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Prompt and delayed rays from 1°219Bj have been identified using the recoil-decay tagging, isomer
tagging, and recoil gating techniques, resulting in extensive level schemes for both nuclei. Excitation energies
of the isomeric 13/2 states have been established and oblate strongly coupled bands built on them have been
observed. The nearly spherical 9/@round-state bands appear to be crossed by more oblate-deformed low-
lying structures. The properties of the bands feeding the infttuder states indicate some structural change
between!®Bi and 191Bi. The deformation associated with each of these states has been extracted from total
Routhian surface calculations which also reveal the development of prolate minima with decreasing neutron
number.B(M1)/B(E2) ratios have been measured for the observed strongly coupled bands in order to resolve
the intrinsic excitations. The observed quasiparticle structuré$ and high-spin isomers both #¥3Bi and
191g;j are interpreted based on the coupling of the odd proton to the even-even Pb core.
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[. INTRODUCTION formation is associated with more complex configurations
involving the elevation of four or more protons across the

. . ) -~ shell gap[2]. An alternative approach to account for the
there is a large amount of experimental evidence for vanoughape coexistence phenomenon is provided by the Nilsson

nuclear shapes coexisting at low excitation energies in th§ 4ol 151 where the enerdies of sinale-particle states are
neutron-deficient H4Z=80), Tl (Z=81), Pb(z=82), and calcula[te]d in a deformed nScIear poter?tialPThese two models
Po (Z=84) isotopes[1,2]. The first observation of shape co- have been observed to be in good overall agreement, as dem-
existence in this region was made in isotope shift measurepnstrated by Heydet al. [6] for the lowest 0 intruder states
ments which revealed a shape transition in the ground statés the neutron-deficient even-even Pb isotopes.

between the odd 8"Hg and'®®Hg [3,4]. Subsequently, the Recently, more information on these intruder states has
knowledge has been gained véadecay fine-structure and been collected via the observation of associayedy cas-
B-decay studies as well as byray detection. The explana- cades in several successful in-beam experimgfjtd-or ex-

tion for these structures can be derived from the intrudeample, when moving towards the neutron midshell, the yrast
scenario, where the development of nonsphericity inbands established in eveénHg isotopes exhibit a weakly
neutron-deficient nuclei is associated with low-lying shell-oblate shape until irt®*Hg, where a crossing with a well-
model intruder states formed by exciting protons across théeformed prolate band is observed]. The low-lying struc-
Z=82 shell gad1,2]. Oblate-deformed structures are gener-tures in the neutron-deficient lead isotopes are dominated by

ally attributed to two-proton excitations whereas prolate de spherical states until competing oblate band structures appear
close to A=190 (see Ref.[8] for °Pb, and references

therein. In lighter isotopes, prolate-deformed rotational yrast
bands have been observed in the exetf® 18Pp (see Ref.
*Present address: Institut de Recherches Subatomique, CNRP9] for 18%Pb, and references thergisimilarly, in polonium
IN2P3, 23 Rue du Loess, BP 28, F-67037 Strashourg, France. isotopes a prolate yrast intruder band*#%o with N=106
"Present address: CSNSM, IN2P3-CNRS, F-91405 Orsay Cedef10] and oblate structures a few neutrons away from the mid-

The bismuth(Z=83) nuclei lie in the lead region where

France. shell have been establishgtl]. In thallium nuclei, the onset
*Present address: Laboratory of Radiochemistry, P. O. Box 550f prolate deformation is observed i#°TI and prolate-
FIN-00014 University of Helsinki, Finland. deformed bands are found to dominate the low-lying struc-
SPresent address: Radiation and Nuclear Safety Authority Finlandure of the lighter oddA isotopes(see Ref[12], and refer-
P. O. Box 14, FIN-00881 Helsinki, Finland. ences therein
'Present address: Physics Division, Argonne National Laboratory, In accordance with the spherical shell model, the ground
Argonne, lllinois 60439, USA. states of all neutron-deficient oddbismuth isotopes down
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to ®/Bi have been assigned a spin and parityl59/2°  emitted « particles. The silicon detector, divided into 16
[13] from «a- and B-decay studies. A 1/2intruder state, strips and position sensitive in the vertical direction, exhib-
observed over the whole range of known neutron-deficienited an average position resolution €50 um in the 19'Bi
odd-A Bi isotopes is found to become lowered in excitationexperiment. Decay events were distinguished from the recoil
energy with decreasing neutron numpgr14—14. This state  implantations by requiring an anticoincidence with a signal
is associated with af 1h shell-model intruder configuration from the multiwire proportional avalanche counter
where a proton is elevated across the82 shell thereby (MWPAC) [32], installed up stream from the Si detector.
leaving a hole in the,;,, orbital [17]. An isomeric 13/2 state  rays following the deexcitation of isomeric states were de-
has been identified in isotopes with 26 <195[13] and tected with three Nordball and two TESSA Compton sup-
recently in'®9Bi [18] and '®/Bi [19]. In the heavier isotopes pressed Ge detectors in close geometry around the
down to19Bi, the lowest-lying quasiparticle states have beenSi-detector chamber.
successfully interpreted as the odd proton coupled to the A signal from the silicon detector was required to trigger
spherical even-even Pb coi20—24. However, as deformed the data acquisition system. In addition to the timing, the
band structures have been well established in the Hg, Tl, Plenergy and position of the interaction, together with the in-
and Po isotopes withN<110, a transformation towards col- formation obtained from the Ge and gas detectors within
lectivity might be expected also in the light bismuth isotopes.32 us were stored into the same event. Recoil identification
In in-beam experiments fot®®Bi and ®7Bi, a rotational was based on temporal and spatial correlations between the
structure has been associated with the 13dtate in18Bi observed implantations and their characteristicdecays.
and also tentatively in thé&l=104 midshell nucleus®Bi Prompt and delayed rays were associated with the nucleus
[25]. In the present work, spectroscopy of both prompt andf interest according to the principles of the recoil-decay
delayedy rays from the'%Bi, ;o and **'Bi,qg isotopes was tagging (RDT) [33,34 method. The isomer tagging tech-
performed resulting in extensive level schemes for both nunique was used to correlajerays across isomeric states and
clei. Part of the results obtained have been reported in Refsecoil gating was employed in the examinationyefy coin-
[26,27. cidences. When the-decay half-life was unsuitably long for
the RDT method, the assignment pfrays was based upon

. EXPERIMENTAL METHODS their measured excitation functions.

The experiments were carried out at the Accelerator Labo- Il RESULTS
ratory of th_e University of JyvaskyldJYFL) using ion A 193g;
beams delivered by theK=130 MeV cyclotron. A .
350 ug/cn? thick 1%Ho target was bombarded with %3S The 9/2 ground state in**Bi [t,,,=67(3) s [35]] has a

beam at energies from 142 to 157 Mg the center of the total a-decay branch of only,=3.515% [35]. However,
targe) in 5 MeV steps populating excited states'fBi via ~ about 265 000x decays(E,=58995) keV [I,=95.85)%],
the 4n fusion evaporation channel. E,=61745) keV [1,=4.25)%] [13]) from this state were
The nucleus®Bi was produced in thé*Nd(%2Cr,p2n)  observed in 110 h of effective beam time. The Lir&ruder
reaction. The 47Qug/cn? thick 142Nd target(99.8% enrich- ~ state in'%Bi lies at an excitation energy of 307 keV [13]
meny was covered with a 1@g/cn? thick layer of carbon and has a totak-decay branch oba:QOﬁég% [35]. From
and backed with a carbon layer of 5@ /cn¥ thickness. The this state, approximately 1800@0 decays [E,
beam energy was 235 MeV in the center of the target. =64755) keV [13], t1,=3.26) s [35]] were detected. The
In both experiments, prompg rays were observed with total a-particle energy spectrum following tHéS +'5%Ho re-
the Jurosphere Il array which in its full composition holds 15actions is shown in Fig. 1 and it is dominated by the 5899
Eurogam Phase 1{28], five Nordball- [29], and seven and 6475 keV peaks together with th¥?Bi doublet
TESSA-type[30] Compton suppressed Ge detectors. The abf60525),60605) keV [13]]. A major part of the experiment
solute photopeak efficiency of the array at 1.3 MeV waswas performed using an average beam current of 25 pnA
measured to be-1.6% in the!%3Bi experiment with one which was the maximum allowed by the Ge singles counting
detector missing and-1.4% in the''Bi experiment where rate. In order to allow clean recail- correlations, about
three detectors were absent and strong background activitid 500 of the observed particles from the 1/2intruder
were present. The Eurogam detectors were installed at anglggate were collected using an average beam current of 3 pnA
of 133.6° and 157.6° and the TESSA and Nordball detectorat a beam energy of 152 MeV.
at angles of 63°, 79.0°, and 101.0° with respect to the beam Approximately 80% of the'®3Bi recoil distribution was
direction. Absorbers, consisting of a 0.25 mm thick layer ofcovered by the Si detector and the probability to observe the
tin and a 0.5 mm thick layer of copper were positioned ina decay with its full energy was assumed to be 50%. A
front of each detector to reduce the counting rate due to xransmission of 20% was used for the RITU separator and
rays. The fusion-evaporation residues recoiling out of thethe effect of the deterioration of the target observed during
thin target were separated from the primary beam and fissiothe experiment was also estimated. Taking into account the

fragments using the gas-filled recoil separator RIBd]. a-decay branching ratios, a cross section of about 3 mb for
At the focal plane, the separated recoils were implantedhe 16%Ho(32S, 4n)19%Bi reaction at 152 MeV can be deduced.
into a 300um thick 80 mm(horizonta) X 35 mm (vertical Prior to the present work, ng rays belonging to"*3Bi

Si detector which was also used to observe the subsequentlyere known. Due to the long-decay half-life of the 9/2
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ground state, the use of correlation methods to idengify

rays feeding this state was not possible. However, an isos5q 597, 620, 624, and 634 keV transitions exhibit halflives
meric 13/2 state is known in odd bismuth isotopes down ¢ t,,=3 us which are far too long to agree with the pre-

to A=195. Igis_state "eslgééi.n excitation energy of 1196 anfiction for the 13/2— 9/2" transition. Moreover, they are in
888 keV in™"'Bi [21] and B [20], respectively, and deex- cqincidence with each other and thus excluded from the pre-

cites via anM2 y-ray transition to the 9/2ground state. gmeq single-step deexcitation of the 13/2ate. On the
Lonnroth et al. [20] predict the excitation energy of the giher hand, the half-life of 1520) ns associated with the
13/2" state in'*Bi to be 46450 keV which would corre- 545y oy transition[Fig. 3@)] is closer to the prediction
spond to a half-life of 0.54s. Their estimate of the lowering given for the 13/2 state in193Bi. The Weisskopf estimate

of the excitation energy of this state is based on the interagg,, the strength of this transition was calculated assuming
tion of the iz, proton with the increasing number ofs>  ha¢ the deexcitation of a level at 605 keV proceeds only via
neutron holes as the|13/2_orb|t_al opens up _aA: 197 and e 605 keV y ray. The obtained value ofB(M2)
beﬁ%m?stnlwore dteplete? n g_cl)lngttc()j I|ghter |sotop§s. d =0.06210) W.u. is in very good agreement with that for the

. e total spectrum of recoil-gated singlesays observe predicted transition energy of 460 keV with a half-life of
in the focal-plane Ge detectors up to @6 after the implan- 0.5 us [B(M2)~0.06 W.u. The corresponding hindrance

tation of a recoil is shown in Fig.(3). There are several f £16 is of th der of itude than th |
reviously unknown lines in the energy range from 400 to actor of 16 is of the same or ero magmtu_c_at qnt € value
P of ~45 for the 13/2—9/2 spin-flip transition in %At

?50 ke\/ and the |dent|f|cat|_on of the 13/%’9/2 transition 36]. Therefore, the 605 keV transition is a strong candidate
rom this spectrum alone is not possible. As the predicte or the 13/7 —9/2- transition in%%Bi

half-life for the 13/2 state is much shorter than the 8- '
time window, a spectrum of delayegrays observed within
220 ns after a recoil implantation was generated and is 100
shown in Fig. 2b). To create this spectrum, the data col-
lected at a beam energy of 147 MeV were chosen as they
have the best statistics. The effect of the shorter time window
is to enhance the observed intensityyofays following the
deexcitation of short-lived isomeric states relative to those
depopulating isomers with longer halflives.

However, in the spectrum shown in Figh2 there are no
candidates for the 13/2-9/2 transition in the predicted
energy range of 400 to 500 keV while several unknown lines
appear in the range of 500 to 650 keV. The 605 keV peak is
much more prominent compared to other transitions than in 10 0.5 1 0 5 10 15 20 25 301
the case of the longer time windoj¥ig. 2(@)], thus indicat-
ing a relatively short half-life. The half-life associated with
each of these transitions is deduced from the distribution of FIG. 3. Spectrum of time differences between the implantation
time differences between the implantation of a recoil into theof a recoil and the observation of(a) 605 keV andb) 307 keV y
Si detector and the observation of theay of interest. The ray in the focal-plane Ge detectors.

FIG. 1. Total energy spectrum af particles observed in the
focal-plane Si detector fror?S+6Ho— 197Bi" reactions at beam
energies of 142, 147, 152, and 157 MeV. The gas counter signacli
was used as a veto.
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FIG. 5. (a) Recoil-gated singles spectrum of promptays from
825 +16%0 reactions where transitions assigned¥®i are marked
with their energy.(b) Energy spectrum of recoil-gated prompt
rays gated by the 605 keV delayed transiti@n.Recoil-gated spec-
trum of prompty rays gated by the 323 keV prompt transition.

To confirm the assignment of rays to'%3Bi, excitation
functions were measured. The intensities of the obsefved ~600 keV which usually suggest the observation of a
rays were normalized to the number of detectedecays of  strongly coupled band. The deduced band structure feeding
the 9/2 ground state at each of the beam energies. Théhe 13/Z state(band 3 is shown in the level scheme of
resulting excitation function curves for selected delayed'9Bi (Fig. 6) and the assignment of two of the band mem-
(137, 307, and 605 keVand also promp{279, 299, and bers(323 and 299 keYto 19Bi is further confirmed by their
323 keV) vy rays are illustrated in Fig. 4. As is evident, the measured excitation functioriEig. 4).
intensities of these transitions follow a consistent trend Angular distributions fory rays were determined from
which is clearly different from the behavior of the corre- their observed intensities in recoil-gated spectra which were
sponding curves for the 854°Pb), 882(**Pb), and measured at a beam energy of 147 MeV with detectors at
965 keV (**Pb) [13] transitions. Therefore, all theserays  angles of 158° and 79° with respect to the beam direction.
are associated with*Bi. The assignment of the 605 keV The extracted efficiency-corrected intensity ratid,,
transition as deexciting the 1372someric state in®Biis  =1(158°)/1(79°), energies and intensities ¢frays, together
also affirmed by these results. with the properties of the energy levels’i#Bi, are listed in

The energy spectrum of recoil-gated prompt singles Table I. For the band feeding the 13/8tate, the obtained
rays is presented in Fig.(®. In order to select thes-ray  values ofR,,,agree well with its suggested strongly coupled
transitions feeding the 1372someric state it%Bi, arecoil-  nature. The 323, 299, 327, 320, 346, and 315 keV transitions
gated delayed-prompty matrix was created. In this matrix, are assigned to be dipoles, probably in character and the
a gate set on the delayed 605 keV transition provides a spegame assignment is tentatively made also for the 220 and
trum of correlated prompty rays with a clear peak at 204 keV transitions although their low intensities do not per-
323 keV, as shown in Fig.(B). The low statistics in this mit angular distribution measurements. TRg,, values for
spectrum is due to the short half-life of the 13/8tate the 647, 665, and 661 keV transitions are comparable with
(153 ng compared to the flight time of thé®Bi recoils  that of 1.4310) for the 882 keV 17/2—13/2" E2 transi-
through the RITU separatdr~1 us). The 323 keV transi- tion in 1%Pb and they are assigned to have quadrupole char-
tion, also appearing in the recoil-gated singhesay spec- acter. Their placement as crossover transitions in the band
trum [Fig. 5a)] is placed directly feeding the 137%omeric  feeding the 13/2 state yieldsE2 multipolarity for these
state. The coincident promptrays were studied by analyz- threey rays. TheE2 assignment has also been made to the
ing a recoil-gatedy-y matrix using theRADWARE software 623 and 627 keV transitions despite the lack of angular dis-
package[37]. A sample coincidence spectrum gated by thetribution information due to strong contamination from
prompt 323 keV transition is illustrated in Fig(c®» showing  nearby lines, and for the 536 keV transition which is too
two groups of transitions, one at300 keV and the other at weak for meaningful angular distribution measurements. The
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FIG. 6. Level scheme of3Bi.

586 keV transition is observed to be in coincidence with the The presence of the 307 keV line in the spectrum of
323 keV 15/2—13/2" transition [Fig. 5c)] and assigned prompty rays gated by other strong transitions in the cas-
to be of dipole character indicating €17/2") state at cade[Fig. 7(b)] implies that the microsecond isomer lies
1514 keV. The 436 keV dipole transition is placed to feedabove the 2357 keV level and that the deexciting transitions
this 1514 keV level and the coincident 909 keV transition tofrom this state remain unobserved. This nonobservation is
deexcite it and populate the 13/Band head. most probably due to the very low energy of these transi-
As presented in Fig. 4, the measured excitation functiongions, closely resembling the deexcitation of thé dmeric
confirm the assignment of the 307 keMay to19Bi. Figure  state in the'®Pb core[38]. This suggested coupling of the
7(a) shows a spectrum generated by summing coincidences,, proton to the 12 core state could yield a spin and parity
with the 307, 597, 634, and 818 keV transitions in a recoil-of 17=(29/2") for the isomeric state iA%Bi, in accordance
gated delayedy-y matrix. Due to intensity arguments, the with the observed 29/2isomeric states in the heavier oéd-
307 keV transition is placed to be the topmost in a cascadbismuth isotope$13]. In order to studyy rays feeding the
populated by the deexcitation of an isomeric state with a(29/2") state, a spectrum of prompt rays gated by the
apparent half-life of 3.) us [see Fig. &)]. As illustrated  delayed 307 keV transition was generated and is shown in
in Fig. 7(b), the same cascade ¢frays is observed also in Fig. 7(c). The 399, 356, and 289 keV lines are tentatively
the target-position array which indicates prompt feeding intcassigned to béM1 in character and placed to feed the iso-
the band and enables the determination of angular distribuneric level at 23574 keV (band 3 in Fig. 6.
tions as defined above. The negative-parity béyanhd 3 in The energy spectrum of delayeg rays gated by the
the level scheme shown in Fig. 6 is constructed based of37 keV transition is shown in Fig.(d and the deduced
vy-v coincidences of both prompt and delaygdrays and irregular level structure is illustrated in Fig.(group A). The
placed to feed the 9/2ground state. The angular distribu- assignment of these transitionsf5Bi is based on the mea-
tions R.,, suggest quadrupole character for the 818, 634sured excitation function for the 137 keV transitidfig. 4).
550, and 307 keV transitions for which ti2 multipolarity = The 1067 keV transition is present in the spectrum of recoil-
is again more probable. Although the valuesRgf, for the  gated prompt singley rays[Fig. Xa)] and also in the spec-
597, 620, and 624 keV transitions could not be extractedirum of prompt y rays gated by the delayed 605 keV
they are also assigned &2 character, resulting in a spin and 13/2*—9/2" transition [Fig. 5b)]. Consequently, the
parity of I"=(25/2) for the state at 2357 keV. The 198, 352, 1067 keV y ray is placed to feed the 13¥2someric state
245, 379, and 254 ke\y rays are measured to have dipole and assigned to have &2 character based on the measured
character and given the assigne@ character of the cross- angular distributions. The 436 and 455 keV transitions are in
over transitions, they most likely haw¢1 multipolarity. On  coincidence with the 1067 keV transition in both prompt and
the basis of weak coincidences, the 670 and 538 keV trans@ielayedy-y matrices and placed parallel to each other feed-
tions observed in the gated spectrum of prompays[Fig.  ing the(17/2") state at 1672 keV. Inspection of the delayed
7(b)] are placed to feed the 1972nd 21/2 levels at 1795 -y matrix reveals the presence of a 137 keV self-coincident
and 2050 keV, respectively. doublet[Fig. 7(d)]. On the basis of coincidences and energy

064326-5



NIEMINEN et al.

PHYSICAL REVIEW C 69, 064326(2004)

TABLE I. Energies(E,), intensities(l,), and angular distributiorRe,,=1(158/1(79°) of y rays in193Bi.
The energies of initial state&;) and spins and parities of initi@l") and final(I{) levels are also given.

E, L, E;
(keV) (%) (keV) I K Rex=1 (1589/1(79°)
137.05) 1.8(6) 1672 (1712 (15/2)
185.75) 7.7(10) (j+3) (j+2)
198.45) 7.36) 818 13/2 11/ 0.92)
199.95) 9.0(5) 507 (3/2%) 1/2* 1.03)
204(1) 3.05) 2961 (29/2%) (2712
220(1) 12.75) 2757 (2712 25/2*
229.55) 2.310) 736 (5/2) (3/2%
245.25) 6.4(8) 1415 17/2 15/2 0.8(2)
252.35) 10.410) (j+4) (j+3) 0.72)
254.05) 5.5(6) 2050 21/2 19/2 0.7(4)
278.93) 451) (j+2) j 1.157)
279.45) 1.7(6) 1015 (712%) (5/2%)
289.45) 4.1(6) 3401+A (35/2) (33/2) 0.6(3)
295.15) 5.57) (j+6) (j+5)
298.85) 5.58) (j+5) (j+4
299.35) 61(4) 1228 1712 15/2F 0.827)
307.45) 10.59) 2357 (2512) 21/ 1.2(2)
315.25) 11.48) 2536 25/2 23/2° 0.71(15)
319.95) 23.614) 1875 2112 19/2¢ 0.748)
323.43) 100(6) 928 15/2 13/2F 0.906)
327.33) 47(3) 1555 19/2 1712 0.847)
345.85) 18.611) 2221 2312 21/2° 0.6711)
351.93) 36(3) 1170 15/2 13/2 0.869)
355.37) 1.87)
356(1) 5.2(11) 3112+A (33/2) (31/2) 0.6(3)
379.35) 13.614) 1795 19/2 1712 0.71(14)
3841) 10.913 (+2
398.85) 9.0(5) 2756 +A (31/2) (29/2) 0.8(2)
415.95) 2.36) 2464 (23/7) 21/
4321) 2.909)
436.05) 92) 1950 (19/2%) 17/2 0.9211)
436(1) 3.1(12) 2108 7/2
455.05) 3.6(14) 2127 17/2
458.57) 1.87)
468.97) 2.48)
4791) 6.0(13) (3235+A) (31/2)
504.55) 4.37) 1520 (11/2%) (712
508.95) 5.0(16) 1015 (712%) (3/2)
536(1) 2.7(8) 2757 (2712 23/2°
5391) 9.1(8) 2588 (2512) 21/
550.03) 37(3) 1170 15/2 11/2 1.3010)
551.15) 6.1(9) (j+5) (j+3)
585.95) 1903) 1514 (1712 15/2F 1.02)
5951) 1.5(8) (j+6) (j+4)
597.43) 56(4) 1415 17/2 13/
605.05) 605 13/2 9/
620.45) 68(1) 620 11/2 9/2
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TABLE I. (Continued)

E, Iy E
(keV) (%) (keV) I |7 Rex=1(1589/1(799)
622.15) 32(3) 1228 17/2 13/2
624.55) 34(3) 1795 19/2 15/
626.65) 29(3) 1555 19/2 15/2*
634.45) 34(3) 2050 21/2 17/ 1.178)
634(1) 8.2(11) (j+3)
6381) 5.513) (j+2)
647.15) 26(2) 1875 21/2 17/2 1.5411)
6481) 4.59) (j+4)
661.25) 18.611) 2536 25/2 21/2 1.3611)
665.25) 15.912) 2221 23/2 19/2¢ 1.4614)
670.45) 12.312) 2464 (23/7) 19/ 1.52)
718.55) 8.6(14) 1535 (15/2%) 13/
7541) 4.55) 3112+A (33/2) (29/2)
818.23) 859) 818 13/Z 9/2” 1.347)
909.29) 2009) 1514 a7/2% 13/2¢ 1.2(2)
930.05) 14.515) 1535 (15/2% 13/2¢ 1.002)
106711) 29.513 1672 (a7/2) 13/2 1.5011
sum arguments, one component of the 137 keV doublet to-
150 T3 — - gether with the 930 keV transition is plgced in the level
@ Bi |3 ot e e L ey scheme parallel to the 1067 keV transition. As the self-
100 | & 53 coincidence of the 137 keV transition or its coincidence with
é i 2 the 1067 keV transition are not observed in the prompt

matrix, it is likely that the second 137 keV component forms
part of the fragmented deexcitation path from the long-lived
sskul . ] : : isomer. The 718 keV transition is placed as a connecting
150 {(b) "’Bi sl avd et transition to band 2 from which the low-lying 620 and
818 keV transitions also appear in Figdy. The 299 and
323 keV transitions present in this spectrum indicate feeding
to band 1 based on the 13/8tate but discrete links could

50 1

<
—
3
T 198

— 620,624

> not be established. The half-life of the isomer is too long to
§ vt Recoil_gaied prompry tons be accurately measured in the present experiment where the
E 60(c) "Bi & Gate: degiayedp307 fev time window for the observation of delayedrays after the

S implantation of a recoil is limited to 3Zs. The measured

distribution of time differences suggests a lower limit of
~10 us for the half-life associated with the 137 keV transi-
tion.

The 279 keV transition which is clearly observed in the
spectrum of recoil-gated prompt singlesays[Fig. 5a)] is
firmly assigned to*®*Bi based on its measured excitation
function (Fig. 4). The analysis of the prompy-y matrix
revealed transitions with energies of 186, 252, 296, 299, 384,
551, 595, 634, 638, and 648 keV which are all associated
o 200 400 600 800 1000 with 1°3i. Angular distribution measurements imply quad-

Energy (keV) rupole character for the 279 keV transition while values of
Rexp for the other members of the group could not be ex-

FIG. 7. Energy spectra of recoil-gated rays from the32s tracted due to overlapping strong lines. The link between this
+1650 reactions(a) Sum of spectra of delayegrays gated by the group (group B in Fig. § and the rest of the level scheme
delayed 307, 597, 634, and 818 keV transitiqibg.Sum of spectra  could not be established from the present data, most prob-
of prompt y rays gated by the prompt 597, 634, and 818 keV tran-ably due to isomeric character of the band héspin j in
sitions. (c) Spectrum of prompty rays gated by the 307 keV de- Fig. 6). If this assumption is correct, the boundary conditions
layed transition(d) Spectrum of delayed rays gated by the de- of the present experimental system would restrict its half-life
layed 137 keV transition. to a range of 20 nst;,,=150 ns.

064326-7



NIEMINEN et al. PHYSICAL REVIEW C 69, 064326(2004)

193g; § 1/2" o—tagged singles yrays Ylpion 6308
30 30000
2
> g %
4 < s & 20000
> 20 = wy z
L 2] =4 =
=] w =
2 3 194 Blp
QL Po o]
10000
Wipion  V'Bi1/27
187 191
5= Pb 6639 6870 Po
Pb !
[\ %Pe\ 195WP0 192, ﬂ
0 6000 6500 7000 7500
0 100 200 300 400 500 600 700 800 Energy (keV)
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FIG. 9. Energy spectrum ok particles observed in the focal-
FIG. 8. Energy spectrum of prompt singlesrays gated by plane Si detector from th&?Cr+142Nd reactions. The gas counter
recoils and tagged with the 6475 keWdecay of the 1/2intruder  veto is present. The Po isotopes wib= 193 are produced in reac-
state in'93Bi. tions with heavier Nd isotopes contaminating the target.

Prompt y rays feeding the 1/2intruder state in'®Bi  decrease in excitation energy would correspond to a longer
were studied using the data collected at low beam currenhalf-life for this state and the deexciting 13/29/2~ M2
The spectrum of singleg rays gated by recoils and tagged transition is likely to be observed in the focal-plane Ge de-
with the 6475 keVa decay of the 1/2 state using a search tectors.
time of 9 s is displayed in Fig. 8. The 200 keV transition, The energy spectrum of delayedrays gated by recoils
which is isotropic according to angular distribution measure-and tagged with the: decay of the 9/2ground state using a
ments, is tentatively assigned to be Ml character and search time of 13 s is shown in Fig. 10. Despite the long
placed to directly feed the 172state. The 230(279), 505,  a-decay half-life, the resulting spectrum is clean containing a
and 509 keV transitions are placed into the level schemgery strong peak at an energy of 430 keV together with a few
(band 4 in Fig. § on the basis of weak coincidence relationsweaker lines. The half-life associated with the 430 keV tran-
and energy sum arguments, whereas the location of the oBition was measured to big,=56210) ns from the distribu-
served 355, 432, 459, and 469 keV transitions could not bgon of time differences between the recoil implantation and
resolved. the observation of a 430 key ray in the focal-plane Ge
detectorgsee the inset of Fig. 30The corresponding tran-
B 191 sition strength was calculated assuming that a level at
430 keV deexcites only via the 430 keV transition. The re-
In about 130 h of effective beam time, the twedecay  sulting value ofB(M2)=0.0735) W.u. is comparable with
branches from the 972 ground state  that of the 13/2—9/2  transition in 9Bi [B(M2)
in 19B8j (E,=63083) keV [14] [1,=97.13)%] [13], E,
=66395) keV [13] [1,=2.93)%] [13]) yielded approxi-

191,,. & 1000 ;

mately 380 000 full-energy events in the singlegarticle Bi 5 v Gate 430 keV

. . . - 9/2 o-tagged & t,,=562(10) ns
energy spectrum shown in Fig. 9. The Po isotopes With delayed y rays g100
=193 are produced in the fusion of ti%éCr beam with 200 gw
heavier Nd isotopes contaminating the target. The &tate % S
has a half-life oft;,=12.44) s [14] and a totala-decay >'5 R BE R R Re o
branch ofb,=51(10% [14]. From the 1/2 intruder state = Time différence (1)

[b,=68(5)% [14]] lying at an excitation energy of 242 keV
[13], about 6500Qx decays [E,=687Q3) keV, 1y,
:1211'*73 ms [14]] were observed. The approximate average
beam current was 12 pnA. A cross section~af50 ub was
extracted for thé*Nd(°2Cr,p2n)1°'Bi reaction at 235 MeV

Counts/1keV

g

[sgl
" &
]
N

A . . . .. . 0 il elhoslal h..n».uL. L ARURTA U L
by gdoptlnglzjgthg same_detecnon and transmission efficiencies 5 200 200 o o0 1500
as in the 1®Bi experiment and taking into account the Energy (keV)

Si-detector coverage of about 70% of tHeéBi recoil distri-

bution. FIG. 10. Energy spectrum of recoil-gated delayechys tagged

Following the systematics for the excitation energy of thewith the o decay of the 9/2 ground state int®Bi. In the inset,
isomeric 13/2 state with decreasinly, it would be expected  spectrum of time differences between the implantation of a recoil
to lie at approximately 400 keV iF'Bi. Assuming a similar ~ and the observation of a 430 key/ray in the focal-plane Ge de-
deexcitation path and transition strength than'imBi, the  tectors is presented.

064326-8



y-RAY SPECTROSCOPY OE91.19%;j PHYSICAL REVIEW C 69, 064326(2004)

151 @) ' = Recoﬂ_gatedpwmlgt\xrays ment of transitio_ns i.nto two groups as in fche. cojncidence
Gate: delayed 430 ke spectrum for'®Bi [Fig. 5c)], again clearly indicating the

observation of a strongly coupled band. The 318 keV transi-

tion is placed to feed directly the 137&omeric state as it is

the most intense peak in the spectrum and similar in energy

to the 323 keV 15/2— 13/2" transition in°3Bi. The rest of

the band feeding the 13f2evel (band 1 in Fig. 12 was

10 1

Bi X-rays

01 constructed from an analysis of a recoil-gated prompg

30 { (& "'Bi 2 Recoil-gated prompt y-y matrix, from which a sample coincidence spectrum gated by
> Gate: 318 keV the 318 keV transition is presented in Fig(tjl
25 § Angular distributions for the observedy rays
2 5 % 2 - were extracted as the intensity ratio Ry
310_ T g T =1(134°,1589/1(79°,1019 in spectra of recoil-gatedy

rays. The obtained values are listed in Table Il along with
energies and intensities gf rays and the properties of the
energy levels int®Bi. The results support dipole character
for the 318, 279, 325, and 248 keV transitions belonging to
the strongly coupled band. A1 assignment for these four
vy rays is again more probable. The angular distribution mea-
surements also indicate quadrupole character for the
573 keV transition, whereas values Rf,, for the 597 and
604 keVy rays could not be extracted due to the many over-
lapping lines close to 600 keV. However, these three transi-
tions are assigned to be &2 multipolarity based on their
crossover character within the band. The 385 keV dipole
FIG. 11. (a) Energy spectrum of recoil-gated promptrays  transition tentatively defining &21/2") level at 1736 keV,
from theSZCr+l42Nd reactions gated by the 430 keV de|ayed tran- the 710 keV transition I|nk|ng this state to the 17/§ate of
sition. (b) Spectrum of recoil-gated prompt rays gated by the band 1 and the 509 ke\y ray all are placed in the level
318 keV transition(c) Spectrum of prompt rays gated by recoils scheme based opy coincidences.

400 1

300 1

200 1

100 1

L

0 200 400 600 800
Energy (keV)

and tagged with the 6308 ke¥ decay of the 9/2ground state in A spectrum of recoil-gated promptrays tagged with the
191Bj, The identified peaks from background activities are markeda decay of the 9/2ground state using a search time of 13 s
with their nucleus of origin. is presented in Fig. 1&). As the recoil rate in the Si detector

was high relative to the half-life of 12.4 s of this state, an

=0.06210) W.u.]. Moreover, the observed intensity of bis- unambiguous identification of rays directly feeding the
muth K x rays can be accounted for onlyNf2 character is  9/2" ground state it®'Bi from this spectrum is not possible.
assumed for the 430 keY ray. Excluding the weak lines in However, the 578 and 693 keV transitions are present also in
the spectrum, the observedray and bismuth K x-ray inten- the spectrum of delayed rays (Fig. 10 and assigned to
sities yield a conversion coefficient af =0.61+0.10 for the  1°Bi. These two transitions, together withrays having en-
430 keV transition while calculations for the two lowest ergies of 486, 207, 532, 325, a699) keV are placed in a
multipoles give ax(E1)=0.013, ax(E2)=0.030, ax(M1) band feeding the 9/2ground statg¢band 2 in Fig. 12 An-
=0.15, andax (M2)=0.44[39]. Therefore, the 430 keV tran- gular distribution measurements indicate dipole and quadru-
sition is firmly assigned to be the 1372:9/2 transition in  pole character for the 486 and 693 keV transitions, respec-
91, tively, while theR,, ratios for the other band members could

In order to examine prompg rays feeding the 13/2iso-  not be determined. This negative-parity structure resembles
meric state in*°!Bi, a recoil-gated delayed-prompty ma-  the band feeding the 972yround state it®Bi, including an
trix was generated and the isomer tagging method was agsomeric state for which a half-life df,,=400(40) ns is ex-
plied to the 430 keV transition. The resulting spectrum oftracted using the time differences between the recoil implan-
prompty rays is illustrated in Fig. 1B showing an arrange- tation and observation of a 578 keY ray. However, the

191n:
Bi
Band 3 Band 1 Band 2
. (21/2%) 1736 ~
07/2 1627 21/2+ 1599 Lo (19/27) (1617)
248 § 70 1 TTot,,=400 ns ;
132+ w2 19/5573—3!5—|i5-? ----- l 1257 (17/27) (5%9) 271 4?2 FIG. 12. Level scheme d¥!Bi.
+ & I — I
39'8 7/ Z‘i_#yg 6041027 ... s09 (/2D Sy
(9/2_")_'_747 15/2597‘*_l;74{3 ................. ] (13/2) 55258 & 693
(5/2%) 5 423 13/2 L 430 ) § 207 Wass »
- 131 - 693
ve B 242 430 W07 7/27__486 149 4§, (195)
9/2” Y i X 149!
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TABLE Il. Energies(E,), intensities(l,), and angular distribu-
tions Rey,=1(134°,1585/1(79°,1019 of y rays in1¥'Bi. The ener-
gies of initial stategE;) and spins and parities of initigl™) and
final (17) levels are also given.

Rexp=
E, l E; 1(134° 1589/
(keV) %)  (keV) T 17 1(79°,1019
149.05) 223) 149  7/2 9/ 0.91(12)
180.97) 17(3) 423 (5/2%)  1/2* 0.92)
187.07) 62
194.77) 185) (344 712 0.8(2)
207.47) 74 693 (13/2) (11/2)
248.27) 17(5) 1599 21/2  19/2 0.8(2)
278.45) 50(5) 1027 17/2 15/2 0.768)
297.27)  3(1)
318.35) 100100 748  15/2  13/2 0.797)
324.27) 113) 747  (9/2") (5/2%)
324.67) 179 1018 (15/2) (13/2)
324.85 197) 1351 19/2  17/2 0.81(8)
344.07)  3(1)
368.67) 5(2)
3851) 105) 1736 (21/2Y) 19/2° 0.929)
397.67) 93) 1145 (13/2) (9/2%)
429.75) 430 13/ 9/2
4591)  3(1)
4821) 62 1627 (17/2) (13/2)
486.05) 396) 486 (11/2) 9/ 0.7(2)
509q1) 147) 1257 15/2
5271) 31
5321) 206) 1018 (15/2) (11/2)
5441)  3(1)
5531)  3(1)
572.87) 3811 1599 21/2  17/2 1.1(2)
578.0q7) 295) 1271 (17/2) (13/2) 1.94)
597.07) 63100 1027 17/2  13/2
599.17) 84) (1617 (19/2) (15/2)
603.17) 20(6) 1351 19/2  15/2
693.17) 558 693 (13/2) 9/2 1.1(2)
7101) 178 1736 (21/2) 17/2
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191, 172" oa—tagged singles ¥ rays
Bi =
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w 194p0
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FIG. 13. y-ray singles spectrum gated by recoils and tagged
with the 6870 keVa decay of the 1/2intruder state in'Bi. The
contaminatingy rays from®Po have been subtracted and those
originating from1®¥Po are indicated with asterisks.

transition[see Fig. 1{c)] is tentatively placed to feed the
712 state based on weak y coincidences.

vy rays feeding the 1/2intruder state in"*'Bi were iden-
tified employing the RDT method with a search time of
360 ms to the 6870 ke decay. However, the focal-plane
Si detector with its energy resolution 6¥30 keV in this
experiment could not separate the 6870 ke\decay from
the overlapping lines originating frod?'Po and'®4Po. The
a-decay properties and excited states'Po were studied
in the present experiment and are reported in RE]. The
half-life of the a-decaying 13/2 state in**'Po is 933) ms
and the two main decay branches from this state have ener-
gies of E,=73785) keV with an intensity of I,
=47.61.5% and E,=68885) keV with 1,=388)%. The
a-decay energy of*Po isE,=68426) keV and the half-life
0.3924)s [41]. In order to distinguishy rays originating
from 191Bi, a background spectrum af rays in°'Po corre-
lated with the 7376 ke decay was generated. Figure 13
shows a spectrum of rays tagged with thex decay of the
1/2" state in'%'Bi using a search time of 360 ms following
the subtraction of thé®’Po background spectrum. The lines
from the other contaminating isotop&Po at 320, 367, and
462 keV[11] are just visible.

The 181, 324, 398, and 482 keV transitions are assigned
to 1918i and placed in the level schenieand 3 in Fig. 120n

direct deexcitation of the isomeric state is not observed anthe basis of wealy-y coincidences and intensity arguments.
prompt y rays feeding this state can not be resolved as thés the angular distributions of rays from low-spin states
population intensity is weak and the half-life is short com-are expected to be rather isotropic and the statistics is low, an

pared to the flight time of th&’'Bi recoils through the RITU
separator.

The 149 keV transitiofiFig. 11(c)] is found to follow the
a decay of the mother nucled$°At and placed to directly
feed the 9/2 ground state int®™Bi [14]. In that work, the
149 keV transition is determined to be Bf1 multipolarity

Rexp Value could only be extracted for the 181 kewray.
Even if the obtained value of Q®) for this transition weakly
favors aAl=1 assignment, the examination of the x rays in
the a-tagged spectrum revealed that a 181 ¥ transition
would exhaust 80-90% of the observed x-ray intensity
which seems an unrealistically large fraction. Therefore, the

which indicates negative parity and a spin value of 7/2, 9/2,y rays placed to feed the 17Ztate are assumed to be of
or 11/2 for the initial state. As no transition between thestretchedE2 character. The location of the 187, 297, 344,
13/2" state at 430 keV and the 149 keV level was observed369, 459, 527, 544, and 553 keV transitions in the level
a spin of 7/2 for this state could be deduced. The 195 ke\scheme could not be resolved.
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FIG. 14. Experimental kinematic moments of inerg/& for
bands 1, 2, and 4 iA°®Bi and for bands 1 and 3 i#*Bi (filled FIG. 15. Systematic behavior of the 1/2/2*, and 5/2 in-
symbolg. Theoretical predictions from TRS calculatioisefore  truder[1,14-17,43,4tand the 13/2 isomeric state$13,18,19 in
neutron alignmentfor bands 2 and 4 it%Bi, for bands 1 and 3  odd-A Bi isotopes with respect to the 97ground state. The exci-
1918j (open symbols, dashed linand experimental values gf tation energies of the oblate intruder 9/&ates in odd-even T3]
for the yrast bands if®Po[11] (oblate, ®Pb[8] (oblatg, and in  and O states in even-even Pb isotop@®efs.[13,45, and refer-

188pp [42] (prolate (open symbols, solid lineare also presented. ences thereinwith respect to the corresponding ground states are
The values for 2 states in'1%Pb are not shown. also shown.

IV. DISCUSSION count for the observed rotational-like level patterns. A natu-
ral explanation for such a collective band would be a cou-
pling of the odd proton to the oblate® ®p-2h proton

In recent shell-model calculations, the 9/@ound states excitation of the core instead of the sphericaldnfigura-
of the oddA Bi isotopes have been described by a proton intion.
the hg, orbital interacting with the spherical even-even Pb In the neutron-deficient odd-Bi isotopes, the isomeric
core. These results indicate a spherical ground state down t8/2" state is lowered in excitation energy with decreasing
1938j while the deviation observed in the lighter isotopes isneutron number, as illustrated in Fig. [53,18,19. Down to
presumably due to the onset of deformatj@f]. In the odd-  19%Bi, this state can be interpreted asri, single-particle
A astatine(Z=85) nuclei, the ground state changes from thestate and its behavior partly understood from the?! inter-
spherical 9/2 of the heavier isotopes to the slightly oblate- action energies assuming a spherical shape. The interaction
deformed 1/2 state from the intrudergt 1h proton configu-  of thei, 3, proton with holes in the neutrang,, orbital is less
ration in*°°At [14,14. This change of shape is manifested asrepulsive than that for thlg,, proton thus resulting in the
a kink in a plot of proton binding energies calculated in theobserved trend20]. The shell-model calculations described
potential of the even-even core, the behavior of which isn Ref.[19] consider the 13/2state as an odd proton in the
similar to that observed in the very light oddbismuth iso- i3, orbital interacting with the even-even Pb core. This ap-
topes. proach well reproduces the behavior of the 1'3sfates in

The low-lying strongly coupled negative-parity bands ob-the range of 203 A<209 while in lighter isotopes, a modi-
served in the present work indicate a deformed configuratiofication of theri5,® vfs, interaction strength is necessary.
involving the oddhg, proton in both'®Bi and 'Bi. The  However, the present results faf**°Bi with collective
kinematic moment of inertigit as a function of rotational band structures feeding the 13/2tates stress the impor-
frequency for band 2 id®3Bi is plotted in Fig. 14. For com- tance of deformation in the reduction of the excitation en-
parison, corresponding plots for the oblate bands®fPb  ergy. Similarly to the negative-parity band, the most probable
and'®Po and for the prolate band #¥Pb are also shown. configuration of the 13/2states in these two nuclei would
The calculated values oftV for the band in'®Bi are quite  be ani5;, proton coupled to the oblatep22h 0* intruder
similar to those of the band iA®¥Po, thus suggesting an state of the lead core. The moments of inertia for ithg
oblate shape consistently with the performed Woods-Saxohand(band J in 1*3i settle between the oblate and prolate
calculations. However, the maximum oblate deformation ofconfigurations of the neighboring nuclei while the corre-
B,~-0.12 which still preserves the experimentally deducedsponding structure if®Bi shows values slightly closer to
ground-state spin and parity is not sufficiently large to acthe prolate band if®&b (Fig. 14).

A. Characteristic states and observed band structures
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The 1/2 intruder 2-1h state from thes;;, orbital is ob-  change of configuration, one scenario is that the collective
served down to the last known oddisotope'®Bi and low-  structures would be based on the predicted prolate* 1/2
lying 3/2" and 5/2 intruder states have been established instates and the link to the decaying, dominantly oblate 172
199-208 [1,14-17,43,4% The observed 3/2and 5/2 states  configuration remains unobserved.
in 1°3Bi (Fig. 6) and the 5/2 state in'%'Bi (Fig. 12 presum-
ably belong to a band based on the 1 2ate. As illustrated
in Fig. 15, the excitation energies of the I/&ates in the B. Deformations and intrinsic configurations
heavier isotopes follow a similar parabolic behavior with de-
creasingN as that found for the oblatep22h 0; states in the
even-even lead nucl¢l3,43. Close to theN=104 midshell, Total Routhian surface€TRS’s) using the Woods-Saxon
the curve for the Pb isotopes shows signs of leveling off andpotential with universal parameters were calculated at sev-
the 9/2 states from the oblatept2h configuration in TI ~ eral rotational frequencies up thw=0.40 MeV for both
isotopes minimize their energies lt108[13]. In contrast, **Bi and 1¥'Bi. The plots obtained a»=0.00 MeV [Figs.
the excitation energies of the 173tates in the Bi isotopes 16(@—-16(d)] reveal the absolute energy minimum in both
show a steeper downward trend in going fré#Bi to 18Bi nuclei to have negative parity and a very small deformation
and this state may even become the ground stat®™i  of B,~0.07 [marked with a filled circle in Fig. 1@ and in
[44,46,47. Batchelderet al. [48] propose that in the light Fig. 16b)]. Another negative-parity minimum is located
bismuth isotopes, a prolate 172tate instead of the oblate close to the collective oblate axiy=-60°) at 3,~0.18 and
configuration of the heavier isotopes is observed. They als8.19 in **8Bi and '°'Bi, respectively. Even if rotational ef-
suggest that this state would originate from the *[680]  fects are imposed into the system, these minima remain the
Nilsson orbital. However, this seems unlikely as the *1/2 main features of the surfaces. In both nuclei, the weakly
member of the high-band would be pushed higher in exci- deformed minimum corresponds to the 9/@round state.
tation energy by the Coriolis interaction. More recent decayl he observed negative-parity bands are associated with the
studies suggest a gradual change of the observeti stafe ~ more-deformed oblate minima which largely involve the pro-
from an oblate structure iR%Bi via triaxial structures in ton 2p-2h excitation from thes,,, orbital across thez=82
187,188 to a prolate 1/2[400] configuration in'®Bi [44]. shell gap to the 9/2505] orbital. Woods-Saxon calculations

In the present work, the irregular type gfray spectrum indicate that the odd proton would occupy the 71824]
associated with the 17/Xtate in*®3Bi (Fig. 8) is found to be  state which originates from th®,, orbital and is mixed with
taken over by a more regular sequence’dBi (Fig. 13, the 7/2[503] state from thef,, orbital.
indicating some structural change between these two iso- The separation between the weakly deformed and more-
topes. The kinematic moments of inertia for the ban&Bi deformed oblate minima is calculated to be about 540 keV in
(band 4 lie well below those for bands associated with ob-13Bi and decreases to 360 keV #'Bi. In the present ex-
late shape thus indicating a modest deformatiig. 14). In  periments, a candidate for the 7/Band head in®'Bi was
1918 the values of 7V for band 3 turn out to be close to found at 149 ke\(Fig. 12) which is a somewhat lower en-
those of the prolate band #%b. As thea-decay properties ergy than the prediction from the theory. The calculated total
of the observed 1/2state do not support such a suddenenergy as a function of spin successfully predicts the cross-

1. Negative-parity configurations
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ing of the low-lying oblate and ground-state bands around 15 15—

| ~11/2. The present results also suggest that the deviatior @ Bl (Band D © l‘“(B

of the binding energy of the ground state compared to the 10 ijf_;,m 10 —

prediction for spherical shape could arise from an oblate K=65

component, whose amplitude becomes significant®iBi PUEEER I 2N QRS 51 ~~—___

and increases as the neutron number further decreases. - e . P
The TRS calculations also yield a theoretical prediction " © Y

. X ; X = 85 95 10511.5 125 13.5 8.5 95 105
for the kinematic moments of inertia. The calculated values g 4 4

of 7% for some of the observed bands as obtained before arg @ P Banc® (@ ”Bihy; (Band 2
alignment of a pair of neutrons in thgy, orbital are plotted S 3 { s 3
in Fig. 14. The calculations generally rather well reproduce & 2 g:j,g_%eb 2 ]
the observed magnitudes while the band-crossing frequen
cies tend to be lower than those found experimentally, as is =~ '] ~~=______ s | 1] L. ]
the case for thé,, band in193Bi. 0 : LI

The observed low-lying bands in the neutron-deficient 65 75 85 95105115 6.5 7.5
odd-A Tl isotopes are associated with the coupling of the odd Spin ()

proton in thehgy,, 5, Or i3, orbital to the even-even Hg
core (see, for example Refl12]). The same proton Nilsson
orbitals are situated around the Fermi surface in the Add-
bismuth isotopes and similar configurations can be expecte

For strongly coupled bands where the competiig 1 and 1938j in (c) and for **Bi in (d). The parameter values used for

Al=2 transitions are observed, .th.e Intrinsic natgr_e of th(:N"[heoretical prediction for each band are indicatedfSBi, and for
states can be resolved by examining the probability of theey; only if different.

two deexcitation paths as a raBM1)/B(E2). The experi-
mental ratios of reduced transition probabilitiis units  ground state as compared to the 430 keV separation between
(/e b)?] were extracted using the standard formula the 13/Z and 9/2 states found experimentally. /B, the
5 corresponding structure is not so well distinguished from that
BM1) _ 697 EX—1-2L,0—-1-1) (1)  at B,=0.13 but develops at higher rotational frequencies.
B(E2) E‘;’(I —1=-DL(—=1-2)(1+ 5%’ The calculations fot®1Bi also reveal triaxial minima which
have B8,=0.24-0.27(y=19° andy=-19° and are associ-
ated with the 1/%660] configuration ofiq5, origin. In
1938j, indications of the higher-lying triaxial configuration

FIG. 17. ExperimentaB(M1)/B(E2) ratios for bands based on
the 13/2 state in(a) °3Bi and (b) °Bi are marked with filled
8irc|es, theoretical estimates are indicated with dashed lines. Corre-
Sponding values for bands feeding the 9/ate are shown for

V\(hereEy i_s the y-ray ene_rg_)(in M_eV), L, i_s the y-ray int_e_n-
sity andé is theE2/M1 mixing ratio. The in-band transitions
are assumed to be pure and théiss set to zero. Theoretical are observed at laraer rotation frequencies
B(M1)/B(E2) ratios for bands with various intrinsic configu- The r\s/adiction %f oblatle andq%riaxilal ' nearlv prolate
rations can be calculated using the geometrical model . . b . , o y prc
[49,50. The values ofy for the proton orbitals are obtained minima_ from theiys, proton configuration infers similar

. ; structures as those observed in neighboring isotopes. In
from Woods-Saxon calculations and the radius paramgter 189T| the oblate and prolaté.. bands cross between the
=1.275 fm has been used in the conversion betw@gand ’ proatéis

3, deformation 17/2" and 21/2 stateg52] and similarly, the present calcu-
2 .

; o poop ) i

The theoreticaB(M1)/B(E2) ratios[Fig. 17c)] for band Iatlon(? forb|ts ésotonel ;I?llgulggest a crossl,)mg of th.e ?O”e
2 in 19%Bj support the proposed mixefg,,/ he/, configuration sponcing tan sha:ﬁunth 17tg)rgr|r(1a\|;13| o Ie seen 'g \l:itrltjk:e
with 2=7/2 andgx=1.16. Calculations with a purég, experiments, Whether the eV level assigne

structure havind2=9/2 andgy=0.81 result in unreasonably :(21{82;) (F'g'u}a already belqngs o the prolate bahd' In
low values compared to the experiment. The data foihtje both **Tl and **TI [12], prolateiyg; bands have been iden-
' / tified down to the 17/2states, in addition to the beginnings

. 19 - - !
band in'*'Bi are scarce but seem to agree with the caleula e oblate bands, IF%Po, the observed yrast band down
tions when using the same intrinsic configuration as that fo

{o the 4 state presumably originates from the-@h intruder
the corresponding band #¥3Bi [Fig. 17d)]. This presumed . R =S .
mixed character for thi€ =7/2 Nilsson orbital has also been configuration giving rise to a prolate deformatift0]. The

; ~ regular cascade @2 transitions observed i#9Bi has been
used to explain the abnormally large strengths of the 11 . . .
—.8" transitions in the®21%Pb core nucle[51] tentatively interpreted as the prolatg,, band[25].
' The calculated aligned angular momenta for the oblate
i1z, band in both!®Bi and 98Bi show an increase of 144
when the rotational frequency is increased from 0.16 to
The positive-parity minimum close to the oblate=  0.20 MeV, indicating an alignment of a pair i, neutrons.
-60° axis atB,~0.13 in both!%Bi [Fig. 16¢c)] and °Bi  Experimentally, the alignment is found to start at spin 27/2 in
[Fig. 16d)] is assigned to thes,, intruder 2-1h proton  193Bj (Fig. 14) but is not observed in°'Bi where thei g,
configuration. Another oblate energy minimum, associatedhand has been established only up to the 2ktate.
with the highK 13/2[606] structure and involving again the The calculated kinematic moments of inertia for the,
proton 2-2h excitation lies a3,~0.21 in1Bi. This mini-  band (band 3 in 19Bi qualitatively reproduce the experi-
mum is calculated to be located about 700 keV above thenental valuegFig. 14). An agreement between the TRS cal-

2. Positive-parity configurations

064326-13



NIEMINEN et al. PHYSICAL REVIEW C 69, 064326(2004)

4500 312 tures. The deformed states cross the spherical oné¥Bn
332 and receive most of the population in the lighter isotopes.
4000 Excited states of the heavier oddBi isotopes have been
29/2 . . .
successfully interpreted by coupling the odd protorainly
3500 212" in the 7hy,, orbital) to states of the even-even Pb core. This
320 scheme can be expressed R8",*"'Phb)®|j,)=|I";"Bi),
> 3000 where v refers to the core configuratiod” and ™ are the
2 312 o X total spin and parity of the active state in the Pb and Bi
2 2512 . . . .
% 2500 isotones, respectively, ang stands for the spin of the odd
5 - proton in the bismuth nucleus. #3Bi, some of the observed
£ 2000 . states resemble to those ##~2°Bi [20-22 and a similar
5 e N approach seems justified. A full shell-model calculation is
] 19/2 1372 . . . e .
A 1500 5 not tractable but the situation can be simplified by using the
2 oy 152 net interaction of 16 neutron holes with the olgl, proton
1000 1712'¢ 152" wm (see Refs[21,22). These so-called cluster interaction ener-
32 " gies (Ey) ~are n.ormali.zed' to the ground-staterhy,
500 1172 ® v0™)g- interaction which is set at zero. The energigs
) for 197-20Bj can be extrapolated to the present case and the
0 9/2

predictions for the excitation energies of quasiparticle states
are obtained by adding up the cluster interaction energies and
the excitation energies of the corresponding states in the
FIG. 18. Systematics of selected low-lying excited states in odd¥%Pb core.
A Bi isotopes. States having positiyeegativg parity are marked In 19%Pb, the low-lying states consist of the fairly regular
with filled (open symbols. Where the exact excitation energy is notpositive-parity band from 0to 8", closely-spaced isomeric
known due to unobserved low-energy transitiokss set to 40 kev 10" and 12 levels together with the negative-parity,5,
for clarity. The data are taken from Ref$53-53 (°°’Bi), and 9 states. The ground-state band may be weakly oblate
[24,56,5T (?°Bi), [23,24,57 (?°Bi), [22,58 (2°Bi), [22] (1*Bi),  above the 2 state and the lowest observed 8tate at
[21] (**7Bi), [20] (**°Bi), [16,19 (*®Bi), [16,19 (**'Bi), and for ~ 2304 keV is interpreted to be a proton intruder whereas the
193.198j from the present work. second one at 2520 keV is associated with a neutron con-
figuration [59,60. The calculated energy levels it?Bi
culations and experiment is achieved also for the band feedEneo) together with the observed states bott#Pb (Ecoro
ing the 1/2 intruder state in'9Bi. In contrast, the TRS and in!*3Bi (E,,,) are listed in Table Ill. The negative-parity
calculations which suggest a similar structure for the*1/2 states of band 2 seem to follow the calculations for tigg
intruder state in both nuclei, fail to reproduce the observegroton weakly coupled to the'2 8" states in thé®?Pb core.
values of 7V for the band feeding this state #'Bi. The In the heavier isotopes, the positive-parity states are inter-
calculations are in accordance with the results of the decapreted as therhy,,® »J” configuration, whereJ™ refers to
studies which show no abrupt change in the structure of théhe observed 5 77, or 9 states of the even-even core. The
a-decaying 1/2 state when going from®Bi to °Bi [44]. excitation energies of the resulting states, assuming the
For band 1 in**3Bi, a very good agreement between the ground-state proton configuration are also shown in Table IlI.
experimentalB(M1)/B(E2) ratios and the theoretical esti- In 19%Bi, the 1672 keV(17/2") and either one of the 2108
mate for ani,5, configuration at the calculated deformation and 2127 keV levels closely follow the systematics of the
of B,=-0.21 is achievedFig. 17a)]. In contrast, the mea- 17/2" and 21/2 states othg,,® 5~ andhy;,® 7~ parentage,
sured ratios for the corresponding structuré%Bi lie below  respectively. Hence, these states presumably correspond to
the theoretical estimate when using similar input parameterthose observed if®Bi where they are yrast.
[Fig. 171b)]. One explanation for this behavior could be tri-
axial shape, an assumption which is supported also by the D. Isomeric states
slightly increased signature splitting in the observed band in '
191gj, as compared to that it¥*Bi. In the present calculation, The properties of the isomeric states, observed in the
triaxiality would be manifested as a decrease in the effectivg@resent work viay-ray detection in'®8i and in *%1Bi are
value ofK and indeed, if loweK values are used, the ex- compiled in Table IV. Apart from the low-lying 13/2states,
perimentalB(M1)/B(E2) ratios can be better reproduced. evidence for two high-spin isomers was foundfiBi and
indications of one int®!Bi. In addition, the missing link be-
tween group B and the rest of the level schefig. 6) may
infer still another isomeric state if**Bi. Since the direct
The energy systematics of selected low-lying exciteddeexcitations of these states were not observed, their excita-
states in the oddx bismuth isotopes is presented in Fig. 18.tion energies and spins could not be determined. However,
The states in the s, andhg,, bands show similar decrease in isomeric 29/2 states have been established in the heavier
energy in going from'®Bi to 1°!Bi, hence supporting the odd-A bismuth isotopes and the systematics suggests such a
assumption of a similar core configuration for these strucstate at around 2.4 MeV in excitation energy'fiBi (Fig.

187 191 195 199 203 207
A

C. Cluster interaction approach to 1°8Bi
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TABLE Ill. Predicted excitation energi€& e, Of stateg|™) in The other isomer if®3Bi with a halflife of t;;,>10 us is
19%i, calculated as the coupling of the odd protgp) to the state  probably located just above the 2108 and 2127 keV levels
in 19%Pb core(1J™, Eger Using the cluster interaction approach. The and is much more difficult to interpret. Although many iso-
experimental energies obtained in the present work¥8i (Eex)  meric states have been observed in the heavier bismuth iso-
are also given. All energies are in units keV. topes, none of these is as long lived. As illustrated in Fig. 18,
the energy difference between the 27/énhd 25/2 states

ol Ecore Ip I Etheor Eexp presumably ofhg;,® 9™ origin significantly decreases when
2* 854  hyp  11/7 850 620 going from 197Bi to 1%Bi. This suggests that iR°3Bi, the
ho/ 13/2 750 318 27/2" state may be located below the 25/&ate hence re-
4+ 1356 hyp, 15/ 1220 1170 sultin_g_ _in an relati\_/ely long-lived isomeric state. Another
horo 17/ 1280 1415 pos§|b|I|ty is that_ this structure _would r_elate to the” ;&o-
5 1860 hgp 17/ 1660 1672 meric state_s wh!ch are associated with the_ oblate 3,
6" 1921 hgp  19/7 1795 ® hgj») configuration in PH8] and Po[63] nuclei. A weakly
h o1/ 2050 oblate band with am(i,3,®h3,,) character in**8i would
9/2 _ . . .
-~ 2323 hyp o1/2" 2100 2108 of 2127 haveK—29{2 and_the band head mlgh_t be_ isomeric. In both_
_ cases, the isomeric state would deexcite via some intermedi-
9 2514 hop 25/2" 2400 ate statés) to the observed 2108 and 2127 keV levels.
hgyp,  27/2° 2400
8* 2520  hgp, 2317 2464
hy, 25/ 2588 V. SUMMARY
12 2625 hgp, 29/2 2420 2400
hg, ~ 31/Z 2925 2808 The very neutron-deficiert19Bi nuclei have been stud-
hoyo 33/2 3300 3156 ied at the gas-filled recoil separator RITU by using

Ge-detector arrays for the observation of both prompt and
delayed y rays. Prior to the present work, only the
a-decaying 9/2 ground and 1/2 intruder states were
. . . known in these two isotopes. Using the selective recoil-
18, Table_IID. This agrees with the energy of the;&_ iso- decay tagging(RDT), recoil gating, and isomer tagging
mer, provided that energy of the unobserved deexciting trany v sis techniques, excited stated¥Bi and 1938 have for
sition is below the detection limit in the present experimentype first time been identified and extensive level schemes for
The |somer|c(29/Z ) state together with th¢31_/_ g) and both nuclei have been constructed. The level structures now
(33/2) states are interpreted to be of th,® vi13, CON- gpserved disclose the competition between various nuclear
figuration, in good agreement with the cluster interaction Ca"shapes in the light bismuth isotopes close to the: 82< 126
culations(Table ). midshell.

In 1%Bi the isomeric(29/2)" state(t; ;=750 n$ deexcites The isomeric 13/2 states were established in bdfBi
to a(27/2') state and consecutively to@5/2") and(21/2")  and 19%j and associated strongly coupled oblate-deformed
state by low-energy transitioni@0]. In ***Bi, the topmost pands were observed. A negative-parity band feeding the
state below the 3es isomer is assigned to have a spin andg/2- ground state, also having properties consistent with an
parity of I”=(25/2") which suggests a change in the decayoplate-deformed structure above the ground state, was ob-
path as compared t#§°Bi. If the deexcitation of the isomeric  served in both nuclei. The intrinsic excitation of this band is
state in'%Bi proceeds via a single transition to ti85/2)  assumed to be a mixet,/f, configuration withQ=7/2.
state, the corresponding isomeric transition in the core woul@uasiparticle states corresponding to spherical structures of
be hg,® 12" —hg/,® 10". In A~190 lead nuclei, the transi- the heavier odd\ isotopes were observed i¥°Bi. Bands
tion between the I2and 10 states from the neutroify, feeding thea-decaying 1/2 states were identified and their
configuration is hindered due to the fact that the neutfgh  properties indicate some structural change betweer’tBé

*The presumed unobservé@9/2) — (25/2°) transition energy is
set to 40 keV.

orbital is half-filled[61,62. and '9Bi isotopes. Two higher-lying isomers, having
halflives of t;,=3 us andt;,»,>10 us were observed in
TABLE IV. Properties of isomeric levels it?119%i. 1938j, the former continuing the systematic trend of isomeric
29/2 states from théag,,® 12 configuration. In**'Bi, indi-
Level energy cations of an isomeric state with a halflife tf,=400 ns
Nucleus (keV) | ty/o were obtained.
o Nuclear shapes associated with various structuré$'si
Bi 430 13/2 56210) ns and 199Bi were extracted from TRS calculations. These cal-
191Bj 400(40) ns culations predict a nearly spherical 9/8round state for
193 605 13/2 15310) ns both isotopes and deformations B5,=0.21 andg,=0.18
193g; 2357 +A (29/2) 3.001) us —0.19 for the oblaté,5,, andhg,/ f;, configurations, respec-
193g; >10 us tively. Both structures involve the protorp2h intruder ex-

citation across th&@=82 shell gap. The calculated potential
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surfaces for positive-parity configurations also reveala-decaying oblate 21h configuration. However, this sce-
minima at a more-deformed nearly prolate shape which areario could not be confirmed from the present data.

associated with the proton 171860] configuration and in
1918, a candidate band member for this ldWi,, Structure

is found. For the intrudes,,, configuration, a deformation of This work has been supported by the Academy of Finland
B2=0.13 in both nuclei is predicted, being consistent withynder the Finnish Centre of Excellence Programme 2000-
the observed level pattern #3Bi, while that of 1!Bi indi- 2005 (Project No. 44875, Nuclear and Condensed Matter
cates increased collectivity. One explanation for this chang@rogramme at JYFLand by the European Union Fifth
could be the coexistence of two I78tates, the other being Framework Programme “Improving Human Potential - Ac-
the band head of a prolate band while the other would be theess to Research Infrastructure.”
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