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The level scheme of190Au was extended up to high spin usingg spectroscopy with the Eurogam-II array and
internal conversion measurements with the electron-g spectrometer of Orsay. Several sets of rotation-aligned
bands were found and associated with high-j , low-K configurations. According to the total Routhian surface
and cranked shell model calculations these bands are caused by the nonaxiality of the nuclear deformation
sgø−70°d. Furthermore, very good agreement was obtained between the experimental data and the theoretical
predictions for the properties of these bands, such as alignments, band-crossing frequencies, and signature
inversion, thus supporting the suggested nonaxial shapes.
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I. INTRODUCTION

The 78Pt, 79Au, and 80Hg isotopes in theA=190 region
are moderately deformed with oblate shape andb2&0.16
[1–5]. They show rotational bands built on different multi-
quasiparticle excitations[6]. The properties of the low spin
states in these nuclei have been studied in several works and
nonaxiality of the nuclear shape was suggested[4,5,7].

Two-quasiparticle ph11/2
−1

^ ni13/2
−1 rotational bands are

known in the odd-odd190,192,194Au nuclei[8]. Although these
bands look like strongly coupled bands(built of M1 direct
and E2 crossover transitions) they were associated with a
low-K configuration and interpreted using rigid triaxial rotor
calculations as a set of rotation-aligned bands, formed by the
coupling of two rotation-aligned quasiparticles to a slightly
deformed nonaxially symmetric Hg core[8,9]. The configu-
rations for which such sets of rotation-aligned bands can be
expected in theA=190 Pt-Au-Hg isotopes were studied[10]
with the total Routhian surface(TRS) [11,12] and cranked
shell model (CSM) calculations using universal Woods-
Saxon potential[13]. The calculations predicted that a hole
in the ph11/2 and/ornh9/2 shells could induce triaxial defor-
mation with g&−80°. Furthermore, at such nonaxiality the
signature splitting of theA, B, andC Routhians(originating
from low-K ni13/2 orbitals) becomes small and theB
Routhian becomes yrast. Thus, one(or two) excited neu-
tron(s) can occupy any of the threeA, B, or C (AB, BC, or
AC) Routhians, which results in a set of up to three rotation-
aligned bands. In the case of three excited neutrons, how-
ever, the three close lying positive parity Routhians will be
occupied and thus only one band is expected. These predic-
tions were found in very good agreement with the available
experimental data in several nuclei in this mass region[10].

In this work the doubly odd190Au nucleus is studied up to
high spins in order to compare the theoretical predictions for

such sets of rotation-aligned bands with the experimental
data.

II. EXPERIMENTAL PROCEDURE

g spectroscopy and internal conversion spectroscopy ex-
periments were performed in order to study190Au. The g
experiment was carried out with the Eurogam-II multidetec-
tor array [14,15], operated at the Vivitron accelerator in
Strasbourg. The186Ws11B,7nd reaction at beam energies of
84 and 86 MeV, and a self-supporting target of two
280 mg/cm2 foils were used. The trigger required five or
more unsuppressed detectors to fire in coincidence. The re-
sulting data set consisted of,93108 fourfold and higher-
fold events. In this fusion-evaporation reaction the major
products, 190Au and 191Au, were produced with relative
yields of 51% and 37% of the total cross section, respec-
tively. The results relating to191Au were reported previously
[10,16].

The analysis of the data involved(i) a study of theg
coincidence relationships using anEg-Eg-Eg cube and differ-
ent gated matrices,(ii ) angular distribution and linear polar-
ization measurements in order to deduce the spins and pari-
ties of the levels,(iii ) g-intensity measurements, and(iv) a
search for nanosecond isomers using the recoil shadow an-
isotropy method[17]. More details about the data analysis
can be found in Ref.[18].

A complementary internal conversion spectroscopy ex-
periment was performed using the electron-g spectrometer at
the Orsay tandem accelerator. The aim of this experiment
was to assist in the measurement of transition multipolarities,
in particular for low energy transitions. The electron spec-
trometer consisted of a Kleinheinz magnetic lens with trans-
mission T=s4.11±0.15d310−2 and momentum window
DBr /Br=30%, coupled to a large composite cooled Si(Li )
detector(area: 237.5 cm2) [19]. The spectrometer was set at
90° relative to the beam direction. The current in the mag-*Email address: elena@tlabs.ac.za
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netic lens was chosen to sweep within an interval allowing
detection of electrons in the energy range 30–350 keV.
Eight Compton-suppressed Eurogam-I Ge detectors(80% ef-
ficiency) were mounted in the hemisphere opposite to the
electron spectrometer. In addition, six BaF2 detectors were
mounted around the target. The190Au nuclei were produced
using the reaction184Ws11B,5nd190Au with a pulsed 11B
beam of 70 MeV, and with a 500mg/cm2 target, set at 45°
relative to the beam direction. The trigger was set to accept
events when at least one BaF2 and one Ge detector fired in
coincidence with a Si(Li ) detector or another Ge detector and
the beam burst.

Two asymmetric matrices,Egs90°d−Eg and Ee−−Eg,
were built. The internal conversion coefficients were mea-
sured using the electron andg spectra obtained after setting
the same gate on theEg axis of both matrices. Lifetime mea-
surements were performed by measuring the slope of the
time distribution of the electron lines for the isomeric tran-
sitions.

III. RESULTS

The previously known level scheme[8,20] was consider-
ably extended up to an excitation energy of,7.9 MeV and
spin of 36", as shown in Fig. 1. The obtained transition
energies,g intensities, angular distribution coefficients, po-

larization asymmetry, and internal conversion coefficients
are listed in Table I. The data analysis allowed unambiguous
determination of the spin and parity of most of the new lev-
els. A partial level scheme obtained from this work was pre-
viously published in Ref.[18].

A. Negative parity states

The 11− and 12− bands were extended up to the 22− level
at 2978 keV. The energy of the new 79-keV transitions22−

→21−d coincides with the energy of theKb x rays of Au.
This transition was identified using the spectra shown in Fig.
2. The spectrum double gated on the 332- and 482-keV lines
shows the same coincidence relationships as the spectrum
double gated on the 332- and 561-keVg rays, except that the
Kb line appears to be much stronger than theKa line indi-
cating the presence of a 79-keVg ray. Furthermore, the spec-
trum double gated on the 332- and 79-keV transitions shows
strong coincidence with the 482-keV transition and similar
other coincidence relationships. Thus, a new 79-keV transi-
tion was placed to connect the 22− and 21− levels, in antico-
incidence with the 561-keV transition. In the complementary
internal conversion coefficient experiment theM line of this
transition could be observed in the electron spectra(as
shown in Fig. 3). It should be noted that theL internal con-
version line of this transition is strongly mixed with theK
line of the 146-keV transition.

FIG. 1. Level scheme of190Au obtained from this work. The width of the arrows represent the intensity of the transitions.
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TABLE I. Energy,g intensity, angular distribution coefficients, linear polarization asymmetry, measuredK conversion coefficients, and
deduced multipolarity of the transition in190Au. The spin assignments and the energies of the initial levels are also included.Ig andI tot are
normalized to the intensity of the 232-keV transition. The multipolarity ML is given if thea2 anda4 coefficients and either the polarization
asymmetry of theK conversion coefficient were measured.

Eg skeVd Ig a2 a4 Apol aksexpd ML I tot Ei skeVd I i
p→ I f

p

23.1(5)a 2172 20+→18+

62.0(5)a 2172 20+→18+

65.1(5)a 6a 2728 22+→21+

79.2(4) 0.30(14)b M1 34a 2978 22−→21−

111.1(2) 11(1) −0.68s4d 0.3(1) 0.042(10)b E1 15 2283 19−→20+

134.2(3) 0.8(3) −0.3s2d 0.1(1) 1 2283 19−→18+

145.5(2) 19(2) −0.42s6d 0.07(8) 1.4(3) M1 69 428 13−→12−

152.8(3) 0.7(2) 0.2(2) 0.2(1) 2.5 2437 19−→19−

158.2(3) 0.2(1) 5309 29−→28

167.8(4) 2.7(5) −0.5s1d 0.1(2) 1.5(6) M1 7 3067 22−→21−

170.2(3) 9(2) −0.31s4dc 0.05(8)c 1.4(3) M1 24 2899 21−→20−

170.4(4) 10(2) −0.31s4dc 0.05(8)c 1.5(2) M1 26 2437 19−→18−

173.5(4) 1.1(3) 2.8 5741 30+→29

179.0(4) 0.2(1) 0.4 2996 21+→
190.2(3) 0.3(1) 0.2(1) 0.09(8) 0.37(11) E2 3.5 2283 19−→17−

201.3(4) 0.3(1) 0.4(1) 0.03(8) 0.6 3457 23+→23+

228.0(3) 2.3(3) −0.27s8d 0.02(8) 0.57(14) M1 4 4334 26+→25+

232.3(2) 81 0.21(4) −0.08s8d +0.106s22d 0.14(1) E2 100 1831 17+→15+

238.9(2) 6(1) −0.3s2d −0.01s8d 0.67(8) M1 10 3495 24+→23+

247.6(3) 5(1) −0.21s6d −0.09s8d 7 4795 28−→27−

249.6(4) 3(1) 0.3(1) 0.10(8) 3.6 2978 22−→20−

255.7(4) 4(1) −0.24s6d −0.06s8d 0.60(10) M1 5.5 2366 19+→18+

256.0(3) 1.8(4) −0.3s1d −0.09s8d 2.8 5588 30−→29−

277.7(3) 1.0(4) −0.1s1d −0.15s8d 0.53(19) M1 1.4 5309 29−→28−

279.3(3) 15(2) −0.07s8d 0.08(8) 0.36(4) M1 22 2110 18+→17+

282.0(2) 68(8) −0.11s4d −0.09s8d −0.079s14d 0.39(3) M1 96 282 12−→11−

292.6(2) 27(3) −0.09s4d −0.07s8d −0.076s16d 0.36(3) M1 37 2729 20−→19−

299.6(4) 4(1) −0.02s8d 0.01(8) 5 2666 20+→19+

311.1(2) 15(3) 0.23(4) −0.07s8d +0.100s7d 0.097(50) E2 15 4645 28+→26+

315.7(3) 138(12) −0.05s4d −0.06s8d −0.071s8dc 0.26(2) M1 179 744 14−→13−

318.2(2) 85(10) −0.10s4d −0.08s8d −0.071s8dc 0.23(2) M1 111 2149 18+→17+

319.5(3) 0.9(3) 0.3(1) 0.16(8) 1.2 2816 →19+

322.8(2) 32(3) −0.04s4d −0.05s8d −0.040s18d 0.20(5) M1 41 1469 16−→15−

329.8(3) 1.3(4) −0.1s1d 0.00(8) 1.7 2996 21+→20+

332.2(2) 41(3) 0.25(4) −0.14s8d +0.113s12d 0.035(6) E2 44 3792 25−→23−

335.6(2) 9(1) 0.01(4) −0.03s8d −0.064s24d 0.18(3) M1 11 2266 18−→17−

339.7(2) 7(1) −0.14s4d −0.16s8d −0.76s9d 0.11(3) M1 9 3002 22+→21+

343.6(5) 1.9(4) 0.47(8) −0.20s8d 2 2437 19−→17−

345.4(5) 1.4(5) −0.1s1d −0.17s8d 1.7 3341 22+→21+

353.6(4) 6(2) 0.2(1) 0.05(8) 0.066(18) E2 6 2283 19−→17−

357.0(4) 0.8(4) 1 5031 28−→27−

361.1(3) 0.6(2) −0.2s1d −0.39s8d 0.7 3088 21+→22+

362.0(3) 1.1(4) 0.4(2) −0.02s8d 1.3 5741 30+→30+

362.3(2) 36(3) −0.29s4d −0.04s8d +0.003s16d 0.011(2) E1 37 1831 17+→16−

365.7(2) 11(1) 0.31(4) −0.25s8d +0.124s7d 0.031(9) E2 12 3823 25+→23+

368.4(3) 2.3(5) 0.14(6) −0.33s8d +0.153s15d E2 2.4 3457 23+→21+
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TABLE I. (Continued.)

Eg skeVd Ig a2 a4 Apol aksexpd ML I tot Ei skeVd I i
p→ I f

p

386.5(3) 3.5(6) 0.03(8) −0.07s8d 0.20(6) M1 3.7 2497 19+→18+

392.7(3) 7(1) −0.07s8d −0.04s8d −0.024s18d 0.23(5) M1 8 3460 23−→22−

394.5(4) 2.4(8) 0.4(1) −0.24s8d +0.093s16d E2 2.5 4795 28−→26−

402.0(2) 23(2) −0.21s4d −0.07s8d −0.039s17d 0.13(2)d M1 27 1146 15−→14−

416.1(4) 1.9(4) −0.2s1d −0.2s1d 2.2 5568 29→28+

421.8(2) 15(2) 0.03(4) −0.00s8d −0.100s49d 0.19(3)d M1 17.6 4214 26−→25−

427.8(2) 128(10) 0.25(4) −0.09s8d +0.053s8d 0.026(2)d E2 146 428 13−→11−

445.7(2) 4(1) −0.2s1d 0.05(8) 4.5 2729 20−→19−

454.6(3) 3.6(7) 0.00(4) −0.03s8d 0.11(2)d M1 4 3457 23+→22+

460.2(5) 4.5(9) −0.12s4dc −0.04s8dc 5 4674 27−→26−

461.4(5) 10(3) −0.12s4dc −0.04s8dc 0.043(2)c,d M1 11 1930 17−→16−

461.8(4) 20(2) 0.24(6) −0.36s8d +0.038s10d 0.043(2)c,d E2 21 744 14−→12−

462.7(5) 16(4) +0.022s9d 16.5 2899 21−→19−

467.6(3) 0.7(2) 0.7(1) −0.2s1d 0.7 5588 30−→28−

476.5(4) 1.1(4) −0.1s1d −0.08s8d 1.2 5151 28→27−

479.5(4) 3.1(8) 0.2(1) −0.21s8d 3.2 6221 32+→30+

481.5(3) 19(2) −0.22s4d −0.08s8d −0.045s10d 0.058(4)d M1 21 3460 23−→22−

484.8(4) 2.7(5) −0.0s1d −0.12s8d −0.077s14d M1 3 5031 28−→27−

490.5(2) 22(2) 0.08(4) −0.04s8d −0.067s8d 0.048(2)d M1 24 2663 21+→20+

492.0(5) 2.5(7) 0.1(1)c −0.09s8dc 2.6 3495 24+→22+

498.2(2) 2.7(4) 0.2(1) −0.13s8d 2.8 7269 36+→34+

506.6(2) 20(2) 0.22(4) −0.16s8d +0.102s14d E2 21 2437 19−→17−

512.1(2) 15(2) 0.32(4) −0.17s8d +0.074s8d E2 15 3491 24−→22−

514.8(3) 1.9(5) −0.3s1d 0.06(8) 2 5309 29−→28−

524.8(4) 1.3(4) 1.3 4813

528.1(2) 15(2) 0.02(4) −0.08s8d −0.070s10d M1 16 3255 23+→22+

535.2(3) 3.5(8) 0.31(6) −0.2s1d +0.254s13d E2 3.6 2366 19+→17+

545.6(3) 2.0(5) −0.4s1d 0.08(8) 2.1 3524 23→22−

548.3(3) 1.3(4) 1.3 3214 →20+

550.6(2) 5(1) 0.21(6) 0.04(8) 5.3 4373 27+→25+

555.3(4) 6(2) 6 2666 20+→18+

555.6(2) 63(5) 0.23(4) −0.08s8d +0.076s9d E2 64 2728 22+→20+

560.6(2) 12(2) 0.4(1) −0.2s1d +0.065s12d E2 12 3460 23−→21−

565.1(4) 2.0(5) 0.56(8) −0.33s8d 2 4938 29+→27+

580.8(2) 5(1) 0.38(6) −0.2s1d +0.126s10d E2 5 4795 28−→26−

589.7(5) 0.9(4) 0.9 5741 30+→28+

592.7(5) 2.0(5) 2 3255 23+→21+

595.3(5) 3(1) 3 5332 29−→27−

608.0(3) 6(2) −0.26s4d 0.1(1) 6 4400 26−→25−

610.8(2) 3(1) −0.16s8d 0.17(8) 3 4105 25+→24+

615.9(2) 12(2) 0.20(4) −0.09s8d +0.118s16d 0.012(2)d E2 12 2899 21−→19−

624.7(3) 10(2) −0.06s8d 0.4(1) 10 2093 17−→16−

629.8(3) 3(1) 0.3(1) 0.12(8) 3 2996 21+→19+

633.4(3) 1.8(6) 0.4(1) −0.05s8d +0.048s10dc E2 1.8 7020 34−→32−

634.6(3) 3.5(5) 0.4(1) −0.01s8d 3.6 6771 34+→32+

634.8(3) 2.2(3) 0.28(8) −0.06s8d +0.048s10dc E2 2.2 5309 29−→27−

635.1(4) 2.0(6) 0.39(8) −0.34s8d 1 5152 28+→26+

673.5(3) 7(1) 0.23(8) 0.14(8) +0.081s6dc E2 7 6053 32+→30+
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TABLE I. (Continued.)

Eg skeVd Ig a2 a4 Apol aksexpd ML I tot Ei skeVd I i
p→ I f

p

675.2(5) 2.6(5) 0.3(1) −0.14s8d +0.081s6dc E2 2.6 3341 22+→20+

675.3(3) 1.7(3) 0.3(1) −0.23s8d 1.7 7020 34−→32−

675.6(4) 2.5(8) 0.41(8) −0.38s8d +0.081s6dc E2 2.5 3678 24+→22+

690.4(4) 1.3(4) 0.3(1) −0.5s12d 1.3 6760 33−→31−

691.5(5) 2.8(7) 0.22(6) −0.04s8d 2.8 5437 29+→27+

711.8(2) 10(2) 0.38(6) −0.03s8d +0.092s7d E2 10 5506 30−→28−

717.7(2) 51(5) 0.17(4) −0.12s8d +0.068s10d E2 52 1146 15−→13−

724.7(2) 44(4) 0.27(4) −0.14s8d +0.061s11d E2 44 1469 16−→14−

729.5(4) 1.1(3) 1.1 3457 23+→22+

732.5(2) 27(2) −0.28s4d 0.5(1) +0.043s8d E1 27 3460 23−→22+

734.3(2) 13(3) 0.29(4) −0.18s8d +0.056s7d E2 3 5379 30+→28+

746.5(4) 1.2(4) 0.3(2) −0.20s8d 1.2 3743 23+→21+

754.8(3) 14(1) 0.24(4) −0.19s8d +0.096s5d E2 14 4547 27−→25−

756.3(4) 1.7(5) 1.7 6344 32−→30−

756.5(3) 4(1) 0.49(6) −0.04s8d 4 6136 32+→30+

760.2(4) 5(1) 0.25(8) −0.26s8d +0.077s10d E2 5 6069 31−→29−

764.2(4) 1.4(3) 0.5(1) −0.25s8d 1.4 4105 24+→22+

764.2(3) 1.2(3) 1.2 4288 →23

767.0(2) 15(2) 0.25(4) −0.11s8d +0.069s11d E2 15 3495 24+→22+

777.7(2) 6(2) 0.53(6) −0.1s1d +0.161s14d E2 6 4268 26−→24−

784.5(2) 29(2) 0.18(4) −0.16s8d +0.064s12d E2 29 1930 17−→15−

793.0(4) 1.3(4) 1.3 5588 30−→28−

794.1(3) 3.1(4) 0.28(4) −0.11s8d 3.1 3457 23+→21+

797.0(2) 22(2) 0.21(4) −0.2s1d +0.066s14d E2 22 2266 18−→16−

798.8(3) 1.1(3) 0.6(1) −0.2s1d 1.1 6387 32−→30−

801.3(4) 0.2(1) 0.2 6389 →30−

808.2(4) 0.4(1) 0.4 5928 →28−

817.8(4) 1.8(8) 0.10(4) −0.67s8d 1.8 5031 28−→26−

837.5(4) 4(1) 0.32(6) 0.13(8) 4 6344 32−→30−

838.3(4) 6(2) 0.28(6) −0.26s8d 6 4516 26+→24+

839.1(3) 15(2) 0.23(4) −0.09s8d +0.108s10d E2 15 4334 26+→24+

845.8(5) 2.0(5) 2 7067 →32+

849.6(5) 6(3) 6 4105 25+→23+

851.8(4) 3(1) 0.4(1) −0.2s1d 3 5120 28−→26−

854.9(3) 115(10) −0.11s4d −0.07s8d +0.018s3d E1 115 1599 15+→14−

866.3(3) 2.0(4) 0.27(8) −0.02s8d +0.122s11d E2 2 7886 36−→34−

880.3(3) 2.1(4) 0.4(1) 0.05(8) 2.1 6387 32−→30−

893.4(3) 2.1(5) 2.1 6331 →29+

911.4(3) 3(1) 0.23(8) −0.34s8d 3 4734 27+→25+

916.2(4) 2.0(6) −0.42s8d 0.02(8) 2 3088 21+→20+

923.4(3) 5(1) 0.30(6) −0.07s8d 5 4746 27+→25+

944.6(4) 3(1) 0.24(8) −0.08s8d 3 4737 27−→25−

950.1(4) 8(3) 0.27(6) −0.14s8d 8 3678 24+→22+

981.4(4) 3(1) 0.5(1) −0.06s8d 3 7034 34+→32+

aDeduced from the coincidence relationships.
bThe values for the 79- and 111-keV transitions correspond toaM andaL conversion coefficients, respectively.
cNonseparated doublet or triplet. The value corresponds to the total peak.
dDeduced in direct(ungated) internal conversion measurements, e.g., using the electron spectra and theg spectra of the Ge detector at 90°
measured in coincidence with the beam burst and at least one BaF2 detector.
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A new sequence ofE2 transitions labeled(a) was found to
develop above the 22− level at 2978 keV. The coincidence of
the 512-keV transition with the 79- and 250-keV lines deter-
mined the placement of this band above the 22− level. A few
weak transitions(546, 764, and 525 keV) were found to lie
parallel to this band. Their multipolarities, however, could
not be determined. The most intense new structure with
negative parity, labeled(c), is built above the 23− level at
3460 keV and consists ofE2 andM1 transitions. It develops
up to the 36− level at 7.89 MeV, which is the highest energy
level observed in this nucleus. Another new structure, la-
beled (b), consists ofM1 andE2 transitions and feeds the
lower lying levels of structure(c).

A spectrum double gated on the 282- and 293-keVg rays,
showing the transitions from the negative parity structures in
190Au, is plotted in the top panel of Fig. 4.

B. Positive parity states

New positive parity structures were found in190Au and
several already known ones were extended to higher spin. A
new 20+ level at 2172 keV was introduced, which deexcites
towards the previously known 18+ level at 2149 keV by a
23-keV transition and towards a new 18+ level at 2110 keV
by a 62-keV transition. Using the recoil shadow anisotropy
method[17] with the Eurogam-II data, and the time spec-
trum of the electron lines with the internal conversion spec-
troscopy data, the 20+ level was found to be isomeric with a
half-life of 7.0±0.3 ns. More details about the identification
and the lifetime measurements of this isomeric state were
published in Ref.[18].

The previously known sequences(d) and (g) [20] were
extended and a new sequence ofE2 transitions labeled(f)
was found. The sequence(e), consisting of the 593- and
850-keV transitions was previously known[20]. A new
structure labeled(h) consists ofM1 andE2 transitions and
develops above the previously known 17+ level at 1831 keV
[8].

A spectrum double gated on the 282- and 232-keVg rays
showing the transitions from the positive parity structures in
190Au is plotted in the bottom panel of Fig. 4.

IV. DISCUSSION

It is known that the coupling of the high-j low-K quasi-
particles in theA=190 Pt-Au-Hg isotopes leads either to
decoupled bands or to sets of rotation-aligned bands[6]. The
configurations and properties of the latter were recently pre-

FIG. 2. Spectra double gated on the 332-keV transition and(a)
482-, (b) 561-, and(c) 79-keV g rays.

FIG. 3. g (upper panel) and electron(lower panel) spectra, gated
on the 282-keV transition, obtained from the internal conversion
spectroscopy experiment.

FIG. 4. Top panel: Spectra double gated on the 282- and 293-
keV g rays, showing the transitions from the negative parity struc-
tures. Bottom panel: Spectra double gated on the 282- and 232-
keV g rays, showing the transitions from the positive parity
structures.
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dicted using TRS and CSM calculations[10]. The following
discussion focuses on studying such high-j low-K bands in
190Au and comparing them to the theoretical predictions.

The 190Au nucleus is expected to have near oblate shape
with moderate deformation ofb2,0.13 [9]. The orbitals
closest to the Fermi level for this deformation are low-K
orbitals from theni13/2 and nh9/2 (and/or nf7/2) shells and
low-j orbitals from thenp3/2 andnf5/2 shells, as well as low-
K ph11/2 orbitals(see Fig. 4 from Ref.[10]). Considering the
deformation driving properties of these orbitals(as predicted
by the TRS calculations), a nonaxial shape withg&−80°
may be induced by the oddh11/2

−1 proton[10]. Since for such
nonaxial deformation the lowest neutronA, B, and C
Routhians (originating from low-K i13/2 orbitals) are ex-
pected to lie very close to each other, the excitation of one or
two i13/2 neutron(s) can lead to a set of rotation-aligned
bands[10].

The experimental alignments and Routhians of the bands
in 190Au are shown in the top and middle panels of Fig. 5,

respectively. The calculations used the same values of the
Harris parameters ofJ0=6"2MeV−1 and J1=30"4MeV−3 as
those of the neighboring191Au nucleus[10], andK=0 for all
the bands.

TRS calculations predict nonaxial shape for several con-
figurations in190Au, as shown in Fig. 6. CSM calculations
were then performed for190Au using b2=0.137 andb4=
−0.027, as predicted by TRS, and forg deformation of −60°,
−70°, −80°, and −90°(the neutron quasiparticle Routhians
are plotted in Fig. 7). It should be noted that for large non-
axiality the lowest lying positive parity positive-signature
Routhian has smaller alignment at low rotational frequency
than the second lowest one, while it is the opposite for axi-
ally symmetric nuclei(see Fig. 7). Thus, in this work, the
Routhian with the larger alignment is labeledA for all g
deformations and frequencies, while the one with smaller
alignment is labeledC. Some information about the labeling
convention as well as the aligned angular momenta and
band-crossing frequencies calculated with CSM are listed in
Table II.

As in the neighboring191Au nucleus[10] a constant neu-
tron pairing gap of 1.0 MeV was used in the CSM calcula-
tions. In the191Hg isotone better agreement with the experi-
mental measurements was obtained for several band-crossing
frequencies by using configuration dependent neutron pair-
ing gaps(ranging from 0.66 MeV to 1.15 MeV) [21]. Since
much larger nonaxiality is predicted for the bands in190Au,
no attempt is made here to use the configuration dependent
pairing gaps of191Hg. Emphasis is rather placed on studying
the differences in the experimental band-crossing frequencies
in the axially symmetric191Hg and the nonaxial190Au iso-
tones that can arise as a result of changes in the nuclear
shape.

Thus, keeping these considerations in mind the predic-
tions for the presence, alignments, band-crossing frequen-
cies, and signature inversion in the high-j low-K bands of
190Au are compared with the experimental data.

A. The 11− and 12− bands

The 11− and 12− bands were previously assigned to a
rotation-alignedph11/2

−1
^ ni13/2

−1 configuration[8,9] (or eBand
eA configurations using the CSM labels). The TRS calcula-
tions predict nonaxial deformation ofb2=0.14 and g,
−78° for the 11− sequence and the sameb2 andg,−70° for
the 12− sequence[see panels(a) and(b) in Fig. 6]. For such
nonaxiality theB andA Routhians lie very close(see Figs. 7
and 5), and thus a set of rotation-aligned bands are expected
in very good agreement with the experimental observations.
The experimental alignments of 11" and 12" of the 11− and
12− sequences, respectively(see Fig. 5), are in good agree-
ment with the predicted alignments of 10.7" and 11.5" at
g=−80° andg=−70° respectively(see Table II).

Signature inversion appears in the 11− and 12− bands in
190Au as well as in the yrast bands in the neighboring doubly
odd 186–194Au nuclei [8,22]. This phenomenon is manifested
by the inverted position of the experimental Routhians at low
rotational frequency, i.e., the Routhian of the 11− band(un-
favored signature) lies at lower excitation energy than the

FIG. 5. Experimental alignments(upper panel) and Routhians
(middle panel) for the bands in190Au, calculated withK=0 and
Harris parameters ofJ0=6 "2MeV−1 and J1=30"4MeV−3. The
CSM Routhians(bottom panel) for the 11− and 12− bands were
calculated for the predictedg deformations of −80° and −70°,
respectively.
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Routhian of the 12− band(favored signature), while the nor-
mal position is restored at higher rotational frequency. Sig-
nature inversion has also been found in a number of rare-
earth odd-odd nuclei[23] and proved to be a phenomenon
challenging the theoretical models. A study of the signature
inversion in the doubly odd186,188Au nuclei has been done
using CSM calculations[22], and it was shown that if a
nonaxial shape withg,−70° is assumed, theB Routhians in
186,188Au become yrast at low rotational frequency and a sig-
nature inversion takes place at a frequency of"v
=0.22 MeV. This frequency, however, was much lower than
the experimentally measured one of 0.35 MeV. It should be
noted, though, that the signature inversion frequency is
strongly dependent on the value of theg deformation, thus a
study of the nuclear shape is needed.

The CSM Routhians for the 11− and 12− bands in190Au
corresponding to the nuclear deformations predicted by the
TRS model, were constructed and are shown in the bottom
panel of Fig. 5. Thus, the Routhian of the 11− band was
obtained as a sum of thee andB diabatic Routhians calcu-
lated forg=−80° and the Routhian of the 12− band as a sum
of the e and A Routhians calculated forg=−70°. In good
agreement with the experimental data, signature inversion is
predicted by the calculations. Moreover, the value of the the-
oretical signature inversion frequency of 0.306 MeV is in
excellent agreement with the experimentally measured one
of 0.313 MeV. The precision of this prediction on a phenom-
enon that is so difficult to describe, is striking.

B. Band (a)

A band crossing takes place between the 17− and 22−

levels in the yrast bands as indicated by the irregularity of
the transition energies. This band crossing is associated with

the alignment of ani13/2 pair along the rotational axis. In-
deed, among the orbitals close to the Fermi level only the
involvement of ani13/2 pair can reproduce the large aligned
angular momentum of,21.5" of band(a) (see Fig. 5). Fur-
thermore,ni13/2 nature is suggested for the first band crossing
in the neighboring190–194Hg [24], 190,192Pt [25,26], and
187,189,191,193Au [10,27–31] isotopes. Thus, aph11/2

−1
^ ni13/2

−3

configuration is assigned to band(a).
The TRS calculations predict a nuclear deformation with

b2=0.14,b4=−0.027, andg,−69° for band(a), as shown in
panel(c) of Fig. 6. It is then expected that the three excited
i13/2 neutrons will occupy the three close lying(at this non-
axiality) A, B, andC Routhians and thus no sets of rotation-
aligned bands will be observed. In excellent agreement with
this prediction, only one sequence, band(a), is found experi-
mentally above the first band crossing.

Very good agreement is also obtained for the alignments
and band-crossing frequencies. The experimentally measured
aligned angular momentum of 21.5" of this band is in very
good agreement with the predicted value of 21.0" at g=
−70°. The experimentalBC band-crossing frequency of
0.27 MeV is the same as theBC band-crossing frequency in
the neighboring axially symmetric191Hg isotone of
0.266 MeV[24]. This observation is in very good agreement
with the prediction that theBC band-crossing frequency does
not change near the axially symmetric shape(see Table II).

The next band crossing in band(a) occurs around the 28−

level. In the neighboring191Hg isotone theABC band is
crossed by two bands, associated with the excitation of(i)
two low-j s j =p3/2, f5/2d neutrons, and(ii ) a nh9/2 and a low-
j neutron, respectively[21]. These two band crossings occur
at a rotational frequency of"v,0.45 MeV and carry a gain
in alignment of,2.2" and,5", respectively[21]. The ex-
perimental gain in alignment at the band crossing in190Au is
,6" and the alignment takes place at much lower rotational

FIG. 6. TRS calculations for
the following bands in190Au. (a)
11− band, calculated at "v
=0.168 MeV,(b) 12− band at"v
=0.168 MeV, (c) band (a) below
the band crossing at "v
=0.207 MeV, (d) band (a) above
the band crossing at "v
=0.286 MeV, (e) band (d) at "v
=0.207 MeV, (f) band (e) at "v
=0.168 MeV, (g) band (f) below
the band crossing at "v
=0.168 MeV, and (h) band (f)
above the band crossing at"v
=0.286 MeV.
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frequency of"v=0.35 MeV. The TRS calculations predict
that above this band crossing the nuclear shape becomes very
triaxial with g,−100° [see panel(d) in Fig. 6], and that a
gain in the neutron alignment of,8" is expected. Thus, they
predict that anh9/2

−2 (e.g., EF) excitation is more likely in
190Au. The suggested different nature of this band crossing in
190Au can be caused by the deformation driving properties of
the oddph11/2, which induces rather large nonaxiality in the
nuclear shape of Au isotopes, and thus the low-K orbitals
from thenh9/2 shell drop close to the Fermi level(see Fig. 7).

C. Bands (d), (e), and (f)

The 20+ isomer is assigned to theph11/2
−1

^ ni13/2
−2 h9/2

−1 con-
figuration by considering the orbitals closest to the Fermi

level and the systematics of configuration assignments in this
mass region[18]. Thus, the sequences(d), (e), and (f) in
190Au are associated with a set of rotation-aligned bands,
similar to the bands above the 31/2+ isomer in the neighbor-
ing 191Au isotope[10].

For the expectedg deformation of,−90° the calculations
predict the presence of a set of rotation-aligned bands corre-
sponding to theeFAB, eFAC, andeFBC configurations. In
excellent agreement with these predictions three sequences,
(d), (e), and(f), are observed, two with signature ofa=0 and
one with a=1. Considering the signatures and alignments,
band(d) is assigned to theeFBCconfiguration, while bands
(e) and (f) are assigned toeFAC and eFAB configurations,
respectively.

The TRS calculations performed for the three sequences
showed large nonaxial deformation withb2=0.14 andg,
−88°, −81°, and −86° for the(d), (e), and (f) sequences,
respectively[see panels(e), (f), and(g) in Fig. 6]. Excellent
agreement with the theoretical predictions is found for the
aligned angular momenta of these bands. The experimental
alignments of 19.5", 20.0", and 20.5" for the bands(d), (e),
and (f) (see Fig. 5) are similar to the theoretical values of
19.8", 19.8", and 21.0" for g=−90°, −80°, and −90° respec-
tively (see Table II). Taking into account the strong depen-
dence of the aligned angular momenta on the value of theg
deformation for such large nonaxiality, this good agreement
is notable.

It is interesting to note that the experimental Routhian of
band(f), eFAB configuration, lies at a higher excitation en-
ergy than that of the band(d), eFBCconfiguration, as shown
in Fig. 5. This can be compared with the relative positions of
the Routhians of the(a), (b), and(c) bands in the neighboring
191Au nucleus, assigned toeBC, eAB, and eAC configura-
tions respectively, where the Routhian of band(b) lies at the
lowest excitation energy[10]. Furthermore, a gradual in-
crease in the experimental alignment of band(d) is observed
in 190Au (see Fig. 5). It should be taken into account, how-
ever, that only a small nonaxial deformation ofg,−70° was
predicted for the(a), (b), and (c) bands in191Au, while in
190Au (due to the involvement of theF Routhian) the nuclear
shape is largely nonaxial. As a consequence, the interaction
of the A and C Routhians, which takes place at"v
,0.1 MeV for g=−70° is delayed and occurs at larger rota-
tional frequencies,"v*0.20 MeV for g=−90°, for which
the rotational bands are already present(see Fig. 7). There-
fore, it is likely that this interaction is causing a strong mix-
ing of theA andC Routhians in the configurations of the(d)
and (f) bands in190Au and is probably the reason for the
observed relative position of the Routhians and the increase
in the alignment of band(d). The experimental Routhians of
the (d), (e), and (f) bands are found to lie very close to the
Routhian of band(a) (see Fig. 5). This observation is in
excellent agreement with the theoretical predictions that only
at very large nonaxiality ofg,−90° theF Routhian drops
close to the Fermi surface and successfully competes with
the positive parity Routhians(see Fig. 7).

An alignment of twoi13/2 neutrons occurs in the(f) se-
quence around the 30+ level. It is indicated by the large gain
in the aligned angular momentum and takes place at a rota-
tional frequency of 0.33 MeV(see Fig. 5). CD excitations

FIG. 7. Cranked shell model calculations for191Au performed
for neutrons. A Woods-Saxon potential with universal parameters is
used. Nuclear deformation ofb2=0.136 andb4=−0.027 is chosen.
The panels from top to bottom correspond tog=−60°, −70°, −80°,
and −90°. The Routhians withsp ,ad=s+, +1/2d are represented
with a solid line, s+,−1/2d with a dotted line,s−, +1/2d with a
dash-dotted line, ands−,−1/2d with a dashed line.
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with similar gain in the aligned angular momentum and
band-crossing frequencies are known in the neighboring
even Hg and odd Au nuclei[10,27–30]. The TRS calcula-
tions predict that above this band crossing the nuclear shape
of 190Au remains nonaxial withg,−85° (see Fig. 6). The
measured experimental alignment of 29.5" for this band is in
good agreement with the predicted value of 29.0" for g=
−90°. It should be noted that the alignments of a secondi13/2
neutron pair in the neighboring192Hg and191Au nuclei were
associated with smaller nonaxiality. An axially symmetric
oblate shape was assumed for192Hg (for ABCD configura-
tion) [24] and nonaxial shape withg,−70° was predicted
for 191Au (eABCD configuration) [10]. In excellent agree-
ment with the predictions that theCD band-crossing fre-
quency is decreasing at larger nonaxiality(see Table II), ex-
perimental values of 0.36, 0.34, and 0.33 MeV were found in
192Hg [24], 191Au [10], and190Au, respectively.

An alignment of twoi13/2 neutrons is probably also taking
place in the(d) sequence above the 26+ level, as shown by
the gain in the aligned angular momentum. AnAD band
crossing seems to be most likely and therefore the(d) se-
quence(eFBC configuration) should be fed by the higher
energy levels of the(f) sequence(eFABCD configuration).
Indeed, in very good agreement with these considerations,
such connection between the 30+ levels of the(f) and (d)
sequences was experimentally observed. In addition, band
(d) is fed by two other paths, the nature of which remains
unclear.

Thus, the predictions of the TRS and CSM calculations
for the presence, alignments, band-crossing frequencies, and
signature splitting in the sets of rotation-aligned bands in
190Au were found to be in very good agreement with the
experimental data. A study of the systematic trends in the
nuclei in this mass region(like the dependence of the signa-
ture inversion frequency on the neutron number in the odd-
odd Au nuclei, the decreasing signature splitting in the
ph11/2

−1
^ ni13/2

−2 bands in theA=190 odd-even Au nuclei with

increasing neutron number, etc.) may be able to reveal fur-
ther details of the nature of these bands.

D. Structures (b), (c), (g), and (h)

Structure(c) is based on the 23− level at 3460 keV and
looks very similar to the irregular structure(f) in the neigh-
boring 191Au nucleus[10]. We thus suggest a similar con-
figuration of ph11/2

−1
^ ni13/2

−3 h9/2
−1 j , j =sp3/2, f5/2d. The decay of

the 23− level towards structures associated with the excita-
tions ofni13/2 andnh9/2 gives further support for such a con-
figuration assignment. The energy of the 23− level,
3460 keV, is also consistent with the sums3771 keVd of the
energies of the 20+ isomeric level and the 15+ bandhead of
the semidecoupled bands. Similar to191Au, structure (b)
might be associated with the sameph11/2

−1
^ ni13/2

−3 h9/2
−1 j quasi-

particle configuration, but involving the unfavored sequence
of the semidecoupled bands.

The structure(g) seems to be more irregular and is prob-
ably similar to the transitions observed above the 37/2+ level
in the 187,189,191Au nuclei [10,27–30]. It may have noncollec-
tive nature.

The 15+ level at 1599 keV has been associated with the
onset of the semidecoupled bands in190Au and assigned to
theph11/2

−1
^ ni13/2

−2 j , j =sp3/2, f5/2d configuration[8]. The iden-
tification of the 20+ isomer at 2172 keV allows the separa-
tion of the structures associated with this isomer[18] and
thus the sequences labeled(h) are suggested to belong to the
semidecoupled bands in190Au. In the Au isotopes these
bands are considerably weaker than in the Hg and Pt iso-
topes. Such a difference in the population pattern is most
likely due to the deformation driving properties of the odd
h11/2 proton, which induces nonaxial shapes in the Au iso-
topes, and causes thenh9/2 orbitals to drop much closer to the
Fermi level. Thus the structures involving such orbitals(like
the structures above the 20+ and 23− levels in the odd-odd

TABLE II. CSM alignments, calculated at"v=0.30 MeV, and band-crossing frequencies, for differentg
deformations in190Au. Information on the labeling convention is also included.

−60° −70° −80° −90° −100°

Alignmentss"d
A s+,+d ni13/2 6.23 6.26 6.15 5.97 5.78

B s+,−d ni13/2 5.16 5.26 5.35 5.40 5.45

C s+,+d ni13/2 4.11 4.25 4.28 4.72 5.18

D s+,−d ni13/2 3.05 3.14 3.22 3.24 3.42

E s−,−d nh9/2 2.74 3.06 3.11 3.29 3.39

F s−,+d nh9/2 3.85 3.98 4.04 4.25 4.38

e s−,−d ph11/2 5.01 5.21 5.33 5.40 5.46

"vc (MeV)

AB 0.195 0.200 0.213 0.220 0.230

BC 0.245 0.240 0.227 0.215 0.215

AD 0.255 0.263 0.275 0.288 0.310

CD 0.340 0.323 0.310 0.307 0.310

EF 0.477 0.407 0.358 0.305 0.270
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and above the 31/2+ and 39/2− levels in the odd-even Au
isotopes) become yrast.

V. CONCLUSION

In summary, the level scheme of190Au was extended up
to high spin using two complementary experiments. The
186Ws11B,7nd reaction and the Eurogam-IIg spectrometer
was used in the first experiment. The186Ws11B,5nd reaction
and the electron spectrometer of Orsay coupled to eight
Eurogam-I Ge detectors was used in the second, internal con-
version spectroscopy, experiment. The data analysis included
g coincidence, angular distribution, linear polarization, inter-
nal conversion coefficient, and lifetime measurements. Sev-
eral rotational bands were found and were associated with
high-j low-K configurations. Since the properties of these
bands often strongly depend on the predicted magnitude of
the nonaxiality of the nuclear shape, they can be used as a
test of the theoretical models. Several properties of these
bands in 190Au, such as the presence of sets of rotation-

aligned bands, band-crossing frequencies, alignments, and
signature inversion frequency, were compared with the ex-
perimental data from the neighboring axially symmetric
191Hg and nonaxial191Au, as well as with the corresponding
theoretical predictions of the TRS and CSM models. Very
good agreement was obtained between the experimental
measurements and the theoretical calculations, thus support-
ing the predictions for nonaxial deformations with −90°
øgø−70°. It seems that a systematic study of the nuclei in
this mass region may be able to reveal further details of the
nature of these nonaxial nuclei.
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