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Excited states have been observed for the first time in the neutron-defii€itg nuclei using the
recoil-decay tagging (RDT) technique in which promptays are associated with a particular isotope
through a correlation with the characteristic ground statelecay. BelowN = 102, the excitation
energy of a rotational band built on a prolate shgfe ~ 0.25) increases with decreasing mass to the
point where there is no longer any evidence for its presence at low spifiHly. The data are in
qualitative agreement with recent mean field calculations. [S0031-9007(97)03166-9]

PACS numbers: 27.70.+q, 23.20.Lv, 23.60.+e, 25.70.Gh

The chain of Hg isotopes with80 = A = 196 displays background in they-ray spectra. Moreover, the small
a broad variety of nuclear structure phenomena. Foremaining evaporation-residue cross section is fragmented
N = 110, the yrast structure at low spin is dominated byinto many channels. These severe experimental difficulties

weakly deformed oblate rotational banls; ~ —0.15)  are overcome by using the recoil-decay tagging (RDT)
[1]. At moderate sping/ ~ 204), these bands coexist technique [7], where in-beam rays emitted in the decay
with noncollective prolatdy = —120°) excitations [2], of excited levels in a nucleus of interest are correlated with

and, at the highest spiri¢ ~ 40%), superdeformed states the subsequent decay of the grountisomeric state. To
are populated as well [3]. The lighter Hg isotopesfurther enhance the sensitivity of the experiment, éhe
(100 = N = 110) exhibit shape coexistence: Sequenceslecay measurement is performed following the selection
of states associated with the small oblate deformatiowof the evaporation residues through the use of a recoil
(B2 = —0.15) characteristic of the ground state coexistmass separator. Excited states have been unambiguously
with well-developed rotational bands associated with astablished in’°Hg and!’®Hg, and the excitation energy
prolate shap€éB, ~ 0.25) [4]. From the level systematics of the prolate minimum has been inferred from the data.
in the even-even Hg isotopes and, in particular, from datd he results are in qualitative agreement with the mean field
on '"%9Hg [5], the lightest Hg nucleus for which excited calculations mentioned above [6].
states are known, it has been concluded that the excited Excited states in'’®'”Hg were populated with the
prolate minimum lies lowest in energy relative to the!'Rh (8Kr, pxn) reactions using 340 and 380 MeV
oblate ground state for neutron numb¥ér= 102, i.e., in  beams delivered by the ATLAS superconducting linear
182Hg. Recent Nilsson-Strutinsky calculations [6] using aaccelerator at Argonne National Laboratory. The Rh tar-
Woods-Saxon potential indicate that for neutron numbeget consisted of a singk75 ug/cn? self-supporting foil.
N < 100 the oblate ground state evolves steadily as @&rompty rays were measured with the AYEBALL array
function of decreasingy towards a spherical shape, while [8], which consisted of an ensemble of 15 Compton-
the prolate minimum disappears and gives way to a newuppressed Ge detectors [7 largé~70%), and 8
minimum at large deformatiofj3, = 0.5 — 0.56) which  small-volume (25%) Ge detectors] and 2 low-energy pho-
is located between 3.5 and 5 MeV above the ground statéon spectrometers (LEP) arranged in a spherical geometry
It is clearly of interest to pursue the exploration of around the target. The total photopeak efficiency of the
the structure of the Hg isotopes towards lower neutrorarray for 1.3 MeVy rays was~1%. The evaporation
numbers in order to study the evolution of the variousresidues recoiled out of the target into the fragment mass
minima in the potential energy surface. However, thisanalyzer (FMA), an 8.2-m-long spectrometer which sepa-
task becomes increasingly difficult as one approaches thrates reaction products from the beam and disperses them
proton drip line. The heavy-ion-induced fusion reactionsaccording to their magsharge(M/Q) ratio at the focal
required to produce the nuclei of interest are dominated bplane [9]. The position of the residues at the FMA focal
the fission process which results in a very large, unwanteglane was determined with a position-sensitive parallel-
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grid avalanche counter (PGAC). These residues weracteristica lines from!”®Pt (5.45 MeV) [13],!78Au (5.85,
subsequently implanted in 8 mm X 16 mm, 60 um  5.92, and 5.95 MeV) [14], and’Hg (6.43 MeV) [15]
thick double-sided Si strip detector (DSSD) located 40 cnwere unambiguously identified. [In addition, three other
behind the PGAC. This DSSD was also used to measure lines at 6.71, 6.79, and 6.87 MeV are correlated with
the subsequent decay of the implanted recoils. The A = 178. These three lines are, in turn, all followed by
48 X 48 segmentation of the DSSD provided effective « decay to the same daughter nuclei$Au. They have
spatial and time correlations between an implant and thbeen associated with the decay of the previously unknown
subsequentr decays. Events were written to tape eitherisotope'’8TI[16].] Figure 1(b) shows thg-ray spectrum
when the PGAC detector fired in prompt coincidence withobtained by tagging on thé®Hg « line: There arey rays
the DSSD or when a charged-particle decay was detecteghich are common to this spectrum and to the mass-gated
in the DSSD. For the coincidence events includingone of Fig. 1(a), but thes rays associated with®Pt are
the PGAC counter, both the-ray array and the DSSD absent. On the basis of they correlations, the transi-
parameters were read out. Further details about thions labeled by their energy in Fig. 1(b) are assigned to
experimental technique can be found in Refs. [10,11].  the deexcitation of levels iH®Hg. Their placement in the
The spectrum ofy rays in coincidence withh = 178  !"8Hg level scheme (second inset in Fig. 1) was confirmed
residues, obtained at a beam energy of 340 MeV, is predrom the analysis of the coincidence relationships derived
sented in Fig. 1(a). Most of the intense lines in the specfrom the y-y matrix gated on residues. This is illustrated
trum correspond to the deexcitation of state$’fPt [12]. by Fig. 1(c), where the sum of coincidence spectra gated
However, the spectrum also contains a number of otheon the strongest®Hg transitions is seen to be nearly iden-
transitions whose origin was unknown prior to the presentical to thea-y spectrum of Fig. 1(b). The ordering of the
study. The latter are assigned to a particular nucleus frortransitions is based on intensity considerations. The mea-
the correlation with characteristie decays as measured sured angular distribution of the most intengeays es-
in the DSSD. The spectrum af particles correlated with tablishes their stretchefl2 character, thereby confirming
A = 178 residues is given in the inset in Fig. 1(a). Char-the spin values given in Fig. 1. As can be inferred from
Fig. 1(c), they-ray coincidence data are rather limited in
statistics, and the placement of weak&Hg transitions

- (@ Lo into the level scheme was not possible.
600 | *'"8pt Lo In order to identify states ilf°®Hg, the beam energy was
N M increased to 380 MeV. The-ray spectrum measured in
400 x 0 coincidence withA = 176 residues [Fig. 2(a)] is domi-
- o nated by transitions in’°Pt [12]. The inset of Fig. 2(a)
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FIG. 1. Sample spectra relevant for thé®Hg data: FIG.2. Sample spectra relevant for thé&°Hg data:

(a) projection of ally rays in coincidence with masts = 178; (a) projection of ally rays in coincidence with mass = 176;

(b) ¥ rays correlated with thé’®Hg o decay (the charged- (b) y rays correlated with thé’°Hg « line. The charged-
particle spectrum is shown in the top inset); (c) sum ofparticle spectrum from the DSSD is shown in the top inset.
coincidence spectra gated on the transitions assigned to thkhe second inset shows the level scheme 'f6Hg deduced
78Hg level scheme given in the second inset. The measureftom the present measurements. The levels are marked as
total intensities are given in parenthesis next to the transitiomlashed lines to indicate that the ordering is uncertain. See text
energies in the level scheme. See text for a detailed discussiofor a detailed discussion.
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presents the decay spectrum measured in the DS&D: isotopes with180 = A = 196, the excitation energy ex-
lines associated with the decay of botffPt (E, = ceeds 550 keV in’8Hg and 600 keV in'7*Hg. How-
5.75 MeV) [13] and '"°Hg (E, = 6.75 MeV) [17] are ever, some caution is in order, as it should be realized
present. It is worth noting that tHé°Pt « line dominates that the actual™® excitation energy can be lowered by
the '7Hg one by a ratio 0f~300 : 1. Nevertheless, tran- the interaction with the* state in the prolate band. A
sitions were unambiguously assigned'téHg from the recent band-mixing calculation [18], using the prescrip-
a-y correlations: This is shown in Fig. 2(b), where threetion described in Ref. [19], deduces the unperturbéd
y rays are observed. The data set was not sufficient tenergies to be 426 keV il¥*Hg, and 574 and 573 keV in
confirm the ordering of the transitions from the inspection'®?Hg and'®°Hg, respectively. Using the same procedure
of a y-y coincidence matrix. Rather, the thrgerays of  with the present data results in an unperturbédexcita-
613, 756, and 551 keV were placed in the level scheme afon energy of 582 keV in’®Hg and 623 (or 756) keV in
Fig. 2 on the basis of their relative intensitid®@ + 25, '7®Hg. Thus, the data suggest that the transition towards a
71 = 21, and 58 * 19, respectively). Because of the spherical ground state starts around midshell, i.€%ig,
limited statistics, this ordering should be regarded asnd that the shape change occurs gradually with decreas-
tentative. These transitions are assumed to represent tireg mass. [In addition, Ref. [18] has compared the unper-
67 — 4" — 27 — 0" cascade on the basis of systematicsturbed2® energies for a number of nuclei in this region as
The data presented here can be compared with the function of the product of valence protons and valence
systematics of low-level excitations throughout the HgneutrondN,N,). The present data are consistent with the
isotopic chain (Fig. 3) as well as with the recent meartrend of increasing™ energies with decreasing, N, .]
field calculations of Ref. [6]. These calculations predict The present data also provide new information about
a change in the potential energy surface at low spirihe evolution of the excitation energy of the prolate band
when going from!8°Hg to '"’Hg. The oblate ground with mass (Fig. 3). In most even-even Hg isotopes with
state which coexists at low spin with the excited prolateN < 110, the presence of the prolate band is readily
minimum is calculated to give way progressively (with visible from the inspection of the yrast sequence: The
decreasing mass) to a single, spherical minimum. In thesenergy of they-ray transitions decreases drastically at the
calculations,'’Hg and '"Hg can then be regarded as point where this band (with its larger moment of inertia)
transitional nuclei with potential energy surfaces calculateadrosses the ground band. In fact, in several isotopes,
to be nearly flat over the deformation regiBa = —0.15  level sequences built on both prolate and oblate structures
to 0.15. Experimental evidence for this gradual change irare observed before and after the crossing, and, as a
ground state deformation would come from (i) an increaseesult, it is possible to extract the location in energy of
inthe2* energies in the ground band with decreasing masthe unperturbed prolate and oblate states as well as the
as well as from (ii) the disappearance of the deformednteraction strength between the two bands [4]. Additional
prolate band. supporting information is often provided lydecay work,
From Fig. 3 it is clear that the excitation energy of theas fine-structure studies have identified the excited
first 2% level increases substantially beld#Hg: While  state associated with the prolate band dowfftbig [20].
this state is located around 400 keV in all even-even Hd'ypically, the interaction strength between the two bands
is deduced to be of the order 80—100 keV. In cases where
only the yrast sequence is observed, the interaction strength

12+ 2713 , 12" 2834 and the excitation energy of the unperturbed levels cannot
— 2% 2620 . . .
2 2485 1t gy 120 2850 be extracted directly from the data. Reliable estimates of
10* 2202 X 10* 2256 these quantities can, however, be obtained from a simple
- 1 P .
(6% 20 e two-band-mixing model, such as the one presented in
CMIRELY — gt 17 &I Ref. [19]. The two unperturbed bands were described with
8t 1589 ’ ’ . . .
(49 1360 ot 1agg 811497 g+ qag 8 1412 . a VMI parametrization, and the model parameters (i.e., the
- e o L VMI parameters for each band, the interaction strength,
47 1005 cmcm— . . .
& o BB e and the relative excitation energy of the band heads) were
(@) 613 g% ssp LT 4+ gy 4 65 derived from a fit to the data. During this procedure, it was
— + .y, .
2L 43 e a, pt ger 25 405 2t 4t 27 4t6 checked that the fitting parameters remained close to values
o o o* o o o o o re_porte_d in a systematic study of neighboring nuclei [18].
T With this technique, the unperturbed prolate band head of

. . ~ "8Hg is calculated to lie-710 keV above the unperturbed
FIG. 3. Systematics of the low spin, yrast level structure Infround state, and the interaction strength between the two

the even-even Hg isotopes, including the data on the two mosisnds is about 100 keV. Thus, the unperturbed prolate

neutron-deficient nuclei which were obtained in the presen S .
work. Thick lines correspond to states of the same intrinsic’@nd, which is located 334 keV above the ground state in

structure as the ground state. Thin lines are for the leveld**Hg and is at its lowest energy 1*Hg (264 keV) [18],
associated with the structure of prolate deformation. continues to rise from 387 keV to 710 keV betweéiHg
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and!”®Hg, in agreement with the mean field calculationsground state fromiV = 110 all the way down to at least

of Ref. [6]. N = 98. The prolate minimum comes closest in energy
Furthermore, these same calculations [6] do not show to the ground state &t = 102, and, as illustrated in Fig. 3,

prolate minimum at zero spin fa¥N = 96. This is not its behavior withV appears to be rather symmetric around

inconsistent with the proposed level scheme fHg. N = 102. This behavior is in qualitative agreement with

The three'’®Hg transitions have energies550 keV, in  the recent mean field calculations of Ref. [6].

contrast with thé’®Hg spectrum where the well-developed  This work is supported by the U.S. Department of

rotational (prolate) sequence starts with a 335 kevay  Energy, Nuclear Physics Division, under Contracts

and all transitions placed in the level structure haye<  No. W-31-109-ENG-38, No. DE-FG05-88ER40407, and

560 keV. On the basis of the present data, which areNo. DE-FG05-87ER4036.

limited to the first three excited states, the presence of

a prolate minimum can, however, not be entirely ruled

out. For example, it is conceivable that the proposed

6"-4" transition has a lower energy than thé-2* one

because of the compression in energy of tielevel 1) H Hibelet al., Nucl. Phys.A453, 313 (1986).

by the interaction with an excited prolate band. If this [2] D. Ye et al., Phys. Lett. B236, 7 (1990).

band interaction were present, the prolate band head would@3] R.V.F. Janssens and T.L. Khoo, Annu. Rev. Nucl. Part.

be located~1300 keV above the ground state, using the Sci. 41, 321 (1991).

two-band-mixing model described above with the VMI [4] J.L. Wood, K. Heyde, W. Nazarewicz, M. Huyse, and

parameters of thd’®Hg prolate band and a 100 keV P. Van Duppen, Phys. Re@51, 101 (1992), and refer-

interaction strength. Even though the ordering in'felg ences therein; J.H. Hamilton, Prog. Part. Nucl. PI&.

cascade is uncertain (see discussion above), any reorderin[% 87 (1992), and references therein.

of the transitions would imply a higher excitation energy 6] \(IBV[I)\J Dracoql'setp";‘]"' PT_VS& L;(t)t. %%8* 1355’3(1988)'

for the prolate band, within the two-band-mixing model. [6] W. Nazarewicz, Phys. Lett. BOS ( )

L 7] E.S. Paulet al., Phys. Rev. (51, 78 (1995); R.S. Simon
Thus, at the very least, the present data indicate that thé ] et al. Z.uPhys. A32y5 197V(1986)_ ( ) '

excitation energy of the prolate band increases rapidly with[g] p_j. Blumenthalet al., Bull. Am. Phys. Soc.41, 861
decreasing mass number, and the minimum may well have ~ (1996): D. J. Blumenthagt al. (to be published).
disappeared by = 96, as predicted by the calculations. [9] C.N. Davidset al., Nucl. Instrum. Methods Phys. Res.,
The excitation energy of the prolate minimum beldyw= Sect. B70, 358 (1992).
102 mirrors the behavior seen above this number (Fig. 3)[{10] M.P. Carpenter, Z. Phys. A (to be published).
A rapid rise is seen foN = 110 with the prolated* state  [11] R.B.E. Tayloret al., Phys. Rev. (54, 2926 (1996).

To summarize, the long chain of Hg isotopes has beeht3] A- Sivola, Nucl. Phys84, 385 (1966).
extended towards the proton drip line by obtaining spec 14] A. Siivola, Nucl. Phys.A109, 231 (1967); J.G. Keller
troscopic information on the yrast sequence$’8flg and etal., Nucl. Phys.A452, 173 (1986).
176 The d ! A ired h [15] P.G. Hansert al., Nucl. Phys.A160, 445 (1971).
g. The detection sensitivity required to extract the[1g) \m.p. Carpenteet al. (to be published).
weak signals from the copious fission background was pron 7] 3. R. H. Schneideet al., Z. Phys. A312, 21 (1983).
vided by the RDT technique. The analysis of the data now1g] G.D. Dracoulis, Phys. Rev. @9, 3324 (1994).
indicates that the level structure associated with prolatg19] R. A. Barket al., Nucl. Phys.A501, 157 (1989).
deformation coexists with the oblate (or nearly spherical]20] J. Wauterset al., Phys. Rev. Lett72, 1329 (1994).

3653



