

detection. We follow the approach to the GT and FF decays which is
showed consistent half-lives, albeit somewnhat longer, due tdeveloped in Ref[18]. It is based on the self-consistent de-
underlying Compton events from the contaminations. scription of ground states in the framework of the energy-

A v-y coincidence matrix was constructed, the relationsdensity-functional theory using the Fayans local-density
of which are printed in Table I. For that matter, the tablefunctional DF3[19]. The B-decay strength functions are cal-
includes a number of weaker transitions that became appatulated in the continuum-quasiparticle-random-phase-
ent from the coincidence spectra only. From the coincidencapproximation-like (QRPA-like) framework of the finite
relations it was deduced that the fourays at 509.8, 425.5, Fermi-system theoryFFS) [20].

3857, and 263.0 keV al’e in cascade. The 50298 keV "ne, The method is free of partic|e_ho|@_h) basis restric-

since it was known previously from thedecay o?Rn[5],  tions. This allows us to adopt the mass-independent, effec-

we place alt. the bottorl‘n. O dn thet baS|fs of SF‘ySttﬁmat'Cg’ the threge NN interaction of the FFS, as well as the mass and

remaining lines are placed on top of each other in decreasin ; FA— ~

energy o?der and We?put forwardpErZ spin sequence for the gnergy-mdgpe.nden't quench|rtg-.gA/gV~0.8—0.9 Of- the

cascade of Bdown to 0. relevar_1t Spin-isospin responses in t_he puclear medium. The
p-h spin-isospin effectiveNN interaction includes the zero-

The level scheme is depicted in Fig. 2. Within the errorrange repulsion with the Landau-Migdal constant and the

bars, the intensity of the 425.5 keV line is equal to that of the,.”. . . .
385.7 keV transition. Hence there is no dirgzfeeding to finite-range attraction due to the medium-renormalizezhd

the level at 935.2 keV. The observed feeding pattern to th€ €Xchanges. The strength parameters are extracted from the
higher-lying 6 and § states, together with the absencegof experlmz%ntal position qf the glgnt GT resonance in .the single
decay to the 935.2 keV*dlevel, renders feeding to the' 2 nucleus®®®Pb. The particle-particlép-p) effective NN inter-
level at 509.7 keV unlikely. The large uncertainty in the in- action, i.e., unlike particle op-n T=0 pairing, is used in a
tensity deexciting this state, due to the contamination of théorm similar to theT=1, i.e., like-particle, pairing interac-
peak, is consistent with this assessment. Theordfigaton-  tion. Although theT=1 pairing interaction is already in-
version coefficients were used for the fourtransitions in  cluded at the BCS level, th€=0 p-n attraction cannot be
the 8 — 0" cascade to determine the feeding to the re- omitted as this would destroy the(& symmetry of the
maining levels and calculate the ldgvalues. QRPA equations. The strength of thep effective NN inter-
One may add that we have no experimental evidence foaction, as found from microscopic calculatiofl], corre-
the existence of g3-decaying low-spin isomeric state in sponds to an appreciable reduction of fhedecay half-lives.

218gj that would decay to a*2daughter level, as observed in Any local fitting of thep-h and p-p effective interactions to
216g;j [6]. the experimentally knowg-decay half-lives is thus avoided.
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FIG. 3. B-decay half-lives of bismuth isotopes predicted by dif- 190 194 198 202 206 210 214 218
ferent models[18,22—25% and compared with experimental data A

taken from Refs[6,9,1Q and the present measurements. FIG. 4. Evolution of the level structure in polonium isotopes.

The GT and FF decays are coherently treated within a singlBata are taken from Ref§2-4,10,28.
microscopic framework.

In Fig. 3 we compare the experimental half-lives of less severe if the quenching fact@rbe reduced within its
215-218j [6,9,1Q, together with our value fof'®Bi, with the  margins of accuracy.
predictions from the global approaches fat>-228i Although our calculations within the same framework and
[18,22—25. The total half-lives of the GT decay calculated with the same\N-interaction parameters show a reasonable
within the finite range droplet model with random phase ap-agreement with the available experimental data in he
proximation(FRDM+RPA) model[22] overestimate the ex- =50 andN=82 regions[18], the approach may still be too
perimental ones by orders of magnitude. The scale of theimplified for this particular region east 8¥%b, especially
predicted odd-even effects is generally too large because @f AJ=0 transitions dominate the decay schemes. This is
spurious effects caused by the omission of phe effective  mainly due to the neglect of the velocity-dependent terms in
NN interaction. the effectiveNN interaction and the use of the Coulondb

In the recent microstatistical version of the FRDM modelapproximation.
[23], the gross-theory calculation of the FF decay is com-

bined with the FRDM + RPA description of the GT decay. V. SHELL-MODEL CALCULATIONS
This model provides shorter total half-lives than the ones
calculated for the GT decay in RgR2]. However, the strong In the simplest shell-model configurations fé¥%Bi the

renormalization of the GT half-lives, for example, in last proton resides in thi,, or hg/, orbital and the last neu-
215218 is hard to explain from microscopic arguments. It tron in gg/, Or i1y, For these combinations the ground-state
may well come from the inconsistency in the microstatisticalspin can range from 0 to 10. The ground staté*Po can be
and gross-theory inputs, which is unavoidable in hybridconveniently described as a closed core with one additional
models. pair of protons in thef,, or hg; orbital and four pairs of

In the QRPA calculations from Ref24], the strengths of neutrons ingy, Or iy, The easiest way to create excitations
the separabl@-h andp-p NN interactions are directly fitted in the daughter nucleus consists in aligning the spins of the
to the experimentally known half-lives for every isotopic valence pairs. The observed sequence of the 509.8, 425.5,
chain, which is a purely empirical procedure. On the othei385.7, and 263.0 keV transitions could therefore be inter-
hand, as the odd-even behavior of the calculated half-lives ipreted as arE2 cascade linking 8 6, 4*, and 2 levels to
reasonable, having included tfie=0 pairing, such a proce- the 0 ground state of'%0. This would justify the assump-
dure may in some cases give a sound extrapolation to thions in the earlier discussion of theintensities angs feed-
closest experimentally unknown nuclei. However, as the FAng.
transitions are not included, it is quite natural that the experi- For 2%Bi it has been argued that both a longer living state
mental half-lives of the bismuth isotopes are overestimatedof unknown but low spin and a shorter living,677, or 9°

The results of the gross-theory statistical calculations witthigh-spin state exiqtl0]. The high-spin state predominantly
a parametric description of the forbidden transitiq®§]  feeds the 8level in 2*%0. In the case of'®Bi, the distribu-
vary significantly from the odd to the even nuclei. tion of the B strength towards or above thé &nd 8 levels

While a detailed analysis of thg decays close t6°Pb in 2!%Po would point to an equal spin of 69~ for the
requires due consideration of the energy dependence of thgother nucleus.
shape factor, beyontf®b an estimate within thé& approxi- The evolution of the energies of 86, 4%, and 2 levels
mation is still of interest. Our calculated half-lives show ain the even-even polonium isotopes is shown in Fig. 4. The
fairly regular A behavior for28-22Bj whereas a shorter lower part of the?'%o level scheme is dominated by the
half-life of 1.8 s is predicted fof2%i. The slight underesti- wh3,, configuration[26]. As neutrons are being added to the
mation of the experimental total half-lives would becomenucleus, this structure mostly survives, although mixing with
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EX ¥Po,,, SM

other broken valence pairs becomes apparent. The distances . .
among the excited states gradually increase andthe@ 4 IZIlG 6. Experimenta(left) and calculatedright) level scheme
levels descend. This feature is more pronounced beyontfl’r Po.

20pg tzrlan below. It should be kept in mind, however, that  Note that a downsloping 772oroton state may also play
below #'%Po the proton-neutron interaction is small and neu-ay important role in the odd bismuth isotopes. This state is
trons can only create low-spin states. _ not necessarily ofrf;, origin, as it could equally be a
We have used the Kuo-Herling interaction as revised bysh, .92 , threequasi particle state, as frequently observed in
Warburton and Browijil] in a model space that includes the other shells.
hgjo, f72, andiyz, proton orbitals and thggy,, i11/2 andjis Allowed GT transitions t&*%Po are possible fromi;y,to
neutron orbitals. No low-spin states were regarded. Singleri 5, about 1 to 1.5 MeV above the 8tate but are configu-
particle energies were taken frofffBi and 2°Pb and calcu- ration hindered. Indeedyi,;, is less filled thanvgg, and
lations performed with th®ATHAN code[27]. Seniority trun- 743, admixtures to the lowest lying odd-parity states might
cation was used, i.e., successively more pairs were allowelde small. This can explain the large Idgvalues.
to be broken. The number of broken pa@sanged from 1 to In Fig. 6 the calculated*®Po level scheme is drawn next
4. For instance, in the case 64 eight particles of the two to the experimental data. Only yrast states are shown, while
protons and eight neutrons 8o could spread freely over there may be more states between 1.5 and 2 MeV of either

the available orbits. parity. One observes that the energy of tHestate is nearly
In Fig. 5 thewhg,vgq,, 0dd-parity multiplet is shown for  correctly reproduced. From the trend of convergence for in-
2188 in comparison to the pure two-particle case?Bi.  creasingC agreement will likely be reached f@=5, which,

The configurations that we list have a quasiparticle characternfortunately, cannot be calculated within the present model.
due to pair scattering especially to thg,,, state. The 10  The calculated position of the"4evel lies too high and may
level always belongs torhg,vi;i,. The 219Bi spectrum  require renormalization of the interaction. The deviation can-
shows the typical uncertainties of the two-body matrix ele-not be ascribed to a lack of convergence. THeaéd 8
ments. levels seem too low. A larger model space will not be able to
From the figure one concludes that the shell model prefersorrect for this. However, the yrast states might not be popu-
a 8 ground state for'®Bi, with the 5 to 7 levels only lated in our experiment, as likely the shell-model states are
about 40 keV above. Furthermore it appears that théwo-quasi-neutron states, whereas t{Bedecay of a two-
whg/vdg, Multiplet changes its nature from particle-particle quasi-particlemrhg,vgg, Or viiy, configuration will lead to
in 219Bi to particle-hole in?!%Bi, as shown by the generally two-quasi-proton states. Frodt%®b and?'%o one knows
convex (respectively concayebehavior of the curves con- that the pure two-neutron states are situated lower than the
necting the multiplet energies. Nevertheless, a pure particlgwo-proton states and mixing will only increase the distance.
hole configuration is not reached as the odd-even spin stagks a matter of fact, the nonyrast states have to be calculated
gering is smooth if'%Bi as compared t8'%Bi. Interestingly,  before one can properly judge the agreement.
the 10 level has come down, which tells us the effective The odd-parity daughter states that will take the FF tran-
vi11» Separation is small and the orbital interacts stronglysition strength are in the right place near 2 MeV. More of
with the »gq, state through mixing ofwhg,vgg, with  these, nonyrast, are expected.
hgoviqq» @s well as the creation afiq,,, pairs fromvgg,,
pairs. The calculated multiplet structure does not support the
existence of a low-spin isomer, which as mentioned above The B8 decay of?'3i has been investigated, a half-life of
we indeed did not observe. 33(1) s measured, and a level scheme constructed for the

VI. CONCLUSIONS
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218 daughter. The experimental half-life is compared tativity ineffective. Although some improvement can be ex-
self-consistent continuum-QRPA calculations and satisfacpected from higher laser ionization efficiencies, new tech-
tory agreement is reached if first-forbidden transitions areniques for the suppression of isobaric contaminations will
included. Shell-model calculations with the Kuo-Herling in- therefore remain the main focus of future experiments.
teraction and the&lATHAN code coincide with the experimen-
tally allowed possibilities for a® 77, or 8 ground state of
2188j. The lower states of the observed stretclcascade ACKNOWLEDGMENTS
8" —6"—4*—2"—0" to the %P0 ground state are repro-  We would like to thank the members of ISOLDE Collabo-
duced but the upper levels may be nonyrast and as sudfation who have made the current work possible. K.V.deV.
outside the scope of the model. acknowledges FWO for financial support. This work was
The relatively low cross sections for neutron-rich bis- supported by the Inter-University Attraction Pold&JAP)
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