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Lifetime measurements of excited states in !"*Hg have been performed using the 'Rh(’®Kr, p2n) reaction at
a beam energy of 354 MeV. The recoil-decay tagging (RDT) technique was applied to select the *Hg nuclei
and associate the prompt y rays with the correlated characteristic ground-state « decay. Lifetimes of the four
lowest yrast states of "®Hg have been determined using the recoil distance Doppler-shift (RDDS) method. The
experimental data are compared to theoretical predictions with focus on shape coexistence. The results confirm
the shift of the deformed prolate structures to higher lying states but also indicate their increasing deformation

with decreasing neutron number.

DOI: 10.1103/PhysRevC.99.054325

I. INTRODUCTION

Even-even nuclei close to shell closures have been the sub-
ject of numerous experimental and theoretical studies [1,2].
Phenomena like shape coexistence [2] and shape transitions
[3] have been observed around the shell closure at Z = 82 near
the neutron N = 104 midshell. The shapes of the neutron-
deficient even-even Hg isotopes [4—6] are interpreted to be de-
termined by the excitation of protons across the Z = 82 shell
closure, forming “intruder states.” The intruder states may
have a significant prolate deformation [7] coexisting with less
deformed oblate ground states. The level-energy systematics
show a rather constant trend for the band build upon the weak
oblate minimum, while a prolate deformed intruder band ex-
hibiting a parabolic trend with respect to the neutron number
shows a minimum at '8?Hg. The intruding band crosses the

“cmgater @ikp.uni-koeln.de

TPresent address: Physics Division, Argonne National Laboratory,
Argonne, Illinois 60439, USA.

Present address: CERN, CH-1211 Geneva 23, Switzerland.

2469-9985/2019/99(5)/054325(7)

054325-1

yrast line at "*¥Hg and around '"Hg, suggesting together with
the known experimental data that the interpretation holds for
all midshell Hg nuclei (Fig. 1). Nevertheless, the composition
of the wave function of the 2] states changes dramatically
with respect to the neutron number [5,6]. The prolate band
build upon an excited 0 state can be related to similar
structures in the neighboring Pb nuclei. An overview of the
spectroscopic studies in this mass region ranging from g Hg
to g4Po isotopes is given in Ref. [8]. In the odd-mass nuclei
183.185Hg a dramatic change in charge radius (compared to
the neighboring even-mass Hg nuclei) was discovered in 1972
with isotope shift measurements [9]. Recently, the available
data were extended to !"”"Hg and the microscopic origin of
the shape staggering effect was explained with the aid of the
Monte Carlo shell model (MCSM) [10]. These larger charge
radii are not observed in the more neutron-deficient isotopes
with masses below 181. To date, the most neutron-deficient
isotope of mercury for which transition probabilities are
known is '8'Hg. The even-mass neighbor !"Hg is predicted
to be the start point of a shape transition by several theoretical
models such as total Routhian surface (TRS) calculations
[11], mean-field approaches, and the interacting boson model

©2019 American Physical Society
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FIG. 1. Level energy systematics of the even-mass mercury iso-
topes. Red filled squares refer to the assumed intruder states while
blue open squares refer to the assumed oblate states. The figure is
adopted from Ref. [6].

(IBM) with configuration mixing [12]. Therefore, to address
the question of shape evolution toward even more neutron-
deficient Hg isotopes, lifetime measurements of excited states
in '"8Hg have been performed in the present work.

II. EXPERIMENTAL DETAILS

Excited states of !"®Hg were populated in a heavy-ion
induced fusion-evaporation reaction at the Accelerator Lab-
oratory of the University of Jyviskyld, where lifetimes of
excited states were measured with the Differential Plunger
for Unbound Nuclear States (DPUNS) [13]. The reaction
103Rh("8Kr, p2n)!"®Hg with a beam energy of 354 MeV pro-
vided an initial recoil velocity of v/c = 3.9%, with a target
thickness of 1 mg/cm?. The typical beam current was of the
order of 3-5 pnA, limited by heating of the stretched plunger
target and degrader foils and the maximum counting rate of
30 kHz per JUROGAM II HPGe detector. The JUROGAM
I Ge-detector array consisted of 24 EUROGAM (European
Gamma-ray Microscope) Clover detectors [14] in two rings
at 75.5° and 104.5° and two rings with tapered EUROGAM
phase I [15] or GASP (Gamma-ray Spectrometer) type [16]
germanium detectors at 133.6° (10 detectors) and 157.6°
(5 detectors) with respect to the beam direction. All detec-
tors were Compton-suppressed. The DPUNS was installed
at the JUROGAM I target position to perform recoil dis-
tance Doppler-shift (RDDS) lifetime measurements of excited
states in '"®Hg. A 1.6 mg/cm? Mg degrader foil reduced the
energy of the fusion products and allowed them to recoil
into the Recoil Ton Transport Unit (RITU) [17,18] with a
velocity of v/c = 2.3%. RITU was filled with helium gas at
a pressure of 0.6 mbar and separated the evaporation residues
from the fission background and scattered beam according to
their magnetic rigidity. The gas of RITU cooled the target
and degrader foils, allowing the aforementioned relatively
high beam intensities to be used. The recoils were transported
through RITU to the Gamma Recoil Electron Alpha Tagging
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FIG. 2. Spectrum of observed o-particle energies occurring
within 2000 ms of an ion being implanted into the same DSSSD
pixel. Assignments for the peaks are indicated. See text for details.

(GREAT) spectrometer [19] at the focal plane. The recoils
passed through a multiwire proportional counter (MWPC) and
were implanted into a pair of double-sided silicon strip detec-
tors (DSSSDs). Discrimination between evaporation residues
and scattered beam particles was achieved on the basis of
energy loss in the MWPC and the time of flight between the
MWPC and DSSSDs. With an anticoincidence between the
MWPC and the DSSSDs, the decays in the DSSSD are distin-
guishable from the implantation events. For the identification
of the evaporation residues, the recoil-decay tagging (RDT)
technique [20] was applied, whereby an o decay is correlated
with a previously implanted recoil within a specific search
time. The <y rays associated with the recoil can then be ex-
tracted. To remove the random coincidences in the y-ray spec-
tra, stemming mainly from Coulomb excitation of the beam,
the time difference spectrum between the JUROGAM II Ge
detectors signals and the MWPC signal was used. The events
of the pure prompt peak were selected by subtracting events of
the plateau outside of the prompt peak with background using
the same window sizes. For the tagging of '"®Hg, a search
time of 2000 ms, which is about seven times the half-life,
between an implantation and an o-decay event at the same
position in the DSSSDs was set together with a gate on the
ground state oc-decay energy of 6.43 MeV and a width of 160
keV. To increase the level of statistics, recoil-x-o correlations
to the daughter nucleus '"*Pt were also employed. If the «
particle emitted by !"*Hg escapes, the correlated chain can
still be recovered by respective cuts on time and energy. When
taking this effect into account, the statistics are increased by
25%, which is expected from the geometrical escape prob-
ability and the a-decay branch of '7*Pt. No contamination
with 74Pt events is seen in the y-ray spectra, as an earlier
decay event within the time window for '"Hg is required.
All detector signals were passed to the triggerless Total Data
Readout (TDR) data acquisition system [21]. The data were
analyzed using the GRAIN [22] and TV [23] software packages.
A spectrum of observed «-particle energies is presented in
Fig. 2 showing the statistics for 60 h, which corresponds to
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FIG. 3. Background subtracted y-ray energy spectra measured
with the JUROGAM II detectors in the ring at 157.6° (five detectors)
for the shortest and longest distances. Assignments for the lowest
four yrast transitions are indicated. See text for details.

one target-to-degrader distance. The region of interest around
178Hg shows no contaminations. Only the decays of '"®Au
and ' Pt are not separated and in the case of !"”’Au the
peak is broader due to the decay of an excited isomeric
state. In Fig. 3, the resulting y-ray spectra for the transitions
of interest are shown for the shortest and longest distances
when the procedures to select !’8Hg described above are used.
The background is low with little contamination. Only the
outermost ring at 157.6° could be used to extract lifetimes due
to the low Doppler shifts and an energy resolution of around
3 keV for the unshifted component (after Doppler correction).
The y-ray spectra of the Clover detectors (around 90°), having
most of the efficiency and showing almost no Doppler shift,
were summed up over all plunger distances and were used
to determine the initial population of the individual states. In
total, four different relative target-to-degrader distances were
measured and analyzed, namely 50, 100, 200, and 300 pum.

III. LIFETIME ANALYSIS

Because of the very limited number of distances and the
fact that only y-ray singles spectra could be analyzed, where
delayed feeding from higher states is relevant, the differential
decay curve method (DDCM) [24] was not applied. The
lifetime of an excited state can be determined from the decay
curve, which is the intensity ratio of the degraded I and the
sum of fast /; and degraded peaks of y rays depopulating
the level of interest as a function of the distance d between
the foils, R(d) = Ip(d)/[Ip(d) + I (d)] [25]. In the case of a
y-ray singles analysis, all observed feeding transitions have
to be taken into account. The solution of the corresponding
system of differential equations (Bateman equations) is fitted
to the decay curve. For such an analysis, exact absolute
distance information is crucial, especially when so few target-
to-degrader distances were used. The plunger device used
provides relative distance information with a precision of ~
0.1 pm, but always with an offset caused by an unknown zero
point which depends on the quality of the target and degrader
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FIG. 4. Partial level scheme of '"®Hg up to the 11; state, which
is the highest lying state taken into account for feeding. v energies,
spins, and parity are taken from Ref. [27]. See text for details.

surface. An offset of 19(1) pm was determined by measuring
the capacitance of the target-degrader system, as described
in Refs. [25,26]. This translates to absolute time of flights
between the target and the degrader of 5.52, 9.80, 18.04, and
26.27 ps for the relative target-to-degrader distances of 50,
100, 200, and 300 pum, respectively.

The effect of unobserved feeding transitions to the level
of interest must be taken into account in the analysis of
singles RDDS data. Therefore, the total statistics of all Clover
detectors around 90° was added up for all distances. With
these spectra, the efficiency-corrected initial populations were
fixed for all known states up to the 11 state and are in
agreement with those of Ref. [27]. The efficiencies of the
JUROGAM 1I Ge detectors were determined using a '>>Eu
source. A partial level scheme up to the highest lying state
observed in this work and taken into account in the feeding
analysis is shown in Fig. 4.

The effective lifetimes of the feeding transitions were then
fitted together with the state of interest, beginning with the
highest lying state (8 state) for which a lifetime determina-
tion is possible. All lifetimes were then fixed and used in the
following analysis of lower lying states. The uncertainty of
the lifetime of the feeding transition was taken into account in
the error of the decaying transition. A common assumption,
that all unobserved feeding has the same time behavior as the
observed feeding, i.e., the feeder with the highest intensity,
was wrong in this case. Significantly longer feeding time was
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FIG. 5. Decay curves for the ground-state band up to the 8}
state in *Hg constructed from the RDT singles y-ray spectra
recorded with five JUROGAM 1I detectors at 157.6°. The smooth
lines correspond to the best fits.

needed to reproduce the decay curves. This is ascribed to
strongly populated negative-parity states, e.g., the 7| state,
which branch out significantly and have to be taken into
account for each state with different cascades. The decay
curves for the yrast states are presented in Fig. 5 and show
good agreement with the experimental data. Since the feeding
assumptions affect all states of interest and are based on
experimentally determined initial populations and branching
ratios, they seem plausible. The experimental lifetime data
stems from normalized fits of the spectra in the outermost ring
with fixed peak widths and positions. The Doppler shift of y
rays in the spectra from the ring of detectors at 133° was not
large enough to allow an independent analysis, but they were
checked for consistency.

The results of the lifetime analysis are summarized in
Table I. By using the rotational model with the assumption
of a rotating quadrupole deformed nucleus, the absolute val-
ues of transition quadrupole moments Q; and deformation
parameters f, are given in the same table together with
the corresponding B(E?2) values. For the determination of
deformation parameters,

B> = 0.625(—5a + +/25a*> + 16aQ,)/a,

3

a=——=-, )]
VSTZR3

TABLE 1. Electromagnetic properties of the lowest yrast states
in "8 Hg.

I™[27] Ey [keV][27] 7 [ps] B(E2)[W.u.] [Q:][eb] Bl

2f 558.0 3.809)  66(M% 448 0.16(%)
4f 454 4 5706)  120(7)% 5.0(3) 0.18("H
67 334.5 4.4(5)  690(% 1147 0.41(7)
8 396.6 1.7(5)  800(53%) 119" 0.43(%)
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FIG. 6. Absolute values of transition quadrupole moments for
the neutron-deficient Hg isotopes near midshell. See text for details.

was used, where Z is the atomic number and Ry is the nuclear
radius.

IV. DISCUSSION

The B(E?2) values shown in Table I indicate a structural
change for the lowest lying states. This is known for Hg
isotopes with A 2 180 at the 2?“ state [4]. The O, values for
178-184 g as a function of mass number A are shown in Fig. 6.
The weakly deformed oblate configuration, which forms also
the ground-state mixes with the prolate deformed structure
of the intruder states. The 2] state for A > 180 is already
strongly mixed and reduces the transition probability of the
2T — OT transition. Mixing calculations for these midshell
nuclei which were performed in Refs. [5] and [6] as well as
Ref. [4] for '82Hg reveal up to ~ 80% prolate contribution
to the wave function of the 2T state. At higher spins, the Q;
values stay rather constant and a deformation of {3, ~ 0.25
can be attributed to the rotational structure corresponding
to the prolate band. The authors of Ref. [5] assume from
Coulomb-excitation measurements and the two-level mixing
calculations of Ref. [6] that there significant changes in the
composition of the 2| states. To reproduce the B(E2) values
in '”®Hg, a two-band mixing calculation assuming interband
transitions to be forbidden has been performed. The calcu-
lation suggests that the 2;” state has an &~ 80% contribution
of oblate deformed structure in the wave function similar to
the ground state. The 4] state wave function changes to an
~ 80% portion of the prolate band and reduces the 47 — 2
transition strength. For the higher lying states, an unperturbed
rotational band can be assumed with a deformation of 3, ~
0.4 due to the large Q, values for the respective transitions.
Since the ground state and the 2] state have a large overlap
of the wave functions, one could extract a deformation of
3 &~ 0.15, which is consistent with the ground-state defor-
mations of heavier Hg isotopes extracted from isotope shift
measurements. It is not meaningful to deduce a deformation
from the transition between the structures because the small
overlap of the wave functions lowers the transition strength.
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FIG. 7. Kinetic moments of inertia 31 (J) for the Hg isotopes as
a function of frequency w(J — J — 2) for transitions along the yrast
line up to the 10" state. The figure is adopted from Ref. [31]. See
text for details.

The shape change seems to be shifted toward the 47
state, consistent with the trend seen by Bree er al. [5]. A
larger deformation of (3, &~ 0.4 is revealed (extracted from the
pure 6?’, ST states). This so-called intermediate deformation
[between normal and superdeformation (SD)] is discussed
in Ref. [28] and is explained by the shape-driving effect of
intruder neutron orbitals. These are clearly manifested by the
negative-parity band built upon a 11~ state in '**Hg (band 3
in Ref. [28]) and the population of a pair of quasineutrons
to configurations with involvement of the v[651]% orbital.
The occupation of these orbitals is also expected for the SD
configurations of heavier Hg isotopes [29]. SD bands leading
to various shape-coexisting configurations in the light Hg
isotopes with N < 98 were predicted in Ref. [30]. The defor-
mation is also consistent with predictions of TRS calculations
presented in Ref. [11], in which the authors state that for
the nuclei '">!"+17Hg the near-oblate ground state evolves
steadily toward a more spherical shape with decreasing N as
the N = 82 closed shell is approached. Second, no prolate
minimum is seen in the TRS calculations with 3, ~ 0.25 for
172-176Hg _ but for increasing neutron number a well-deformed
minimum (3, ~ 0.35) starts to develop and is first observed
in '"*Hg. The level energy systematics showing the prolate
(red filled squares) as well as the oblate (blue open squares)
structures are tracked throughout the Hg isotopes and depicted
in Fig. 1. For the more neutron-deficient isotope !"*Hg, the
energy of the prolate structure increases and the mixing with
low-lying states decreases as described above. The structural
change becomes apparent also in the kinetic moments of
inertia 31 along the yrast band. Resuming the statements of
Ref. [31], there are well-established generic properties of the
moments of inertia such as their increase with deformation,
or that for the same value of |(3,| the moment of inertia is
larger for prolate deformations than for oblate ones. In Fig. 7,
the kinetic moments of inertia are shown for the yrast bands
in '7182Hg as a function of frequency w(J — J — 2). The
first observation is that the moments of inertia for high-spin
group at high absolute values can be attributed to a stable

deformation (constant moment of inertia for an idealized
static rotor). The moment of inertia for J = 2 is significantly
different from those corresponding to transitions from higher
spins. This is consistent with the picture discussed earlier.
Second, at N =98 the moment of inertia is lowered for
J =4 in comparison to the heavier isotopes, and this trend
is continued for N =96 in this case and also for J = 6.
Confirming the expectation from the level-energy systemat-
ics, the influence of an intruding structure is displaced to
higher spins. In summary, there is a good agreement be-
tween the interpretations deduced from level energies and
lifetimes.

Alternative calculations from Ref. [12] are based on
Hartree-Fock-Bogoliubov (HFB) methodology using the
Gogny-DIM energy density functional (EDF), which is
mapped on the corresponding energy surface of the IBM
with configuration mixing. In this case, the proton-neutron
IBM (IBM-2) is used. For the configuration mixing, only
2p-2h proton excitations were allowed for '7¢'°*Hg. This
results in a near-spherical structure for !”’Hg with a slight
prolate minimum evolving toward '"*Hg of B, ~ 0.25-0.3.
For the heavier Hg isotopes, this minimum gets more pro-
nounced but does not change its quadrupole deformation.
This description is consistent with the experimental data for
A > 180, and unfortunately it cannot reproduce the transi-
tion strengths given in Table I. The discrepancy is probably
due to the limited model space of the configuration-mixing
IBM-2 used in Ref. [12], which comprised only up to 2p-2h
proton excitations, as well as the possibility that the mixing
between different configurations may not have been properly
accounted for in that calculation. In addition, the topology of
the potential energy surface is rather sensitive to the choice
of the underlying EDF. The inclusion of neutron intruder
excitations, in the configuration-mixing IBM-2 framework
could improve the description of the B(E?2) transition rates
for the considered Hg nuclei.

Recently, more evidence was given supporting the impor-
tance of neutron occupation in Ref. [10]. The authors extended
the experimental data on charge radii of the ground state
with isotope shift measurements down to !”’Hg. The first
observation is that the shape staggering of the odd-mass Hg
nuclei with respect to their even-mass neighbor breaks down
at '®'Hg. This means that '"Hg has a near-spherical ground
state, whereas the ground state of '8'Hg was associated with
32 = 0.313. Second, the authors present a Monte Carlo shell
model (MCSM) calculation and explain the large deformation
for Hg isotopes with A > 180 with the strong occupation of
specific proton and neutron orbitals, namely the 7t(h 9 ) and

the 'V(l.lzj) orbitals. This is another hint that the deformation-

driving structures move away from the ground state in '"Hg
and that the neutron contribution should be also taken into
account. The extension of the MCSM calculation to excited
states would also be an alternative starting point for interpre-
tations of the data.

The level spacings in '7*Hg reveal a change in deformation
shifted to the 6T state [32], continuing the trend seen in the
data of this work. B(E2) values of excited states in "°Hg are
not known so far. These would test the predictions of the TRS
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calculations, especially the evolving prolate minimum with
intermediate deformation. However, also independent IBM-
2 calculations with configuration mixing allowing specific
neutron excitations should be done now systematically with
the new data available.

V. SUMMARY AND CONCLUSIONS

Excited states in the neutron-deficient nucleus '"*Hg were
populated in heavy-ion fusion-evaporation reactions and stud-
ied using the JUROGAM II and GREAT spectrometers, cou-
pled to the DPUNS and the gas-filled separator RITU. The
RDT technique was applied to identify the !"*Hg nuclei and
the RDDS method was used to determine lifetimes of yrast
states up to the 8;’ state for the first time. Deformation
parameters 3, were extracted from the corresponding B(E2)
values. The 2] state shows a deformation comparable to the
ground state and the ground states in the heavier neighboring
even-even Hg isotopes. It is expected from energy systematics
that the deformation-driving structures shift toward higher
excitation energies. This is verified by experimental transition
strengths and a mixing calculation. For the higher lying states,
an intermediate deformation between normal and superdefor-
mation has been attributed, which is a new phenomenon in the
chain of the Hg isotopes. Consistency with TRS calculations

and isotope shift measurements propose !"*Hg to be at the
point where the nuclear structure changes. This can also be
seen from the 27 state energies in Fig. 1. It is proposed to
include also specific neutron intruder excitations for system-
atic IBM-2 calculations including the new data. An alternative
approach would be to extend the MCSM calculations to
excited states. From an experimental point of view, B(E2)
values of excited states in the even-even neighbor !"®Hg would
be very interesting for comparison. Using the largest available
Ge-detector arrays in combination with large acceptance gas-
filled recoil separators, this goal seems feasible although on
the edge of the detection limit.
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