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Abstract : Excited states in the doubly-odd ¥ Au nucleus have been studied by in-beam v-ray
spectroscopy. This nucleus was produced through the fusion-evaporation reactions 6*Ho(2*Mg,
5n), 1"°Yb(!°F, 5n) and '6'Dy(?"Al, 4n). Different rotational band structures have been observed
and interpreted as specific couplings of proton and neutron single-particle excitations present in

neighboring odd Au and Pt nuclei.

PACS : 21.10.Re,21.60.Ev,27.70.+7



I. INTRODUCTION

Until recently!?) very little was known on the doubly-odd nucleus 184Au34). A
careful study??) of the low-spin states of ¥ Au populated in the 81 /EC decay of
184Hg has recently been carried out establishing the spin and parity values of the
ground state (I"=57), the first excited long-lived isomer (I"=2") and several other
levels. Thus it provides a good basis onto which to construct other excitations.
The 184 Au nucleus is on the upper edge of the prolate-deformed rare-earth region
as documented by its odd-mass neighbors. The nuclei 183185Ay show®~7") band
structure of prolate type (specifically 7h9/2 and #i13/2 decoupled bands), while
the shape coexistence is still present in both of them®). The situation changes for
the isotones of 184 Au : 183P9:10) ghows prolate structures only while 185Hg11:12) has
states which are predominantly prolate, few others being oblate and less deformed.
In recent years other doubly-odd nuclei of this mass-region have been studied :
182]r (the nearest doubly-odd isotone of 184Au)l"“ls), 1847,16,17)  1867,18,19) ;4
186 A420:21) | All our studies concerning doubly-odd nuclei occur in the frame of an
effort to better understand the evolution of proton (p) and neutron (n) coupling
schemes and to obtain information on p-n residual forces!416:22:23) For this kind
of work it is important to gather information on both high- and low-spin states in
order to establish complete and reliable level schemes. The present investigation
on 184 Ay is the first one to be performed on yrast and near-yrast states. Prelimi-

nary results have been presented in Refs. 1), 2) and 24).
II. EXPERIMENTS

The first experiment was carried out at the TANDAR facility in Buenos Aires
utilizing the 161Dy(27A1, 4n) reaction in order to establish the feasibility of pop-
ulating excited states in 1% Au through the (H.I., xn) fusion evaporation process.
An excitation function was measured but as the yield was found to be small, two
other experiments were performed at the Orsay Tandem accelerator. The first
experiment utilized the '*Ho(2¢Mg, 5n) reaction with a 1mg/cm? Ho target sup-
ported by a 0.1 mm Th backing in order to stop the recoiling nuclei. Emitted
v-rays were detected by the “Chateau de Cristal” array?®) comprising 10 Comp-

ton suppressed large volume Ge detectors, two planar Ge detectors and an inner
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ball of 26 BaF; scintillators for multiplicity and total energy determination. An
excitation function was measured in the 120-135 MeV bombarding energy range
in 5 MeV steps. In this energy range the production of 1¥¥Au was optimum at
135 MeV which was the highest reachable energy beam at the Tandem. Since the
beam intensity was not large enough at that energy the experiment was performed
at 130 MeV. We have thus recorded 2.2 x 107 events with the requirement that
at least two Ge detectors and two BaF3 counters fired in 100 ns time interval.

The second experiment was performed using the "°Yb(!°F, 5n) reaction (1
mg/cm? 170Yb target on a 0.2 mm Pb backing) and an excitation function was
measured between 95 and 110 MeV (5 MeV steps). The maximum yield for this
reaction takes place at 105 MeV where the production of 18 Au is still high. The
~-+ coincidence experiment was hence done at 107 MeV using 11 HP Ge counters
of the array. We have thus recorded 1.6 x 10® events with the requirement thet
at least two Ge detectors and one BaF3 counter fired in 100 ns time interval. In
both data sets the intensity of individual transitions in 18° Au corresponding to the
4n channel is significant in comparison with those of 8% Au where the population
is probably much more fragmented. Moreover fission of the Au compound nuclei
makes up for an important fraction of the total 4-v intensity. For example in fig.
1, which shows a gate on the 269.8 keV line, one can clearly see transitions known
to belong to the fission fragment °®Ru. Another important pollutant in these
experiments is 1#4Pt2%) directly produced by proton evaporation and radioactive
decay. Fortunately the level schemes of 18°Au and !%4Pt are well known from

previous studies®7:26).

Coincidences relationships with Au K, X-rays permitted,
after identification of '8 Au lines, an unambiguous assignment of lines to *4Au.
Figures 2, 3 and 4 show spectra gated on some of the strongest transitions in
184 Au. Extensive gating allowed the construction of four different band structures

in this nucleus.
ITII. BAND STRUCTURE

Fig. 5 displays the four band structures identified in ®¢*Au. No detailed con-
nection to the known low-spin part of the level scheme could be established while
band b) and c) show clear evidence of coincidences with the 156.4 keV line, most

likely the strongest transition observed in the decay work and which deexcites the



6946 ns isomer'?). This half-life could explain why the 156.4 keV is attenuated
in the coincident spectra. Furthermore, members of bands a) and c) are in co-
incidence with each other (see Fig. 4) but the linking path ways could not be
determined. On the other hand band d) stands alone with no connections to the
other bands, nor to previously known states.

It is worth noting that band a) is the one with the strongest population, which
indicates that it is very likely built on the ground state or on a state very close to
it.

Since no firm spin and parity assignments can be made in the present work, our
discussion is therefore based on systematics and theoretical arguments. Most of
the structures formed in doubly-odd nuclei of this mass-region have very character-
istic features which make their identification almost unique and which have led to
a general classification scheme?>2%27)_ In order to set the frame for the discussicn
let us first identify the single n and p quasiparticle states present in the neigh-
boring nuclei and from them build the zero-order level sequence for ¥4 Au. This
information is given in Fig. 6. Prolate and oblate states are given respectively on
the left and right-hand lower side. Oblate vi13/2, vp3/2 and 7d3/2 excitations
are taken from !%°Hg and 85 Au respectively since they are not known in !®3Pt and
183 Au where, if existing, they are located at higher energies. In the doubly-odd
nucleus the levels involving these oblate states are very likely also located at higher
energies.

From the point of view of the zero-order scheme the situation looks very
much like the one in 182Ir13) where the v1/27[521)®7h9/2 doubly-decoupled
band (DDB)??) provides the ground-state structure, followed in excitation en-
ergy by the v7/27[514]®wh9/2 compressed band!®?") and the semidecoupled!6:27)
v9/2%[624)®@7h9/2 structure. We already know that the ground state of 186 Au
corresponds to a prolate shape?®) and that the prolate part of the high-spin exci-
tation spectrum lies at the lowest energy so that one expects a similar situation
in 184 Ay,

However in comparing the zero-order levels shown in Fig. 6 and the level scheme
established in the decay work!?) one notes an inversion of the configurations.
Indeed, the 5% ground-state corresponds, very likely, to the »7/2~[514]®7h9/2
structure while the DDB may be associated with the I"=27 isomer at 68.6 keV.

This inversion which does not take place in the lighter isotone 182Ir!13-15) is not



completely clarified but may be related to a deformation change effect14:28:29)
Nevertheless the following discussion on the band structure is largely independent
of the radioactivity results since it relies on the characteristic features of the bands
themselves. A cranking analysis has been performed in order to extract inertia
parameters and alignments which are given in Table I. The values fit into the sys-
tematics and one obtains a reasonable additivity for the alignments.

The DDB candidate presented in Fig. 5 band d) is compared in Fig. 7 with the
ground-state bands of '82:184Pt along with the DDB in '82Ir and its Z-1 even-even
Os neighbors. It resembles very much the DDB in !82Ir and the other ones in the
mass-regionzz). Most likely the sequence is based on a 57 state, but one expects??)
a 3T state a few keV below taking into account that the lowest state of h9/2
parentage both in 183185 Ay is the 5/2 one!®). Calculations have been performed
in the framework of the rotor-plus-two-quasiparticle coupling model as described
in Refs. 30) and 31) for the isotones !®2Ir and 1#*Au. For the v1/27[521]®7h9/2
structure in !82Ir the 3% state is predicted to be the lowest lying level with a 5%
state a few keV above it. The 27 and 47 states of this structure are predicted at
higher energies and very close to the 37 and 5% states respectively. On the other
hand for the same structure in 84 Au, the 2+ and 4* states are situated below the
3% and 57 levels respectively. In the latter case one would expect an unfavored
band more populated that the one recently observed in 182Ir!%).

The band b) shown in Fig. 5 exhibits a feature which is characteristic of a struc-
ture called semidecoupled!®'®), namely a staggering of the M1 transition energies,
and has been studied in several doubly-odd nuclei of this region!®. It consists
here of the coupling of an aligned h9/2 proton (which thus participates only with
its favored signature) and a high-K i13/2 neutron. The perturbation (staggering)
present in the rotational band of the doubly-odd nucleus just reflects the pertur-
bation in the »i13/2 bands of neighboring odd-mass nuclei. Here it is most likely
that the neutron Fermi level lies nearest to the 9/27[624] orbit. Fig. 8 shows
a comparison between the vi13/2 and the semidecoupled bands for the isotones
181(g, 1821, 183pt 184 Ay and !%5Hg. The striking resemblance between the struc-
tures provides the basis for the spin assignments suggested for ¥ Au. Fig. 9 shows
a more detailed comparison between !82Ir and ¥ Au and also for the pair of iso-
tones 184Ir and 188 Au. It is apparent that the staggering is more pronounced for

the N=105 isotones on account of the lower position of the neutron Fermi surface



within the vi13/2 multiplet. The semidecoupled structure usually starts with a
set of low energy M1 transitions which are rather strongly converted and there-
fore easy to miss if the low-energy sensitivity of the experiment is not particularly
good. The additivity of the alignments is also satisfactory here (see Table I),
namely i57P=>5.41h vs. if%°=i, (vi13/2 83Pt)+i,(7h9/2 183 Au)=2.99+2.97=5.96A.

The band a) shown in Fig. 5 is the one with the strongest feeding and is there-
fore the best candidate for the yrast band. The most natural assumption is that
this band is built on the 57 ground state or on a relatively high-spin nearby lying
state and most likely related to the ©7/27[514]®7h9/2 structure. A structure of
this parentage is known in 1¥2Ir!%) to be built on a 5+ state but it starts with much
smaller transition energies (39, 75, 107...keV). In fig. 10 one can see the v7/27[514]
and v7/27[514]®@7h9/2 structures in the isotonic chain 1810s, 182]r, 183p¢ 1847y
and ®Hg. A more detailed comparison between 82Ir and 134Au is shown in Fig.
11. The lowest state of the !®* Au cascade has been assigned as 67, based purely on
similarity of transition energies. In fact a rotor-plus-two-quasiparticle calculation
performed using the approaches described in Refs. 30), 31) and 32), yields for
the lowest states of this structure two close lying levels namely I*=51 and 6+.
These states are rather K-admixed, showing significant (v7/2+71/2) K=4, 3 and
(v7/2473/2) K=5 components. From a theoretical point of view such a structure
does not show a rigid rotor behaviour corresponding to a given K value but dis-
plays a kind of distortion called compression®2"). On the other hand the observed
band shows an unexpected extremely rigid behaviour which corresponds here to
K=4, as can be obtained from the energy ratio of the first two M1 transitions.
The reason for this feature is not understood in the framework of the suggested
interpretation.

Finally the band c) shown on Fig. 5 will be briefly discussed. This band also
displays a staggering which is somewhat less pronounced than in band b). The
only way to produce this distortion is to couple a “staggered” excitation (the
vi13/2 in this region of the periodic table) to a completely decoupled structure.
The 7h9/2 has already been employed but in both 33185 Ay another decoupled
excitation is known, namely 7i13/2. In fact a structure similar to ours has been
interpreted?!) as vil3/ 2®@7i13/2 in 88 Au. A higher-statistics experiment®?) has
modified the results given in Ref. 21) leaving the structure as shown in Fig. 12.

This recent measurement has in particular not confirmed the linking transitions
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to the »i13/2@mh9/2 structure?l).

Furthermore the fact that the staggering is more pronounced in %%Au than
in 186 Au is consistent with the lower position of the neutron Fermi level in
the vi13/2 multiplet resembling the behavior for the semidecoupled structure
(vi13/2®7h9/2), observed in the other isotopic series, for instance Ir, Rel®).
Another feature of this structure which is also consistent with the proposed as-
signment is the fact that the AI=1, M1 transitions are much stronger than in
the other structures. Indeed, we can see on figure 2 and 3 that M1 transitions
have much weaker intensities than E2 transitions. On the other hand, on figure
4, 145.2, 151.4, 180.7, 209.7 keV M1 transitions and 360, 390.8, 439.7, 488.9 keV
E2 transitions have similar intensities. This is basically due to the fact!%) that the
i13/2 proton has an expectation value of the third component of the intrinsic spin,
<s3>>0 (contrary to 7h9/2), and that3*) the 7i13/2 alignment is larger than thet
of the 7h9/2 (see Table I).

IV. CONCLUSIONS

The nucleus ¥4 Au has been studied for the first time through in-beam ~y-ray
spectroscopy techniques following (H.I., xn) fusion-evaporation reactions. Four
rotational bands have been established, discussed in term of proton and neutron
excitations present in the neighboring odd-mass nuclei, and interpreted on the
basis of the existing classification for structures in deformed doubly-odd nuclei.
Several questions are still open, notably the nature of the very rigid Al=1 (K=4)
cascade, the confirmation of the ©i113/2®%113/2 assignment to one of the structures
and the relative location of the bands. An experiment using a new-generation 4w

array is needed.
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FIGURE CAPTIONS

Fig. 1 - Spectrum in coincidence with the 269.8 keV v-ray. The open square
indicates contamination from fission fragment (1% Ru). Lines labeled with a) and

c) correspond to the structures a) and c) of fig. 5. Energies are given in keV.

Fig. 2 - Spectra in coincidence with lines in ®¢Au. Lines labeled with a), b)

and c) correspond to the structures a), b) and c) of fig. 5. Energies are given in

keV.

Fig. 3 - Spectra in coincidence with lines in !®¥Au. Lines labeled with black
squares and a), b), c) correspond respectively to *4Pt and to the structures a), b)

and c) of fig. 5. Energies are given in keV.

Fig. 4 - Sum of the spectra in coincidences with the 151.4, 180.7, 209, 278.9,
517.5 and 560.3 keV lines of *¥Au. Lines labeled with black dot, open triangle

and open square correspond respectively to the structures a), b) and c) of fig. 5.

Fig. 5 - The four bands observed in 4 Au with their tentative assignments.

Fig. 6 - Single quasiparticle states present in the four odd-mass neighboring
nuclei of ® Au (upper part). The cross indicates states corresponding to a prolate
nuclear shape and the open dot states with an oblate nuclear shape. Zero-order
level scheme for % Au (lower part). Prolate and oblate states are given respec-

tively on the left and right-hand side.

Fig. 7 - Comparison of ground-state bands in the even-even nuclei 18%184Pt and
180,182(0525 with the doubly-decoupled band in 1821r13-15) and band d) in 14 Au.

Fig. 8 - Comparison of vi13/2 bands in the odd-mass isotones 18105, 183p¢ and

1854g26) with the vi13/2@7h9/2 semidecoupled band in !82Ir'3~15) and band b)

in 184Ay,
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Fig. 9 - Comparison of the vi13/2®@7h9/2 semidecoupled structures in the pairs
of isotones 182Ir, 184 Ay (band b)) and 184Ir, 186 Ay,

Fig. 10 - Comparison of ©7/27[514] bands in the isotones 181Qs, 183P4 and 185Hg
with the »7/27[514]®7h9/2 band in 82Ir and the candidate (band a)) in 184 Au.

Fig. 11 - Detailed comparison of the ©7/27[514]@7h9/2 structure in 182Ir!3-15)
with band a) in 184Au.

Fig. 12 - Comparison of the proposed?:32) vi13/2®@mi13/2 structure in 86 Au
along with band c) in 184 Au.
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