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The use of systematics in the interpretation of nuclear structure
far from the beta-stable region is discussed. In particular a
set of rules for the use of systematics is presented together with
some experimental criteria which need to be fulfilled for radio-
active decay scheme studies in order that all states up to a given
spin-parity and energy are located. Illustrative examples are
taken from the region 180 < A < 210, with particular emphasis on
the odd-mass Au and Hg nuclei.

INTRODUCTION

The study of nuclei into regions far from beta stability not only provides us
with potentially unusual nuclear systems, but also furnishes broad isotopic and
isotonic sequences of nuclei which permit an insight into particular nuclear de-
grees of freedom over a wide range of nucleon numbers. It should not be forgotten
that the nucleus is a many-body system of extraordinary complexity and to ade-
quately understand the degrees of freedom of such systems, even in the vicinity
of the Fermi energy (low-energy excitations), will require the detailed study of
many nuclei. In our favor is the fact that we possess a unique control over the
many-body parameters (proton and neutron number) of these systems through the
judicious choice of the nuclear reactions used to produce them and the employment
of devices such as on-line isotope separators to isolate them. Ultimately, we
should keep in mind that the nucleus is a "quantum mechanical laboratory" that
exhibits a rich variety of many-body and few-body"phenomena, quanta and symme-
tries. [1] Thus, nuclear structure studies are central to both many-body physics
and quantum mechanics,L2J and our goal is to seek a description of these many-
nucleon systems in terms of a few degrees of freedom by using simple quantum
mechanical models. Another way of stating this goal is: we seek to demonstrate
that a significant part of the excitation spectrum of the nucleus (up to the
vicinity of the pairing gap) is determined by the properties of a few excited
states; and, that this simple picture of excitation modes persists across local
regions of the mass surface. We can expect such studies to go far towards pro-
viding an understanding of the range of behavior that can be expected from sys-
tems that contain many fermions, and to remain central to the development of new
descriptive tools for such systems.

Detailed spectroscopic information on the low-lying excited states of nuclei, and
thus a detailed interpretation of nuclear structure in terms of various types of
quanta and their interactions, has been confined to nuclei near the line of beta
stability. This has been dictated by the need for stable and near-stable targets
in order to specifically probe these low-energy degrees of freedom using, e.g.,
one- and two-nucleon and a-cluster transfer reactions, Coulomb excitation, and
inelastic scattering. Systematics enables a connection to be made between the
states of these nuclei and those of nuclei far from beta stability where spectro-
scopic information is limited to energies, spin-parities and branching ratios.
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Under very limited circumstances this can be augmented by a-, g-, and y-decay
widths (from half-life measurements) and static moments of states that live long
enough to interact with their (electronic) surroundings, e.g., from atomic hyper-,
fine spectroscopy, perturbed angular correlations. Measurements far from beta
stability are confined to radioactive decay scheme studies and in-beam reaction
y-ray (and conversion-electron) studies; and, the latter technique is limited
mainly to studies of yrast structures (high-spin states). Since it is particu-
larly low-spin states of nuclei that provide insight into the nature of the
single-particle and collective degrees of freedom, and the correlation of nucleon
pairs and few-nucleon clusters, radioactive decay scheme studies far from stabil-
ity are fundamental to our understanding of the degrees of freedom exhibited by
the nuclear many-body system.

EXPERIMENTAL CRITERIA FOR COMPLETENESS IN SYSTEMATICS •

It is clear that a crucial requirement for following systematic trends through a
sequence of nuclei is completeness; i.e., all_ states up to a given spin-parity and
energy must be found. This demands that very detailed decay scheme studies must
be made: typically this means that all states of a given spin up to 2 1400 keV
are established, all transitions up to > 700 keV with an intensity > 12 of the
strongest transition are located, and that decay branches between these states are
observed at least down to 5% of the strongest branch. A very dramatic illustra-
tion of such criteria has been provided recently by Cizewski et̂ <al_.L3J in their
discovery of an approximate 0(6) symmetry for x^6Pt in the interacting boson
approximation. In practice these criteria are fulfilled at UNISOR by taking y-y
coincidence data of a high statistical quality (> 5 x 106 events). Further, these
data are taken in an 8000 x 8000 channel configuration so that, although the y-
line density may be so great that even the best Ge(Li) detectors (1.7 keV FWHM at
1333 keV) are unable to resolve the (singles) spectrum, it is possible to discern
very small energy differences in multiplets through significant shifts in channel
position. Thus, in general it is desirable that studies are made of cases where
the parent isotope exhibits high-energy beta decay (QEC Z 2.5 MeV) from both high-
and low-spin isomers.

It is further necessary that the spins of the parent and daughter ground states
(and isomeric states in the absence of an isomeric transition) are known from in-
dependent measurements, preferably, e.g., atomic hyperfine spectroscopy, in order
for unique spin-parity assignments to be made from conversion electron data. A
particular point with regard to conversion electron data that is worth strong
emphasis: the identification and location of El and EO transitions is of great
value to the elucidation of decay schemes since the former identify the unique
parity states (e.g., those related to ii3/2 for 82 < N < 126) and the latter re-
veal excited 0 + states and the coupling of such states to other degrees of freedom.
Such transitions are easily identified by the a« values, together with (in the
case of EO transitions) the existence of prompt coincidence relationships, which
distinguish them from high-multipolarity transitions. In general, systematization
is only possible for states with spin up to one more unit than that of the beta-
decaying parent. Reaction spectroscopic data can provide a valuable complement to
the construction of the level scheme for states near the yrast sequence.

Due to the common occurrence of band structures, only coincidence data should be
used to locate transitions within a scheme. In cases where levels are only de-
excited by low-energy transitions, e-y coincidences are very important. The use
of the criterion: maximum number of Ritz combinations per level, in building a
level scheme, should never be used; and, caution should be exercised even in
assigning y lines as transitions to the ground state (or a long-lived isomer)
where no coincidence relationship exists. It is worth noting that when isomerism
is exhibited in the lifetime range 20 ns < T < 1 ps, y-y (e-y) delayed coinci-
dences can very effectively isolate groups of y lines by comparing their prompt
and delayed coincidence relationships. Finally, no discussion of radioactive



decay scheme studies is complete without mention of "pandemonium",^] which can
result if y lines are assigned to the scheme on the basis of energy sums and
differences alone, and which usually makes efforts to build intensity balanced
decay schemes meaningless for Qfr, > 3.5 MeV.

RULES FOR SYSTEMATICS

With the assurance that we have located all states up to a given spin-parity and
energy for a sequence of isotopes or isotones, over a local region of the mass
surface, we are in a position to systematically trace particular excitation modes
through the region. The following is a preliminary set of rules for use in this
task.

I. If E[4t]/E[2{] > 3.1 -- use the Nilsson model and rigid rotor to systematize
excited states.

II. For odd proton (neutron) nuclei -- use isotope (isotone) systematics. A
changing Fermi energy is very difficult to systematize. (Except where the
Nilsson model can be used: since, for a given deformation the Nilsson
quantum numbers uniquely locate the Fermi energy.)

III. For AE[2|]/E[2j"] > 10% -- use systematics with great caution. (Few nuclei
away from closed shells suffer from this.)

IV. For odd-proton nuclei near closed proton shells -- anticipate shell model
intruder states with well-defined band structures appearing below 1 MeV.

V. For transitional nuclei -- the rigid triaxial rotor model of Meyer-ter-Vehn
[5] is a valuable basis for the qualitative systematization of particle-core
coupling.

VI. For excited states above the pairing gap — only yrast states and shell
model intruder states can be systematized.

VII. For 0| states in even nuclei away from closed shells — caution is needed
due to the little explored but evidently important role of the proton
particle-hole 0 + degree of freedom and the strong lowering in energy of such
excitation modes due to the Coulomb force.[6J

In practice, what these rules dictate is that a particular excitation in a given
nucleus will appear in a neighboring nucleus (differing by two protons or two
neutrons) with only minor changes in its properties, particularly its energy. By
minor is meant, for example, the energy of the state relative to the ground state
is the same in the two nuclei within ^ 50 keV. The power of this set of rules is
that new degrees of freedom entering a particular nuclear region are readily
identifiable.

SYSTEMATICS IN THE REGION 180 < A < 210: THE ODD-MASS AU AND HG NUCLEI

These rules have been widely used to interpret the structure of the nuclei in the
180 < A < 210 region. This region has been under intensive investigation at the
(JNISOR facility for some considerable time. In the present discussion, particular
emphasis is placed on odd-mass nuclei where the unpaired nucleon can be considered
as a probe of the nuclear shape through the average single-part:'cle field; and, as
a probe of the correlated motion of nucleons in the core through coupling schemes
(probing collective modes of motion such as rotations and vibrations), and through
its blocking of individual orbitals due to the Pauli exclusion principle (probing
few-nucleon correlations such as pairing and clustering).

The region 180 < A < 210 possesses the richest variety of nuclear excitations ob-
served anywhere on the mass surface. It is intersected by the Z * 82 shell clos-
ure, and bounded by the strongly deformed nuclei with Z < 76 (Os) and the N * 126
shell closure. Between Z * 76 and Z = 82 there is a shape transition frpm strongly
deformed prolate axial symmetry through oblate axial asymmetry to spherical sym-
metry. This transition has alternatively been described in terms of the inter-



acting boson approximation (IBA) as a transition from the SU(3) through the 0(.6)
limiting algebraic symmetries of.the IBA Hamiltonian.UJ Although the SU(3)
algebraic limit of the IBA corresponds to the geometrical case of strongly de-
formed prolate axial symmetry,[8] the 0(6) limit does not appear to correspond to
a well-defined axial asymmetry.[7,9] The question as to whether odd-mass nuclei
in this region possess a well-defined axial asymmetry remains unanswered at
present. Finally, and most dramatically of all, an island of deformation has
been established adjacent to the Z = 82 closed shell for the very neutron-
deficient isotopes of Hg[10,ll] and Pt.L'2]
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Figure 1. The systematics of the positive parity states and the hn^ states in
the odd-mass Au isotopes. States associated with Si/2 are designated:
•---•; with d3/2

: °—°J w i t n d5/2 : •——-•; and the h n ^ 2 is
designated x — x
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Figure 2. The systematics of the negative parity states associated with the h n /
configuration in the odd-mass Au isotopes.

The existence of smooth systematic trends in the excited states of the odd-mass Au
isotopes was first strongly emphasized by Haverfield[13]; and, these trends were
further supported by the studies of the Studsvik-ISOLDE collaboration[14] some ten
years ago. The first use of these systematic trends to help construct a level
scheme was made for the decay scheme 191Hg •*• 191Au by Beuscher et^al_.n5] This
smoothness was not directly connected with the trends in the neighboring even-mass
Hg nuclei (the collective cores for hole states in odd-Au nuclei) until the work
of the Berkeley group on high-spin states in transitional nuclei and the rota-
tional alignment coupling scheme; and specifically, their in-beam study of levels
in i9i,i93,i95Au.[16] (it was particularly through the work on 195Au that the
celebrated model of Meyer-ter-VehnLl7] emerged.) At about this time the investi-
gation at UNISOR of the decay schemes 189m>gHg •+ 189Au, 191m»9Hg -• 191Au, and
l939Hg •*• 193Au and of the systematic trends in the excited states of the odd-mass
Au isotopes revealedD8] that the smoothness is characteristic of many more levels
than had been recognized previously. Independently, the Orsay group recognized



these systematic features in their investigation of the 189m>gHg -»- 189Au decay
schemes.[19J These systematics were essentially completed with the characteriza-
tion of the hg/2 shell model intruder state and its collective band[20,21] (and
see companion paper to this one by E. F. Zganjar). The main reason that system-
atics has featured so strongly in the exploration of the Au isotopes is almost
certainly due to the extraordinary constancy of the energies of the positive
parity states (see Fig. 1) and the negative parity states associated with the
hi 1/2 orbital (see Fig. 2). (These systematics are based on the above references
and references therein together with results obtained for levels in 185>187Au
that are discussed below.)

The earliest attempt to establish systematic trends in the odd-mass Hg isotopes
was the work of Jung and Svedberg[22] on the i^,! 9 7,*"!! decay schemes nearly
twenty years ago. These data were superseded and extended by Fenyes, Vandlik
and co-workers in their investigation of the decay schemes of 189-197JI (see
Ref. [23] and references therein); however, no well-defined systematic features
emerged from these studies beyond that of the first few excited states. The
first clue that smooth systematic trends are present in the odd-mass Hg isotopes
came from the in-beam studies of i'i3/2 yrast states by the Berkeley group[24] and
the JLilich group.[25] Shortly after these results appeared, the investigation of
the decay schemes 189T1 -*- 189Mg, 191T1 •* 191Hg, 193T1 •+ 193Hg, 195T1 •* 195Hg and
197T1 -s- *97Hg at UNISOR reached an advanced stage and an attempt was made to
identify systematic trends in the low-spin negative parity levels, some of which
had already been established by Fenyes et^al_.[23] The observation of a dramatic
increase in the number of low-lying excited states populated in the Tl decays
below mass 193 resulted in the conclusion[26,27] that the 189»191T1 decays are due
to the £ decay of the 9/2" isomer and not the l/2+ ground state: The available
data on direct spin measurements of states in the odd-mass Tl isotopes was limited
to mass 195 and above at the time; but, our assignment of 9/2" to the 191T1 5.5 m
activity has very recently been confirmed directly by atomic beam magnetic reso-
nance measurements of Ekstrom and co-workers at ISOLDE.[28] This is consistent
with the non-observation of an isomeric transition in the in-beam study of 191T1
by the Berkeley group[29]; but, contradicts the conclusions of Vandlik et a!.[30]
Most important of all, the change in the character of the ^-decaying state
between 191Tl(l/2+) and 191Tl(9/2") resulted in a search for B-decay from the 9/2"
isomer in 193T1 which until then had been considered to decay 100% by an E3 tran-
sition of very low energy (< 13 keV). Approximately 20% of the 1 9 3 m n decays were
found to be via $-decay, and the 1 9 3m,gn decay schemes provided the necessary
bridge between the low-spin states populated in the heavier Hg isotopes and the
high-spin states populated in the light Hg isotopes. T\ similar situation has also
been found in the decay of 1B7m»9Tl. These studies eliminated in a tentative set
of systematics that appeared in the doctoral thesis of Gowdy.[31] The poor defi-
nition of obvious systematic trends was considered to be due to the fact that the
Fermi energy is changing with changing neutron number. The most serious defi-
ciency was the non-observation of the low-spin positive parity states of the i 1 3/ 2
band, which are predicted[32] to lie at low energies and which, comparing with the
study of the 191Au •*• 191Pt decay scheme,[33] should have been seen. The only
available detailed spectroscopic data on states in odd-mass Hg isotopes is from
the single-neutron transfer reaction studies of Moyer[34] and there data did not
point to a resolution of the problem and are confined to A > 197.

The key to the systematics of the odd-mass Hg isotopes was provided by the study
of the levels of 197Hg by the Rossendorf group[35J using in-beam reaction spec-
troscopy with light ions. This work established medium-spin positive parity
states belonging to the ii3/2 bands. These positive parity states were confirmed
and extended through a study of the 196Hg (n,y) 197Hg reaction by Zganjar and the
Brookhaven group.[36] The first step in building the systematics for the odd-mass
Hg isotopes came with a detailed consideration of the weak y branches in the 195T1
decay which reveals that a group of five y lines form a band completely separate
from the other 240 y lines observed.[37] The energy spacings and branchings were



noted to be very similar to that of the 9/2+, 5/2+ and 7/2+ i13/2 band manbers in
197Hg; as expected, based on the smoothness of the high spin ij 3/ 2 band members
established by the in-beam studies.[24,25] it was asserted that 0.35% of the
decay of 195T1 populates low-spin members of the ii3/2 band in

 195Hg.[37] The
decay data for l9'Tl were carefully scrutinized for evidence of population of the
ii3/2 band in 197Hg and a limit of < 0.01% of all 197T1 decays was establishedL38J
(the decrease probably being due to the lower QE C ) - This suggested that the low-
spin positive parity states in 193Hg should be weakly populated in the 193T1
decay and possibly stronoly populated in the 193«nri decay; and, that this trend
would continue into the ?91T1 -»• 191Hg and 189T1 •* 189Hg decays. This was seen to
be a possibility readily supported by the data, and in fact had resulted in decay
schemes for 193"iTl, 191Ti and 189T1 that predominately feed the 7/2+, 9/2+ and
ll/2+ members of the 1*13/2 Dand in 193"189Hg.[393 The convincing step in this
reconstruction of these schemes using systematics came when a scrutiny of the
data that had supported transitions connecting these (positive parity) levels to
the remaining (negative parity) levels revealed that either the postulated (El)
transitions lacked coincidence support for their assignment or had been assigned
based on a coincidence that was due to more than one y line lying in the coinci-
dence gate, the correct assignment being elsewhere. The systematics of the posi-
tive parity states in the odd-mass Hg isotopes ere shown in Fig. 3. These system-
atics are based on references given above.
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Figure 3. The systematics of the positive parity states associated with the p/2
configuration in the odd-mass Hg isotopes. A near degenerate crossing
of 13/2+ states that is expected in 195Hg is marked with arrows to
indicate mutual repulsion (distortion of the systematics) that likely
will occur. The energy of the 2\ state in the neighboring Hg isotope
with A+l is shown as -•-.



The key to the elucidation of the systematic features of the negative parity
states was likewise provided by the 197Hg study of the Rosser.dorf group.[35] in •
particular, I + 2 •+ I transitions in bands of negative parity states in 197Hg
tend to lie in the energy range 580-670 keV. This has led us to band systematics
for the lowest 3/2" and 5/2" states in the odd-mass Hg isotopes presented in
Figs. 4 and 5 respectively. A more extensive systematic scheme for negative
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Figure 4. The systematics of the negative parity states associated with the
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parity states •< 600 keV in the odd-mass Hg isotopes is shown in Fig. 6. The
second 7/2" state appears to be associated with the lowest 3/2" state. The most
remarkable feature of the systematics of the negative parity states in the odd-
mass Hg isotopes is the smoothness of the trends despite the fact that the
neutron Fermi energy is changing. This is discussed below.

Figure 6. The systematics of the negative parity states below
odd-mass Hg isotopes.

600 keV in the

DISCUSSION AND FUTURE DIRECTIONS

In the odd-Au isotopes the extreme constancy of the energies of the positive
parity states and the states of the hn/2 bands is due to two factors. First,
these are hole states arid they couple to Hg cores, the 2* states of which are
almost unchanging in energy from 1&6-i98^g (E(2I) lies between 405 and 428 keV
for these nuclei) with a slight drop at 2°°Hg (E(2t) = 368 fceV). Second, this
is an isotopic sequence of nuclei with an unpaired proton and thus, the Fermi
energy for the odd nucleon is unchanging. The hole states in the odd-Au isotopes
are therefore a near ideal case for the use of systematics. On the other hand
the hg/2 shell model intruder state in the odd-Au isotopes is a particle state
which couples to the neighboring even-Pt cores with mass A-l (see the discussion
in the companion paper to this one by E. F. Zganjar). The 2\ state in the even-
Pt isotopes changes rapidly in energy, dropping by 28% from ie?Pt to 186Pt. A
major task in the study of these decay schemes has been establishing the h3/2
bands and their systematic trends. It is still in progress for 1 8 s" 1 8 9Au (see
below). In the case of the (19/2 bands a useful qualitative guide has been the
Meyer-ter-Vehn triaxial rotor[5] which correctly predicts c-eneral trends in the
energies of the collective bands. In the unique case of l6-Au it has been possi-
ble to relate the hg/2 particle and the h u / 2 hole coupling schemes directly
using this model[40].

The near constant energy of both the positive and negative parity states in the
odd-Hg isotopes is surprising since the Fermi energy is changing for the unpaired
neutron in these nuclei. However, this can be explained by a picture where the
neutrons are filling the ii3/2 subshell. A calculation with the Meyer-ter-Vehn



model,[5] coupling an 113/2 neutron to a Hg core, with only a variation of the
Fermi energy within the single j-subshell, gives a good qualitative descrip-
tion!^] of the behavior of the 113/2 band, particularly the decrease in energy of
the 11/2+ band member with decreasing neutron number. We note that this picture
of a changing Fermi energy has been suggested to explain the isotope shift data
through the 13/2+ isomers in the Hg isotopes w/ithin the framework of the odd-
particle rotation-aligned coupling scheme[41] (a limiting case of axial symmetry
in the Meyer-ter-Vehn model).

Although the ground-state spins and isomeric state spins in the odd-Hg isotopes
have been directly measured for 181-205^ anc| 185-199^ respectively,!"10! the
only direct spin measurements for the Tl parent ground states and isomeric states
are for i93-205y| r ef # [42] ancj references therein and

 191T1,[28] respectively.
As described above, this resulted in a confused picture of the 191Hg level scheme
that persisted for sometime. The occurrence of B-decaying high-spin (Cv = 13/2+)
isomers and low-spin (J1* = 3/2") ground states in 187-193^ dearly has been
invaluable in the study of the low-energy structure of the odd-Au isotopes, with
a very complete population of all states up to J = 17/2 and E ^ 1.4 MeV in these
isotopes. The occurrence of a B-decaying high-spin (J* = 9/2") isomer and low-
spin (iF = l/2+) ground state in 193T1 has been fundamental to an understanding of
the odd-Hg isotopes. A crucial aspect to the evaluation of the odd-Hg systematics
has been the requirement that specific levels (e.g., the low-spin positive parity
states) must be populated in the decay schemes. Instead of forcing the data to
support specific features in a particular decay scheme, this procedure results in
clearly establishing the quality of the data and determines whether or not im-
proved statistics (and resolution) are needed.

The study of the odd-Au isotopes is continuing in 1 8 5 > 1 8 7Au. These investigations
have required the acquisition of 1 8 5» 1 8 7Hg decay scheme data of a very high sta-
tistical quality (particularly coincidence data), in order to construct the ex-
tremely complicated level schemes. Some details of these studies are given in the
companion paper by E. F. Zganjar. The investigation of the odd-Hg isotopes is
continuing in 185»187fjg via studies of the I85,i87y-| d e c ay schemes. A major
point of interest here is the fact that the ground state goes from weakly oblate
to strongly prolate between 187Hq and 185Hg, with no change in the deformation of
the weakly oblate i13/2 isomer.C'O] We are seeking the deformed states in 187Hg
and a more extensive level scheme (see also the comments in ref. [43]) for 185Hg.
Ultimately, a major goal of this work is a detailed understanding of the deformed
configurations in the neutron-deficient Hg isotopes. States associated with this
deformation degree of freedom will manifest themselves as levels additional to
those expected on the basis of systematics.
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