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Abstract

Isomeric states and associated collective structures have been studied up to high spin in

198,200,202Hg using multi-nucleon transfer reactions and the Gammasphere array. A coupled ro-

tational band, with possible four-quasiparticle character, is established in 198Hg. Sequences built

on two-quasiparticle, positive- and negative-parity levels are assigned to 202Hg. New isomers in

202Hg with Iπ = 7− and 9−, and T1/2 = 10.4(4) ns and 1.4(3) ns, respectively, have been identified.

A half-life of 1.0(3) ns is established for the Iπ = 12+ state in 200Hg. B(E2) values deduced from

isomeric transitions in Hg isotopes indicate that, while collectivity near the ground state gradually

diminishes from N = 112 to N = 124, it is found to increase for the 12+ and 9− states up to N =

118, followed by a reduction for higher neutron numbers. Calculations using the Ultimate Cranker

code provide insight into the variation of deformation with spin and allow for an understanding of

observed band crossings. The evolution of collectivity with spin, and along the isotopic chain, is

described.

PACS numbers: 21.10.Re, 21.60.Ev, 23.20.Lv, 27.80.+w
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I. INTRODUCTION

Nuclei in the A≈200 region, just below doubly-magic 208Pb, exhibit diverse structural

phenomena. Isotopes with several valence nucleons show evidence for moderate deformation

[1–3], however, the proximity to both neutron and proton shell closures leads to a substan-

tial contribution of intrinsic degrees of freedom (e.g. particle-hole excitations) to the level

structure [4–7]. Isotopes of Hg, where both proton and neutron shells are almost filled, are

characterized by oblate deformation near their ground states. For the generation of excited

states, rotation is the preferred mode for isotopes with A≤200, though the magnitude of

the deformation decreases with the increase in neutron number, and the onset of the N=126

shell closure. Rotation alignment frequencies at oblate deformation for low-Ω, high-j or-

bitals, such as i13/2 neutrons and h11/2 protons tend to be lower than the corresponding ones

for high-Ω orbitals at prolate deformation [8]. These alignments are, therefore, observed in

isotopes close to the line of stability.

The high-spin structure of proton-rich Hg isotopes (A≈190) has been established rather

well through their population in fusion-evaporation reactions [9, 10]. Isotopes along the

line of stability can be accessed by inelastic excitation or nucleon transfer reactions. To

populate excited states at high spin in such reactions, heavy projectiles with energies above

the Coulomb barrier are typically required. On the other hand, the neutron-rich region can

be reached through projectile fragmentation [11, 12]. Light, stable Hg isotopes, such as

196,198Hg, have been studied with (α,xn) reactions, while an incomplete fusion reaction has

been utilized in the case of 200Hg [1, 2, 13–17]. Heavy, stable Hg isotopes; e.g., 202,204Hg,

have been studied earlier using (n,γ) and (d,pn) reactions [18, 19]. In order to reach high

spin, multi-nucleon transfer reactions are quite useful. These isotopes (e.g. 198,200Hg) have

sufficient deformation and this leads to collective rotational band structures that can be

traced up to high spin [2, 15]. It is of particular interest to delineate the competition

between collective and intrinsic excitation modes as a function of spin in these nuclei. This

will enable a determination of the relative importance of these excitation mechanisms and

to quantify their role in the generation of angular momentum at low and high spins.
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II. EXPERIMENT AND DATA ANALYSIS

Excited states in Hg isotopes (A=192-202) were populated through multi-nucleon (1p, xn)

transfer reactions with a 1450-MeV 209Bi beam incident on a thick, 50 mg/cm2 197Au target.

The 209Bi beam, with a natural pulsing of 82.5 ns, was delivered by the ATLAS accelerator

at Argonne National Laboratory. In another experiment, a 1430-MeV 207Pb beam was

incident on a similar, 50 mg/cm2 thick 197Au target and, as a result of multi-nucleon transfer

reactions followed by subsequent neutron evaporation, a number of Hg isotopes (A=194-204)

were populated.

The present work is focused on the structure of 198,200,202Hg. When comparing the popula-

tion of the 198,200,202Hg nuclei in the two reactions, new information on 198,200Hg was extracted

primarily from the first experiment with the 209Bi beam, whereas the data on 202Hg were

mainly obtained from the second measurement using the 207Pb beam. The Gammasphere

array [20, 21], comprising 100 Compton-suppressed, high-purity germanium detectors, was

used to record three- or higher-fold γ-ray coincidence events.

The data were sorted into three- and four-dimensional symmetric γ-ray energy histograms

and analyzed using the Radware suite of programs [22]. To isolate prompt coincidence

events, γ rays detected within ±40 ns of the incidence of the beam pulse on the target, were

inspected. Most of the spectra with gates on two transitions were free of contaminant γ rays.

In some cases, gates on three transitions proved useful for clarifying possible ambiguities.

Lifetimes of metastable states in the nanosecond (ns) region were determined using the

centroid shift method [23]. For this purpose, histograms of the time difference (∆t) between

γ rays feeding and deexciting a level of interest were created. For successive transitions in

a cascade, where the intervening state is short lived (T1/2 << 1 ns), the time difference

spectrum is observed to be centered around ∆t=0 (characteristic of prompt γ rays). When

the intervening state is metastable, the centroid of the time difference is shifted by a value

equal to the mean life of the state. Since the time response of the Gammasphere detectors

is dependent on the energy of the γ ray, a comparison is typically made between transi-

tions of similar energy from prompt and metastable states. The background subtraction

was performed by gating on multiple peak-free regions in close proximity to the γ rays be-

low and above the level of interest in order to obtain the time difference characteristic of

photopeak-photopeak coincidences only. The quoted errors in the lifetimes were ascertained
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by combining the systematic uncertainty arising from the discrete binning of the time pa-

rameter and the statistical uncertainties in the determination of the centroids of the prompt

and delayed time distributions.

The method of Directional angular Correlations from Oriented nuclei (DCO) [24, 25]

was used to determine the multipolarity of transitions of interest. For this purpose, an

asymmetric energy-energy matrix was constructed with γ rays detected at 90◦ ± 10◦ with

respect to the beam direction on one axis, and those detected at 30◦/150◦±10◦ on the other.

The experimental DCO ratio RDCO(γ) of a γ ray is then determined as:

RDCO(γ) =
Iγ(30◦/150◦, 90◦)

Iγ(90◦, 30◦/150◦)
(1)

where Iγ(θ1, θ2) is the intensity of the γ ray observed at angle θ1, in coincidence with

a transition observed at angle θ2. Typical values of RDCO(γ) for ∆I = 1, 2 γ rays are

found to be 0.5 and 1.0 for those with dipole and quadrupole character, respectively, with

gates on stretched quadrupole transitions. While the applicability of the DCO technique to

inelastic and transfer reactions is limited in comparison to what can be achieved following

fusion evaporation, its reliability in the present case was demonstrated from an analysis of

transitions of known multipolarity, unless a long-lived state separates the observed γ rays.

III. RESULTS

A. 198Hg

Excited levels in 198Hg had been investigated in earlier studies using (α,xn) reactions,

first using coaxial and planar Ge(Li) detectors [1], and later with two Ge(Li) detectors and

a conversion electron spectrometer [15]. In the first instance, levels up to Iπ = 14+ were

established [1]. In a later experiment, the level scheme was conclusively determined up to

Iπ = 18+, with the 20+ level being tentatively assigned. The time distribution of conversion

electrons was recorded to determine half-lives of isomers [15]. A negative-parity sequence

was extended up to Iπ = 11− [1] and later up to Iπ = 17− [15].

In the present work, the decay scheme of 198Hg was extended up to Iπ = (20+) in the

positive-parity sequence (Band 2 in Fig. 1) and Iπ = (23−) in the case of the negative-parity

levels (Bands 4 and 5 in Fig. 1), with the inclusion of 11 new transitions (Figs. 2 and 3). It
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was established that the 1021-keV transition, which had previously been placed above the

18+ level [15], was not coincident with the 777-keV γ ray deexciting this state; however, it

is in coincidence with all γ rays below the 16+ level leading to its present revised placement

(Fig. 1). A new, 1275-keV γ ray is observed to be in coincidence with all transitions in

Band 2 below the 18+ level (Fig. 3). Although its DCO ratio could not be determined, it

is tentatively assigned an E2 character since it is part of a cascade of E2 transitions with

increasing energy, characteristic of a rotational band. The cumulative half-life of the 10+

and 12+ states in 198Hg, both of which are isomeric, was determined to both be 3.1(3) ns

through a centroid-shift analysis (Fig. 4), and found to be consistent with the previously

reported values of 1.92(9) ns and 1.38(4) ns, respectively [26]. The relatively low energy

(98 and 144 keV) and significant conversion coefficients for the 10+ → 8+ and 12+ →

10+ transitions, respectively, limited the number of counts in the associated time-difference

spectra, rendering it unfeasible to separately infer the half-life of the 10+ level.

Two rotational sequences with negative parity were identified above the (16−) and 17−

levels and found to extend up to Iπ = (22−) and (23−), and Ex ≈ 6.4 MeV (Bands 4 and

5 in Fig. 1). The 1021-keV and 1149-keV γ rays deexcite these sequences to the positive-

parity band (Fig. 1). The 1149-keV γ ray is determined to be of dipole character, based

on its DCO ratio (Table I). Further, the DCO ratio of the 334-keV transition, feeding the

15− level, attests to its quadrupole character (Table I). With M2 character ruled out by

the observed prompt decay of the Ex = 4637-keV level, the E2 assignment for the 334-keV

transition, which was tentatively proposed in the previous work [15], is confirmed. This fixes

the spin-parity of the 4637-keV level as Iπ = 17−, consistent with the dipole character for

the 1149-keV γ ray. It may be noted that while the DCO ratios determined for most of the

γ rays are consistent with the assigned multipole order, in the case of the 556- and 1021-

keV transitions, the values do not clearly indicate either dipole or quadrupole character.

The spin-parity assignment of Iπ = 11− for the Ex = 2468-keV level is based on previously

reported angular distribution measurements [1, 15] and the rotation-like character of Band

3. The Iπ = (16−) assignment for the Ex = 4509-keV level follows from the spin-parity

assignment of the 17− level in Band 4, the observed coincidence relationships between Bands

4 and 5 and the corresponding excitation energies, and may therefore be considered tentative.

The observation of weak, but distinct, coincidence relationships between transitions in Bands

4 and 5 (though the connecting, low-energy ∆I = 1 transitions are not visible, possibly due
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to their large conversion coefficients) suggest that these two sequences constitute a coupled

rotational band. These relationships are evident in Fig. 2 with coincidence gates placed

on the 1149- and 1021-keV transitions. In addition to the transitions in Band 4 which are

visible in a coincidence spectrum with a gate on the 1149-keV γ ray, a weak peak at 486 keV

is also seen (Fig. 2). Similarly, with a gate on the 1021-keV γ ray, a weak peak at 570 keV is

also observed (Fig. 2) in addition to the transitions in Band 5. This indicates the presence

of unobserved, connecting ∆I = 1 transitions between Bands 4 and 5. Additionally, the

variation in energy of the levels in these sequences is typical of the small signature splitting

observed in a coupled rotational band. Though there is no information on DCO ratios of

transitions in Bands 4 and 5 (Fig. 1), based on the above observations and systematics in

lighter, even-Hg isotopes [2, 15, 27] wherein similar band structures are observed, quadrupole

character is most likely for γ rays in these sequences, but these assignments remain tentative

as indicated in Fig. 1.

B. 200Hg

The excited level structure of 200Hg had been previously investigated using the incomplete

fusion reaction 198Pt(9Be, α3n) [2]. The yrast, positive-parity structure was established up to

the Iπ = 20+ state. The negative-parity band was identified up to the Iπ = (21−) level. The

half-lives of the 7− and 9− states, populated in the β− decay of 200Au, had been previously

established to be ≤0.8 ns and 1.07 ns, respectively [26].

The 10+ and 12+ states in the yrast structures of lighter, even-A Hg isotopes were es-

tablished to have isomeric character from α-induced reactions on Pt targets [1, 13, 15]. To

establish the half-life of the Iπ = 12+ state in 200Hg, which had not been reported earlier, the

difference in time of the γ rays feeding and deexciting this level (397 and 498 keV, respec-

tively) was plotted and compared with that of prompt transitions of similar energy. A value

of T1/2 = 1.0(3) ns is established (Fig. 5a). For comparison, the half-life of the 12+ level

in 190Pt, also populated in this experiment, is determined to be 1.2(3) ns from the present

work (Fig. 5b), consistent with the adopted value of 1.39(12) ns [14]. Unfortunately, it was

not possible to determine the half-life of the Iπ = 10+ level, given the low γ-ray intensity of

the feeding and deexciting transitions with energy 94 and 977 keV, respectively.
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C. 202Hg

The low-spin structure of 202Hg had been determined in earlier studies using 201Hg(n,γ)

[18] and 202Hg(d,pn) [19] reactions. Levels up to Iπ = 6+ and (5−) and Ex ≈ 2.0 MeV in the

positive- and negative-parity sequences had been identified. In the present work, the level

scheme is extended up to Ex ≈ 7.7 MeV with the inclusion of fifteen new transitions (Fig.

6 and Table II). The half-lives of the (7−) and (9−) states in 202Hg are newly determined.

Values of T1/2 = 10.4(4) ns and 1.4(3) ns for the (7−) and (9−) levels, respectively, are

determined from centroid shift analyses (Fig. 7).

A newly identified sequence of transitions (Band 3) is established in coincidence with

γ rays below the Iπ = 5− level at Ex = 1965 keV (Fig. 6). Transitions with energy 94,

163, 598, 956, 379 and 338 keV are placed in cascade based on coincidence and intensity

considerations (Figs. 8 and 9). The transitions observed in the delayed regime from the

decay of the (7−) isomer are displayed in Fig. 10. The spin-parity assignments for the

associated levels are based on systematics of even-A Hg isotopes, e.g., 5− and (7−) states

with an energy spacing /100 keV have been identified in 194−200Hg [28–31]. The assignment

of spin-parity for the (7−) and (9−) levels follows similar considerations. Since unambiguous

data on multipolarities are not available from the present experiment, the assignments should

be viewed as tentative. The higher-lying transitions in Band 3 are placed according to their

intensities. However, the corresponding levels are not assigned either spin or parity (Table

II).

Band 1, which is built on the ground state, is identified up to the Iπ = 6+ level. The 163-

keV γ ray in Band 3 and other transitions above it are observed to be in coincidence with the

440-, 680- and 869-keV members of Band 1 herewith implying the presence of an unobserved

71-keV transition linking the 6+ and (7−) levels in the two bands. A second sequence of

transitions (Band 2) with energies 220, 404, 730, 842, 629, 788 and 537 keV has been newly

identified (Figs. 8 and 9). The relative placement of the 220-keV γ ray with respect to other

transitions in Band 2 is based on the assumption of its E2 multipolarity. Band 2 is observed

to feed the negative-parity Band 3 through the 693-keV transition. In neighboring, even-A

Hg isotopes, positive-parity states with either Iπ = 10+ or 12+ are observed to deexcite to

the negative-parity sequence. In view of the similarity of the decay pattern, the spin-parity

of the 3513-keV state is tentatively assigned to be Iπ = (12+) since the deexciting transition
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feeds the (11−) level. The levels above the Iπ = (12+) level probably have positive parity

similar to the structure of lighter even-A Hg isotopes, but firm experimental evidence is

currently lacking and no spin-parity values are given in Fig. 6.

IV. DISCUSSION

A. Positive-parity states

Isotopes of Hg (Z = 80) with A ≥ 190 are characterized by oblate ground state defor-

mation [1, 2, 13, 15, 27]. The Total Energy Surface plot for the yrast, Iπ = 8+ state in

198Hg (Fig. 11a ), obtained using the Ultimate Cranker code [32] indicates a favored energy

minimum for an oblate shape (ε2 = 0.13 and γ = −66◦). At higher spin (Iπ = 16+), the

oblate minimum is found to persist and move towards larger negative γ values (Fig. 11b),

and eventually towards γ = -90◦, indicating a triaxial, non-collective shape at the highest

spins. The magnitude of deformation decreases gradually from A = 192 (N = 112) to A

= 202 (N = 122) as the shell closure at N = 126 is approached. This is evident from the

steady decrease in the reduced E2 transition probabilities [B(E2)] for 2+ → 0+ transitions

with increasing neutron number in the even-mass isotopes (Figs. 12a and 12b). The B(E2)

values in Weisskopf units (W.u.) are obtained using the expression:

B(E2)(W.u.) = 9.52× 106E−5
γ A−4/3[tγ1/2]

−1 (2)

where Eγ is the γ-ray energy in keV, A is the mass number of the nucleus, and tγ1/2 represents

the partial half-life in seconds of the γ ray deexciting the level. Transition energies in the

ground state band exhibit a regular increase up to the Iπ = 6+ level characteristic of a

collective rotational behavior. The magnitude of B(E2) values for the 2+ → 0+ transition

ranges between 25 to 42 W.u. for A = 200-192, consistent with this interpretation (Table

III).

A discontinuity in this regular ordering is visible beyond the 6+ level and the 8+, 10+

and 12+ states are found to be quite closely spaced in energy (Fig. 13), particularly for

isotopes with A = 190-198, with the typical energy separation being / 100 keV. This rather

abrupt discontinuity has been associated with the rotation-induced alignment of a pair of

i13/2 neutrons [15]. With a ground-state quadrupole deformation ε2 = 0.13, the cranking

description of an oblate deformed rotor is more appropriate than the seniority scheme for
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spherical nuclei. A large increase in the moment of inertia is evident (Fig. 14a), and the

resultant aligned angular momentum is deduced to be 12 ~ (Fig. 14b), consistent with the

contribution from two i13/2 neutrons. An alignment frequency of ~ω ≈ 0.2 MeV is evident.

The neutron and proton quasiparticle energies in 198Hg as a function of rotational frequency

(Figs. 15a and 15b) have been calculated using the Ultimate Cranker code [32]. The first

band crossing for i13/2 neutrons (labeled AB in the standard convention [33]) is visible at ~ω

= 0.19 MeV; in the case of h11/2 protons, the corresponding crossing occurs at 0.31 MeV.

Further, effective g-factors of -0.19(6) and -0.18(8) measured for the 10+ and 12+ states in

196Hg and 198Hg, respectively [34], clearly indicate a neutron configuration for the rotation-

aligned band. The energies of the 10+ and 12+ states exhibit a marked increase from N =

118 to N = 120 (Fig. 13). This has been attributed to the filling of the i13/2 subshell at N =

120 and the presence of a large energy gap beyond this neutron number [2]. The 12+ states

in even-mass Hg isotopes with A = 204, 206 lie at an even higher excitation energy. They

are understood to arise from predominantly intrinsic excitations [35, 36] in contrast to the

situation in the lighter isotopes where a collective nature is observed (Fig. 13 and Table

III).

The variation of B(E2) values with neutron number for the 2+ → 0+, 10+ → 8+ and 12+

→ 10+ transitions is listed in Table III and illustrated in Fig. 12b. The B(E2 : 2+ → 0+)

values are seen to decrease from 42 to 12 W.u. with the N = 112 to N = 124 change

in neutron number. This is consistent with the reduction in collectivity expected when

approaching the N = 126 shell gap. In contrast, the B(E2 : 12+ → 10+) and the B(E2 :

10+ → 8+) values exhibit an overall increasing trend from lighter to heavier isotopes. This

increasing trend may be associated with the fact that orbitals with lower-Ω values in the i13/2

subshell are occupied for larger neutron numbers, in contrast to higher-Ω ones for lighter

isotopes. In the former instance, rotation-aligned coupling is favored as a result of which

the enhancement in E2 transition rates is more pronounced [37], which in turn is reflected

in higher B(E2 : 12+ → 10+) values.

Following the assignment of the 1275-keV, (20+) → 18+ transition in 198Hg from this

work (Fig. 1), and the absence of any significant feeding from positive-parity levels above

the 18+ and (20+) states, which could be associated with the continuation of the rotational

sequence, it may be concluded that there does not appear to be any evidence for a CD

neutron crossing. A similar situation was noted in the case of 200Hg as well [2].
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The 3513-keV level in 202Hg, which is tentatively assigned Iπ = (12+), may be associated

with the breaking of an i13/2 neutron pair. This is supported by empirical calculations, using

1-quasiparticle energies from neighboring nuclei together with pair-gap energies calculated

from odd-even mass differences and residual interactions deduced from isomeric states with

the same configuration [7], which compute a i13/2 broken-pair configuration at an excitation

energy Ex = 3554 keV; only 41 keV higher than the Ex = 3513 keV experimental energy.

B. Negative-parity states

The negative-parity levels, specifically the Iπ = 5−, 7− and 9− states, are built on an AE

configuration involving two neutrons, with one occupying the i13/2 subshell, and the other a

low-j orbital (either p1/2, p3/2 or f5/2). The 7− → 5− and 9− → 7− transitions are isomeric,

and are enhanced by an amount which is approximately similar to that observed for the 2+

→ 0+ ones (Fig. 12a and Table III). The contribution from neutrons to the configuration

of these states, in contrast to those in Pt isotopes where protons are also involved [38, 39],

is borne out by the measured g-factors of -0.030(17) and -0.033(14) for the 7− states in

196Hg and 198Hg, respectively [34]. The clear variation in the excitation energies of the 7−

and 9− states with the change in neutron number also attests to the underlying neutron

configuration (Fig. 13). These levels are lowest in energy around N = 118 since, for this

neutron number, both the high- and low-j orbitals involved are closest to the Fermi surface.

Negative-parity levels at high spin, beyond I = 15 ~, in even-mass Hg isotopes from A =

190-196 have been associated with an i13/2, BC neutron crossing in the band built on the AE

configuration, since the AB crossing is blocked [27, 40]. This assignment is consistent with

an intensity flow that primarily proceeds within the negative-parity sequence (AE at low

and ABCE at high spin). In the band crossing region, only a small fraction of the intensity

from the negative-parity sequence is observed to feed the positive-parity levels. Further,

the calculated value of the BC crossing frequency is in agreement with that observed in

experiment. The observations in 198Hg are significantly different. The major portion of the

decay from Bands 4 and 5 (Fig. 1) is observed to feed the positive-parity levels in Band 2 with

only a small fraction to Band 3 with the AE configuration; this would be difficult to reconcile

with a pure ABCE assignment for Band 4. Further, if Band 4 were to be hypothetically

considered to have only the above rotation-aligned configuration, the BC crossing frequency
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inferred from experiment (0.29 MeV) would be quite different from the predicted value of 0.23

MeV. In the lighter Hg isotopes, the experimentally inferred and calculated values of such a

BC crossing frequency are quite similar (~ω ≈ 0.2 MeV). Additionally, since Band 5 appears

to be a signature partner of Band 4, based on the experimental considerations listed in the

previous section, it would have to be associated with an ABCF configuration. However, no

sequence associated with a possible AF configuration has been identified from the present or

previous work. The decay from a hypothetical ABCF sequence would preferentially populate

the AF sequence, unlike the deexcitation to the positive-parity Band 2 noted in the present

work. In view of the above considerations, it may be appropriate to associate Bands 4 and

5 with a 4-quasiparticle configuration arising from the breaking of an i13/2 neutron pair.

The origin of this configuration would be primarily attributed to intrinsic excitations rather

than to the rotation-induced alignment characteristic of a collective rotational sequence.

The spin and parity of the bandhead Iπ = 16− can be understood as resulting from the

coupling of three i13/2 neutrons to 33/2 ~ with the remaining being provided by a negative-

parity orbital; e.g. either the p3/2 or f5/2 one. This change towards intrinsic character

for high-spin, negative-parity levels in 198Hg, in comparison to the rotation-aligned one in

lighter even-A Hg isotopes, may be attributed to the reduction in collectivity at high spin

occurring with increasing neutron number and consequent decreased predilection towards

rotation alignment.

In 200Hg, although the high-spin portion of the negative-parity levels has been associated

with an ABCE configuration [2], closer inspection of the data reveals that the (17−) → 16+

transition has an intensity which is almost an order of magnitude larger than that observed

for the “in-sequence”, (17−) → 15− γ ray. This would be unusual with a pure ABCE

assignment. Further, the observations in 190−196Hg [27, 40] suggest that, for an ABCE

assignment, the primary feeding is seen to occur within the negative-parity sequence. In

addition, with a hypothetical ABCE configuration, the BC crossing frequency would be 0.3

MeV; i.e., significantly higher than the calculated value. However, unlike in the present work

on 198Hg, a signature partner sequence is not identified in 200Hg, perhaps due to a limited

experimental sensitivity. The precise nature of the high-spin, negative-parity levels in 200Hg

can be ascertained once such a signature partner sequence is identified or if its presence can

be ruled out in future work.The consideration of reduced collectivity at high spin in 198,200Hg

and the consequent possible limited role of the BC crossing in the negative-parity sequence
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in contrast to lighter, even-A Hg isotopes is also reflected in the positive-parity levels, where

the CD crossing is observed up to 196Hg, but not in 198,200Hg.

In 202Hg, the negative-parity levels at low spin appear to be qualitatively similar to those

seen in the lighter, even-A Hg isotopes. While it is probable that the higher-lying members

of Band 3 in 202Hg are also of negative parity, in the absence of sufficient experimental

evidence, any conclusion would be speculative. Future work, with linear polarization data

for the high-spin transitions, may allow for a firm parity assignment.

V. SUMMARY

The structure of 198,200,202Hg has been studied up to high spin. The level schemes of

198,202Hg are considerably extended and new isomeric states with Iπ = (7−) and (9−), and

T1/2 = 10.4(4) ns and 1.4(3) ns, respectively, are identified in 202Hg. The half-life of the 12+

state in 200Hg is established to be 1.0(3) ns. The magnitude of collectivity has been deduced

from reduced E2 probabilities for the 2+ → 0+, 10+ → 8+, 12+ → 10+, 7− → 5−, and

9− → 7− transitions, as well as from moments of inertia and other observables. B(E2) values

for two-quasiparticle, positive- and negative-parity states are found to exhibit a maximum

at neutron number N = 118. A rotational band with a possible four-quasiparticle structure

is identified in 198Hg. The AB, i13/2 neutron crossing frequency in even-A Hg isotopes with

oblate deformation, calculated using the Ultimate Cranker code, is in agreement with that

deduced from experiment. While the CD neutron crossing had been established in isotopes

up to 196Hg, it is found to be absent in 198,200Hg. The nature of the band structures in the

vicinity of the expected BC crossing in 198,200Hg is quite different from that in lighter, even-

mass isotopes. A complex interplay between collective and intrinsic modes of excitation is

evident at intermediate and high spin across the Hg isotopic chain.
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TABLE I: Energies and intensities of γ rays, and energies and spins of initial and final levels

in 198Hg. DCO ratios are presented where available. Uncertainties in transition energies are

up to 0.5 keV. Statistical uncertainties on γ-ray intensities and DCO ratios are listed.

Eγ (keV) Ei (keV) → Ef (keV) Iπi → Iπf Iγ DCO ratio

(47.7) 1684 → 1636 7− → 5− −

97.5 2436 → 2338 10+ → 8+ −

143.5 2579 → 2436 12+ → 10+ 9.5(2)

227.5 1911 → 1684 9− → 7− 29.0(1) 0.93(6)

298.8 4808 → 4509 (18−) → (16−) 2.0(1)

333.5 4637 → 4304 17− → 15− 2.2(1) 0.86(9)

348.1 2927 → 2579 14+ → 12+ 20.2(4) 0.99(3)

367.1 5004 → 4637 (19−) → 17− 3.2(2)

372.5 4637 → 4264 17− → 18+ 1.5(1)

411.8 412 → 0 2+ → 0+ − 0.90(3)

485.6 5293 → 4808 (20−) → (18−) 2.2(1)

521.8 2338 → 1816 8+ → 6+ 26.9(6)

524.2 2436 → 1911 10+ → 9− 15.0(3)
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Eγ (keV) Ei (keV) → Ef (keV) Iπi → Iπf Iγ DCO ratio

543.6 4808 → 4264 (18−) → 18+ 1.2(1)

556.3 2468 → 1911 11− → 9− 8.6(2) 0.66(6)

560.2 3487 → 2927 16+ → 14+ 18.4(4) 0.95(4)

569.5 5574 → 5004 (21−) → (19−) 3.0(2)

587.4 1636 → 1049 5− → 4+ 53.2(1) 0.62(5)

636.8 1049 → 412 4+ → 2+ 100.0(2) 0.93(4)

673.2 5966 → 5293 (22−) → (20−) 1.2(1)

740.1 5004 → 4264 (19−) → 18+ 1.7(1)

767.6 1816 → 1049 6+ → 4+ 27.3(4) 0.88(6)

776.9 4264 → 3487 18+ → 16+ 5.5(2) 0.92(9)

803.5 6377 → 5574 (23−) → (21−) 1.6(1)

859.1 3327 → 2468 13− → 11− 4.6(3) 0.85(11)

976.9 4304 → 3327 15− → 13− 3.0(2) 0.82(10)

1021.4 4509 → 3487 (16−) → 16+ 2.2(2) 0.74(13)

1149.3 4637 → 3487 17− → 16+ 4.2(2) 0.49(9)

1275.4 5540 → 4264 (20+) → 18+ 1.0(1)
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TABLE II: Energies and intensities of γ rays, and energies and spins of initial and final levels

in 202Hg. Uncertainties in transition energies are up to 0.5 keV. Statistical uncertainties on

γ-ray intensities are listed.

Eγ (keV) Ei (keV) → Ef (keV) Iπi → Iπf Iγ

(70.6) 2059 → 1988 (7−) → 6+ −

94.2 2059 → 1965 (7−) → 5− 9.3(18)

129.8 1311 → 1181 4+ → 2+ 5.3(8)

163.3 2222 → 2059 (9−) → (7−) 34.1(30)

220.0 5710 → 5490 − → − 13.2(20)

221.8 1181 → 960 2+ → 2+ 15.7(13)

337.5 4493 → 4156 − → − −

351.5 1311 → 960 4+ → 2+ 38.2(20)

379.1 4156 → 3777 − → (13−) 11.3(18)

404.3 3918 → 3513 − → (12+) 29.7(31)

439.5 440 → 0 2+ → 0+ −

520.0 960 → 440 2+ → 2+ 67.6(30)

536.6 7663 → 7126 − → − −
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Eγ (keV) Ei (keV) → Ef (keV) Iπi → Iπf Iγ

598.1 2820 → 2222 (11−) → (9−) 59.1(48)

629.0 6339 → 5710 − → − 15.5(24)

653.8 1965 → 1311 5− → 4+ 100.0(11)

680.3 1120 → 440 4+ → 2+ 25.3(6)

692.8 3513 → 2820 (12+) → (11−) 32.1(37)

729.7 4647 → 3918 − → − 19.7(29)

787.6 7126 → 6339 − → − −

842.3 5490 → 4647 − → − 18.8(30)

845.1 1965 → 1120 5− → 4+ −

868.6 1988 → 1120 6+ → 4+ −

871.6 1311 → 440 4+ → 2+ 22.3(19)

956.1 3777 → 2820 (13−) → (11−) 15.0(27)

959.9 960 → 0 2+ → 0+ −
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TABLE III: Reduced transition probabilities, B(E2), for the decay of metastable states

in even-A Hg isotopes. Adopted values of half-lives are quoted from the current ENSDF

database and published work [28–31, 41–44]. Only E2 branches have been included and

B(E2) values are rounded off to the nearest integer. Calculated conversion coefficients from

BRICC have been used [45]. Asterisks indicate half-lives which are newly measured in the

present work.

Isotope Ex (keV) Iπ T1/2 (ns) Eγ (keV) Tγ1/2 (s) TW1/2(s) B(E2) (W.u.)

192Hg 422.79 2+ 0.0146(55) 422.8 1.52× 10−11 6.36× 10−10 42(26)

1977.03 (7)− 1.018(55) 133.1 5.44× 10−9 2.06× 10−7 38(3)

2507.3 (10)+ 3.6(5) 60.1 3.28× 10−7 1.10× 10−5 33(6)

2535.5 (12)+ 11.1(5) 28.4 2.44× 10−5 4.65× 10−4 19(1)

194Hg 427.9 2+ 0.0146(28) 427.9 1.52× 10−11 5.91× 10−10 39(10)

1909.95 7− 3.75(11) 96.95 3.13× 10−8 9.90× 10−7 32(1)

2142.9 9− 0.302(9) 232.9 3.73× 10−10 1.24× 10−8 33(2)

2423.2 (10+) 2.9(5) 59.5 3.72× 10−7 1.14× 10−5 31(7)

2475.1 (12+) 8.1(5) 52.0 9.19× 10−7 2.23× 10−5 24(2)

196Hg 425.98 2+ 0.0159(21) 425.9 1.65× 10−11 5.97× 10−10 36(6)

1841.34 7− 5.22(16) 84.3 6.55× 10−8 1.96× 10−6 30(1)

2064.35 9− 0.355(18) 223.0 4.51× 10−10 1.52× 10−8 34(2)
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Isotope Ex (keV) Iπ T1/2 (ns) Eγ (keV) Tγ1/2 (s) TW1/2(s) B(E2) (W.u.)

2342.3 (10+) 4.83(19) 79.5 7.74× 10−8 2.63× 10−6 34(2)

2439.0 (12+) 3.5(1) 96.7 2.59× 10−8 9.89× 10−7 38(2)

198Hg 411.8 2+ 0.02315(28) 411.8 2.42× 10−11 6.97× 10−10 29(1)

1683.38 7− 6.9(2) 47.74 1.18× 10−6 3.33× 10−5 28(1)

1910.8 9− 0.28(5) 227.5 3.51× 10−10 1.35× 10−8 38(9)

2434.9 10+ 1.92(9) 97.3 1.99× 10−8 9.46× 10−7 48(3)

2578.1 12+ 1.38(4) 143.2 3.19× 10−9 1.37× 10−7 43(2)

200Hg 367.943 2+ 0.0464(4) 367.9 4.92× 10−11 1.21× 10−9 25(1)

1962.59 7− ≤ 0.8 111.1 3.57× 10−8 4.80× 10−7 ≥ 13

2143.77 9− 1.07(4) 181.2 1.66× 10−9 4.17× 10−8 25(1)

3215.1 12+ 1.0(3)∗ 94.2 3.05× 10−8 1.10× 10−6 36(16)

202Hg 439.512 2+ 0.02726(22) 439.5 2.83× 10−11 4.90× 10−10 17(1)

2059.0 (7−) 10.4(4)∗ 94.2 8.69× 10−8 1.08× 10−6 12(1)

2222.3 (9−) 1.4(3)∗ 163.3 2.51× 10−9 6.92× 10−8 28(8)

204Hg 436.552 2+ 0.0403(3) 436.5 4.18× 10−11 5.00× 10−10 12(1)
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FIG. 1: Partial decay scheme of 198Hg obtained from the present work. The transitions

marked in red are the newly observed ones. The placement of the 1021-keV γ ray, marked

with a double asterisk, is revised with respect to the previous work [15]. Bands 4 and 5 are

newly established.
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FIG. 2: Gated coincidence spectra displaying: (a), (b) Transitions above the Iπ = 17− level

in 198Hg; note the 367-, 570- and 804-keV γ rays, and (c), (d) Transitions above the Iπ =

16− state in 198Hg; the 299-, 486- and 673-keV γ rays may be noted. The gating

transitions are as follows: (a) 348 and 560 with 1149 keV (b) 556, 859 and 977 with 334

keV (c) 560 and 768 with 1021 keV, and (d) 348 and 768 with 1021 keV.

24



0

500

1000

1500

2000

2500

x 
ra

ys 14
4 22

8
29

9 36
7#

41
2

48
6

52
2,

52
4

54
4

57
0

#

58
7

63
7

67
3

74
0

76
8

77
7

80
4

10
21 11

49

12
75

#

(a)

 ×4

0

100

200

300

400

500

0 300 600 900 1200

C
ou

nt
s

Energy (keV)

14
4 22

8

#
34

8
37

3
41

2
48

6
52

2,
52

4
54

4
57

0

x 
ra

ys

##58
7

63
7

74
0

76
8

80
4

12
75

(b)
 ×5

FIG. 3: Gated coincidence spectra for 198Hg illustrating γ rays: (a) above the Iπ = 16+

level, which are coincident with the 348- and 560-keV transitions; (b) above the Iπ = 18+

level, which are coincident with the 560- and 777-keV transitions. The absence of the

1021-keV γ ray in the latter is consistent with its revised placement. The region above 1

MeV is enlarged for better visibility. The indicated contaminant transitions are present

due to cross-coincidence with γ rays from 204,205Pb isotopes which are binary partners of

198Hg in multi-nucleon transfer followed by neutron evaporation, and from the Coulomb

excitation of the target, 197Au.
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FIG. 8: Gated coincidence spectra from a prompt-coincidence cube (±30 ns) illustrating

transitions in 202Hg placed above the 7− state in coincidence with the: (a) 440-520 (b)

440-654, and (c) 440-680 keV double gates. Contaminant peaks, originating from the

presence of transitions with similar energy as the gating ones, in neighboring isotopes of

Au, Hg and Tl (197Au, 199,200Hg and 200,201Tl in Figs. 8 and 9), also populated in the

reaction, are indicated with hash marks.

30



0

50

100

150

200

x 
ra

ys 52
0 59

8

35
2 65

4

#

22
0,

22
2

40
4

69
3

73
0 84

2,
84

5

62
9

78
8

53
7 95

637
9

33
8

87
268

0

(a)

0

50

100

150

200

x 
ra

ys

16
3 59

8

35
2

65
4

#
22

0,
22

2

40
4

73
0

84
2,

84
5

62
9

78
8

87
2

68
0

52
0

(b)

0

20

40

60

80

0 200 400 600 800 1000 1200

C
ou

nt
s

Energy (keV)

x 
ra

ys

16
3 59

8

35
2

52
0

#22
2

37
9

33
8

#68
0

65
4

87
2

(c)

FIG. 9: Gated coincidence spectra from a prompt-coincidence cube (±30 ns) illustrating

the branching above the 11− level into Bands 2 and 3 in 202Hg. In the (a) 163-440 keV

double gate, coincidences with both bands are evident. In the (b) 440-693 keV double

gate, only the transitions in Band 2 are visible. In the (c) 440-956 keV double gate, only

the γ rays belonging to Band 3 are visible. Contaminant transitions (see caption of Fig. 8)

are indicated with hash marks.
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FIG. 10: Gated coincidence spectra from a delayed cube (>30 ns) displaying transitions in

202Hg following the decay of the 7− isomeric state in coincidence with: (a) 440-520 (b)

440-654, and (c) 440-680 keV double gates. Note the absence of prompt transitions present

in Fig. 8. Contaminant transitions, from known long-lived activity, are indicated with

hash marks.
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FIG. 11: Total energy surface plots illustrating energy minima in the positive-parity, yrast

structure in 198Hg obtained using the Ultimate Cranker code [32]. It is evident that (a) the

lowest energy minimum is at ε2 = 0.13 and γ = −66◦ for I = 8 }, and (b) at ε2 = 0.15 and

γ = −72◦ for I = 16 }.
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FIG. 12: Reduced E2 transition probabilities in Hg isotopes (A = 192-204) for the: (a) 7−

→ 5− and 9− → 7− isomeric transitions, and (b) 10+ → 8+ and 12+ → 10+ isomeric ones

contrasted with the corresponding 2+ → 0+ values. The lines are intended to guide the

eye. Details are provided in Table III and the text.
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FIG. 13: Systematics of even-A Hg isotopes depicting the evolution in excitation energies

and half-lives for the 7−, 9−, 10+ and 12+ states for A = 192-204.
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FIG. 14: (a) Kinematic moment of inertia J(1) as a function of spin for the bands in 198Hg.

(b) Aligned angular momentum as a function of rotational frequency for the yrast,

positive-parity bands in 196,198,200Hg. A reference rotor with J0 = 8 }2 MeV−1 and J1 = 35

}4 MeV−3, appropriate for a comparison of the three isotopes, is used. Details are in the

text.
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FIG. 15: (a) Neutron and (b) Proton quasiparticle energy levels for oblate deformation

(ε2 = 0.13 and γ = −66◦) in 198Hg as a function of rotational frequency calculated using

the Ultimate Cranker code [32]. The following (standard) convention is used for labeling

the orbitals (lines) with different parity (π) and signature (α): (π, α) = (+, +1/2) [solid];

(π, α) = (+, -1/2) [short-dashed]; (π, α) = (-, +1/2) [dot-dashed]; (π, α) = (-, -1/2)

[long-dashed].
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