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THE FATE OF RADIONUCLIDES IN SEWAGE SLUDGE APPLIED TO LAND*

H.L.Boston\ H.Van Miegroet', I.L.Larsen\ A.E.Walzer\ J.E.Carlton*.

ABSTRACT

Municipal sewage sludge containing up to 12 pCi/g (dry wt) U7Cs, 20 pCi/g ""Co, and 300 ppm U

was injected in a pasture (43 Mg/ha) and sprayed over a young pine plantation (34 Mg/ha). In

the pasture, radionuclides were largely retained in the upper IS cm of the soil, and only about

15% moved below 15 cm. Sludge rapidly infiltrated the soil on the pine plantation. One year

after application, at least 85% of the U7Cs, "Co, and U were found in the upper 7 cm of the pine

plantaton, with only about 15% moving into the 7- to 15-cm strata. On-site total added radiation

dose was 2 to 6 mrem/year. Radionuclides were not detected above background in soil solutions

at ~ 50 cm depth or in shallow down-gradient groundwater wells. Surface runoff from application

areas did not have elevated radionuclide concentrations. Concentrations of these radionuclides

increased slightly in vegetation on treated sites, and uranium was notably higher in earthworms.
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INTRODUCTION

Sewage treatment plants receive radionuclides from industry, hospitals, and from atmospheric fall-

out that may be removed and concentrated in the sewage sludge (ref 1-3). Current U.S.

regulations for radionuclide releases to sanitary sewers consider neither accumulation of radio-

nuclides in sewage sludge nor implications for sludge disposal. Therefore, radionuclides have

accumulated in sludge destined for disposal by land application (ref 4). The environmental fate of

sludge constituents has been the subject of numerous investigations (ref 5,6). However, the fate

of radionuclides in sewage sludge applied to land has received little attention thus far.

Digested sewage sludge from the City of Oak Ridge was applied to a pasture and a 4-year-old

loblolly pine plantation on the U.S. Department of Energy's Oak Ridge Reservation (Oak Ridge,

TN USA) to improve soil fertility and plant growth (ref 7). During this time the sludge was

contaminated with 137Cs, *°Co, U1I, and depleted U from industrial and medical sources. We

measured the activity of "7Cs and "Co and the concentration of U in soils, soil water, ground-

water, surface runoff, vegetation, and earthworms to determine the fate of these nuclides.

METHODS

Anaerobically digested sludge from the City of Oak Ridge was injected to 10 cm soil depth in the

pasture at a rate of 43 Mg/ha from December 1986 through May 1988. The sludge contained

about 12 pCi/g (dry wt) 137Cs, 20 pCi/g "Co, and 110 ppm U from industrial releases. Sludge was

sprayed over a 4-year-old pine plantation (34 Mg/ha) irom June 1988 through June 1989. This

sludge contained about 2 pCi/g u7Cs, 5.7 pCi/g "Co, and 300 ppm U. In the pasture, the upper

15 cm and the 15 - 30 cm soil depth were sampled following application. Vegetation (grass) was

sampled at the end of application and about 2 years later. The upper 15 cm of soil on the pine

plantation was sampled following application and again in May 1990. In November 1989, the

upper ~ 45 cm of soil was sampled. During May 1990, new-growth pine needles were collected.
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During sludge application, soil solution at 40- to 60-cm depth was collected with suction

lysimeters. Samples of surface runoff from active application areas were collected during

rainstorms. Groundwater was collected from shallow wells (<10 m) up- and down-gradient of the

pine plantation. Earthworms were also collected from the pine plantation. Similar samples were

collected from untreated (reference) areas adjacent to the application sites.

U7Cs, "Co, **K, and 7Be were determined by spectrometry (IGe detector) calibrated with

standards of known activities and geometries. When possible samples were counted to reduce

counting error to <10%. Total U was determined by neutron activa.ion (sludge and soil) or ICP-

mass spectrometry (water, vegetation, and earthworms) and calibrated with reference materials.

RESULTS

Aside from the radionuclide content, Oak Ridge sludge was typical of municipal sewage sludge in

the U.S. (ref 7) and was applied at rates typical for land application. We found that sludge

metals were rapidly immobilized and retained in the upper layers (15 cm) of the soil (ref 7), as

has been observed elsewhere (ref 5). On the tree plantation, U, u7Cs, and "Co were retained in

the upper 15 cm of the soil (Table 1). In the pasture about 15% of the added U, l37Cs, and MCo

occurred below 15 cm. We could not determine if this finding reflected migration or variable

injection depth. The upper 15 cm of soil on the pine plantation was sectioned (Table 1). The

profile showed that radionuclides from sludge sp'ayed over the surface rapidly moved into the soil.

Although U averaged 300 ppm in the sludge, the concentration in the surface 2 cm of the soil

averaged only about 25 ppm (Table 1) when application ended. Following treatment, U7Cs seemed

to be retained in the upper 2 cm of soil, whereas some *°Co clearly moved to the 7 to 15 cm

strata. About one year after application, the majority of U, "7Cs, and "Co was still in the upper

7 cm of the soil, and the extent of movement of each seemed similar. Although the average

concentrations of mCs, "Co, and U in the 7- to 15-cm depth were not significantly greater for the

treated area (Table 1), there was evidence of radionuclids movement to this strata from individual
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soil cores.

Mass balance calculations for sludge radionuclides on the pine plantation (based on soils colleaed

in May 1990) accounted for all of the added radionuclides in the upper 15 cm of the soil (ref 8).

Total added radiation dose (all pathways, continuous occupancy) was about 2.5 and 5.5 mrem/year

for the pine plantation and pasture, respectively, and was primarily due to short-lived *°Co (ref 8).

Vegetation on application sites had elevated concentrations of N, Pr K, and Ca but not of heavy

metals (ref 7). Grass collected from the pasture site was slightly enriched with U7Cs following

application and was slightly enriched in U and 137Cs almost 2 years later (Table 2). New growth

pine needles collected about 1 year after application had higher concentrations of U7Cs, "Co, and

U than plants on the reference site. The concentrations of these elements were not greatly above

background levels and were small compared with naturally occurring isotopes (e.g., *°K and 7Be).

Soil water on the application sites had high NO3' concentrations but did not contain elevated

concentrations of metals (ref 7). Soil water analyzed for mCs and "°Co on two occasions

contained <5 pCi/L of each nuclide. At times, some down-gradient groundwater wells at the pine

plantation contained up to 2 times the concentration of U of up-gradient wells, but concentrations

were generally low (<0.1 ppm). U7Cs and "Co were never detected in down-gradient wells (<2.5

pCi/L). Surface runoff from application sites was enriched in NO3", P, BOD, and fecal coliform

bacteria but never contained detectable IJ7Cs or *°Co (i.e., <5 pCi/L).

Earthworms and other soil organisms can accumulate metals (ref 9) and may transfer these to

other organisms. Earthworms from the treated area of the pine plantation contained 0.4 pCi/g

(dry wt) 137Cs and 0.6 pCi/g "Co, concentrations near our limit of detection. Earthworms from

the treated area contained about 3 ppm U (dry wt), compared with about 0.5 ppm U for the

reference area.



Radionuclides applied to soils in sewage sludge are diluted and immobilized in the soil. On mese

sites the radionuclides applied with sludge increased radiation dose by only about 2 to 6

mrem/year. Concentrations of radionuclides in the vegetation were not greatly increased.

Radionuclides were neither moving off-site with surface runoff nor moving into the groundwater.



Table 1 Radionuclides in soils (dry wt basis). Values are means ± 1 S.D. or ranges in [ ] for
*n = 6 treatment, 3 reference; bn = 3 treat., 3 ref.; or cn = 6 treat., 4 rcf. samples.

U (ppm)
Treatment Reference

Pasture*

Soil
depth
(cm)

0-15
15-30

6.2 ± 1.4
3.8 i 0.4

3.3 t 0.3
3.3 ± 0.4

Pine Plantation*
Nov. 1989 0-15

15-30
30+

7.9 t 0.6 3.8 ± 0.7
3.6 t 0.4 3.4 * 0.7
3.7 i 0.4 3.4 ± 0.5

Pine Plantation (0 - 15 cm only)
July 1989C 0-2 25.3 ± 12.2 3.9

2-7 11.4 ± 4.0 4.0
7-15 5.4 t 1.0 4.0

May 1990c 0-2
2-7
7-15

23.0* 11.9 4.1
9.7 * 5.3 4.0
5.0 ± 1.4 4.0

0.6
1.4
1.1

1.2
1.1
1.1

I37Cs (pCi/g) <°Co (pCi/g)
Treatment Reference Treatment Reference

1.24 * 0.44
0.28 I 0.26

0.43 t 0.13

0.88
0.49
0.33

0.77
0.66
0.52

0.10 0.45
0.14 0.42
0.19 0.43

0.18 0.44
0.12 0.44
0.15 0.36

0.26 t 0.09
[<0.03-0.06]

0.48 i 0.06 0.43 i 0.01 0.09 t 0.01
0.04 * 0.01 0.05 ± 0.02 <0.011
<0.012 <0.012 <0.010

0.01 0.53 * 0.16
0.04 0.12 t 0.02
0.15 [<0.02-0.10]

0.04 0.31 t 0.16
0.14 0.10 ± 0.07
0.19 [<0.01-0.05]

<0.02

<0.04
<0.015
<0.010

<0.05
<0.03
<0.03

<0.03
<0.01
<0.01

Table 2 Radionuclides in vegetation (dry wt basis). Values are means t 1 S.D. or ranges in [ ] for *n = 3
treatment and 3 reference or bn = 6 treatment and 2 reference sample.-. NA = not available.

Pasture-1988*
Treatment
Reference

Pasture-1990*
Treatment
Reference

Pines-1990b

Treatment
Reference

U
(ppm)

NA
NA

137Cs
(PQ/Kg)

6 1 * 52
[61-<200]

[<0.01-0.03] [< 14-34]
<0.01 [< 16-26]

0.11 t C.08
0.03 ± 0.01

[< 15-34]
<15

"Co
(PCI/Kg)

[59-<200]
<86

<16
<24

[< 12-29]
<15

(pa/Kg)

27400 t 5800
18900 i 4420

26100 * 5200
22300 ± 1660

3618 t 287
3811 i 602

7Be
(PC/Kg)

5360 t 2930
13800* 8200

1490 t 662
3440*383

1913 * 67
2381 * 359
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ABSTRACT

A brief history of superdeformation is presented. Calculations
of superdeformed well depths, single particle energy level diagrams
at 1=0, orbital alignments as a function of rotational fr£a)Ag£n«n^LGp.lt
dynamical moments of inertia are presented. The sensitiviry^&r * £U u
calculations to the details of the spin-orbit interaction are
examined. Comparisons with experimental results are made. SEP 2 7 1990

INTRODUCTION

Superdeformed nuclides (axis ratio >1.5:1) were first proposed1)
some twenty five years ago as the explanation of the prTen'cine'noiia ~̂Trf-~--
fission isomerism seen in the actinides at 1=0. The fission isomers
are nuclear states associated with very elongated shapes (axis ratio
of 22:1). Although the calculations using the Strutiixsky method1)
give superdeformed mirima in the energy surfaces of many of the
actinides, these calculations do not seem to explain some of the
spectroscopic information obtained in the study of the fission
isomers; most notably the magnetic moment measurements3) in 2 3 0Pu.
This failure of the calculations has given rise to much theoretical
speculation about the nature of the effective potential at large
deformations; however the difficulty of obtaining sufficient
spectroscopic information on superdeformed actinides has made it
impossible to resolve this problem. A detailed, useful treatment of
superdeformation in the actinides can be found in the review*1) of
Bjornholm and Lynn.

In the past few years, heavy ion reactions have been used to
produce5^ several superdeformed nuclides at high spin near 1 5 2Dy.
Calculations using the cranked Strutinsky method suggested6'7*8'9)
the existence of superdeformed states in several nuclides of this
region at high spin. These nuclides decay from superdeformed to less
deformed shapes at high spins (1= -25) and little is known about the
energy differences of rotational bandheads in this region. It is
interesting to note that the same large gap in the neutron single
particle spectrum (N^86) that gives rise to these superdeformed
nuclides at high spin also explains10) many features of the mass
yields observed in the fission of the actinides. This large shell
gap gives a minimum in the energy surface at high spins because the
moments of inertia are much larger for superdeformed states than they
are for normally deformed states and the rotational energy is lower.
In the fission case, the superdeformed shapes are favored because of
the coulomb repulsion of the nascent fission fragments.

We have carried out calculations on nuclides in the A=190
region, using the cranked Strutinsky method, and predicted11) that
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there are many nuclides in the Hg region in which supercr.formed
states are experimentally accessible at moderate spins (1-40) . Based
on these predictions, an experimental study-^) was made and super-
deformation was first discovered in •'•̂ Ĥg in this mass region. We
also found in our calculations that this region differs substantially
from the A=150 region in that the superdeformed minimum persists to
low spin. There are other^.14,15) calculations that show super-
deformed minima for nuclides in this region at 1=0; but the stability
of superdeformed states at 1=0 remains an important open theoretical
and experimental question and is an area of active research. As of
now, superdeformed states with 1=0 have not been seen in this region.
Our calculations suggest that the superdeformed states are at least 4
MeV higher in energy than the ground state in the A=190 region, at
1=0. This is roughly twice as much excitation energy as the fission
isomers seen in the Uranium isotopes and implies an order of
magnitude increase in E2 decay probability from the superdeformed
state if one assumes the same transition matrix element.

THE MERCURY REGION

In the Strutinsky method, the total energy is the sum of a
smooth contribution to the nuclear energy, given by a liquid drop
model; and a fluctuating part the "shell correction", that measures
the difference between the level density for the nucleus of interest
and some smoothed level density. When the level density is low at
the fermi level, we get extra stabilization. In Fig. 1, we show the
proton and neutron levels appropriate to the superdefonned Hg region.
One can see that the shell corrections are particularly favorable for
Z=80 and for 112<N<120. In our calculations, we use the Myers-
Swiatecki-^) parameterization of the liquid drop model and a Woods-
Saxon single particle potential for the level density calculation.
This parameterization^) of the Woods-Saxon potential is based on
single particle energy level spacings obtained from a many-body
analysis of near yrast high spin states in the ^-^Gd region.

The energy is calculated on a grid in deformation space. The
ground state shape is that shape with lowest total energy. Excited
states are predicted at all local minima in the energy surface.
Angular momentum is introduced by adding a cranking term WJX *•') to
the single-particle Hamiltonian and the calculation is extended
thereby to finite angular momenta. It is worth noting that super-
deformed states come down in energy relative to less deformed ones as
the angular momentum increases, because they have larger moments of
inertia and hence less rotational energy.

There are some caveats that apply to the Strutinsky method.
Ground state masses are calculated with an accuracy of -0.8 MeV.
Also, there are calculations in the A=146 region showing a reflection
asymmetric minimum about 1.5 Mev deeper than the reflection symmetric
minimum, but experimentally the nuclides do not show reflection
asymmetry in their ground states. This suggests that a well depth of
at least 2 MeV is needed before one has a reasonable prediction of



shape stability. On more general theoretical grounds, one expects
that there will be strong mixing of configurations with different
shapes when the barriers between the different shapes are small.
When one goes beyond the Strutinsky method, e.g. with a generator-
coordinate calculation, one finds just this sort of shape mixing. A
second caveat is that one may not have looked at the region of
deformation space where the true minima are found; i.e. by neglecting
octupole, hexadecapole 25-pole or 2g-pole degrees of freedom, one
might get a totally erroneous picture of nuclear structure, even if
the Strutinsky method were exact.

With these qualifications in mind, we turn to our-1--'-' calcula-
tions of superdeformation in the Hg region. These calculations
include only quadrupole and hexadecapole deformations. In Fig. 2, we
display the calculated superdeformed well depth at 1=40 in the A=190
region. The first thing to note is that there is a large region of
nuclides with a well developed superdeformed minimum at a quadrupole
deformation of f2=0-5, corresponding to an axis ratio of 5:3. We
chose a 2 MeV well depth as a minimum, requirement for the reasons
cited above. In Fig. 3, we display the excitation energy of the
superdeformed state relative to yrast at 1=40. We have assumed that
the lower the excitation energy of the superdeformed state, the
easier it is to produce. Taking both of these figures into
consideration, we are led to a prediction of the most experimentally
accessible superdeformed states being in l^Hg and l92Hg. These
predictions are borne out by the experimental observation-*-2»18,19) of
superdeformation in these nuclides. Subsequently, superdefonned
states have been found in 1 9 0Hg 2 0 ) , 1 9 3Hg 2 1 ) , 1 9 4Hg 22), 193 T 1 23)f

194 T 1 24)> 194 p b 25) a n d 196pb 26). A l l o f t h e s e nuclides are

expected to have superdeformed minima (cf. Fig. 2 ) . In Fig. 4, we
display the energy surface obtained with the Strutinsky method for
191Hg at different values of the angular momentum. We have made a one
dimensional cut of the energy surface so as to connect the minima.
We get qualitatively similar results for the other known super-
deformed nuclides in this region.

However, there is a serious problem! Our calculations indicate
that the superdeformed minimum in •'•̂ Hg and ^9^Hg is rougnly 4 MeV
above yrast even at 1=40. Conventionally, one assumes that the
superdefcrmed band is populated in that range of angular momentum
states in which it is near yrast <md fission competition is not yet
serious. The population of superdeformed bands in Pb is not
consistent with our calculation if one makes this assumption. This
suggests that either our single particle scheme is not quite right or
that highly excited superdeformed states can be populated in heavy
ion reactions.

Here we explore the possibility that the single particle
potential is not quite right. Many years ago Rost 2^ pointed out
that one could improve the agreement of Woods-Saxon calculations with
experimentally determined proton energy level spacings in the heavy
elements by using a spin-orbit radius parameter that is 3/4 the value



used for the central part of the potential. As many of these
actinide levels are at or even below the fermi level in the super-
deformed A=190 region, it is worthwhile to explore the effects of
this parameterization on superdefonnation in the Hg region. We note
that this parameterization gives results similar to our earlier work
for the ground state deformations in the A=180-190 region. Whether
or not this parameterization is valid, these calculations provide an
estimate of the sensitivity of the model to reasonable changes in the
parameters. We have carried out such a calculation. In Fig. 5, we
compare the spherical single particle energy levels obtained with
R S i 0 -=R 0, and the spherical levels obtained using Rs_0 =0.75RO. The
level orderings and spacings are quite similar apart from an
increased splitting of the hn/2-h9/2 pair and a decreased splitting
of the f7/2"^5/2 P ai r with the Rost parameterization. It should be
noted that there is evidence for a decreased fjj2~^5/2 splitting from
the (d,p) studies of Pb and also from the observation^8) of the 1/2-
[521] orbital in the A=250 region. In Fig. 6, we display the well
depths associated with the superdeformed minima at 1=40, using the
Rost spin-orbit radius. Comparing with Fig 2, one immediately sees
that there are many more superdeformed nuclides with well depths
greater than 2 MeV. Also, the deepest wells are on the order of 5
MeV and are -2 MeV deeper than we found with our usual parameter-
ization, for the nuclides in the vicinity of •'•̂ P̂o. We emphasize
that the deep superdeformed well depths are retained in the Hg-Tl-Pb
isotopes in which superdeformed bands are known. Unfortunately, the
excitation energy of the superdeformed minima are predicted to be as
high or higher in-this calculation th..n the values shown in Fig. 3.
This calculation does not provide an easy explanation of the
population of the superdeformed bands in l^Pb and l^Pb. To put
things more strongly, there is a maximum in E* at 1=40, for the
superdeformed band for neutron numbers 110<N<118, when Z=81 or Z=82.
With our original parameterization, this maximum always occurs for
Z=S2. This means that the superdeformed states in Pb should be the
hardest to produce according to this criterion. If the Rost
parameterization is the correct one, we might argue that the decay
out of the superdeformed minimum would be inhibited by the existence
of a such deep wells and perhaps one might observe transitions in the
superdeformed rotational bands of nuclides near 1 9 9Po. Both the Rost
and the conventional spin-orbit interactions predict superdeformed
minima in this mass region. However, there are large differences;
i.e. the results are sensitive to the details of the potential. It
is then important to fix the potential as accurately as possible.

OTHER SURPRISES

There have been several other surprises in the experimental
study of superdeformed bands in the Hg region. The first has been
how easy it is to produce these bands in heavy ion reactions. The
second is the large regular increase in the dynamic (second
derivative) moment of inertia with rotational frequency. The third
is the observation of of almost exactly the same transition energies
in superdeformed bands of different nuclides in the Hg region. This



feature was first noted in the superdeformed bands of the A=150
region.

We consider the dynamic moments of inertia. In the high spin
superdeformed rotational bands of the Dy region one finds very little
variation in the moment of inertia as a function of angular momentum.
In the Hg region, there is in some instances a -402 increase in the
moment of inertia in the superdeformed bands. In the A=150 region,
the superdeformed bands terminate at 1-25, while they continue to
rather low spin in the Hg region. One might assume that pairing
plays a rather different role in the two regions and that a pairing
attenuation is related to the increase of the moment of inertia in
the Kg region. The role of pairing is quite paradoxical in super-
deformed nuclides. In order that there be a superdeformed minimum in
a nucleus, the level density must be small near ':he Fermi level and
pairing correlations must be small. On the other hand, a super-
deformed shape has a large moment of inertia and small energy
differences between members of a rotational band. This means that a
small pairing correlation energy that decreases with increasing
angular momentum could have a dramatic effect^'^^O o n the moments of
inertia of superdeformed states without really affecting their
structure.

Because the level density is low for superdeformed shapes, a
quasiparticle treatment of pairing forces is not appropriate in this
case. If one uses a gap parameter to get a finite pairing
correlation energy, this gives excessive pairing correlation and too
low a moment of inertia at low spin. The approach that we take^l) is
to calculate the pairing correlation energy accurately at WQ = 0 using
the method of correlated quasiparticles^; which goes beyond the
quasiparticle (BCS) approximation and is particularly appropriate
when pairing effects are small. Motivated by the observed smooth
rise in the moment of inertia in this region, we assume that the
pairing correlation energy is smoothly attenuated as a function of
increasing angular momentum. The functional form that we choose is
an exponential attenuation, i.e. we set

at each point in tne deformation space grid. We use a single
parameter UQ for all nuclides in the A=190 region. Comparing with
the experimental data, we choose W Q = 0 . 2 5 MeV (h)-l and get a
reasonable agreement with observed moments of inertia. This means
that the pair correlation energy is reduced to -402 of its ground
state value at 1=30. In Fig. 7, we compare the calculated and
observed moments of inertia for -̂ -̂ Ĥg, where the agreement is quite
good and for ^-*Hg in Fig. 8 where the agreement is not so good. It
appears that one can account for the increase in the moments of
inertia quite reasonably in this way. In doing this calculation, we



included 2g-pole deformations in addition to quadrupole and
hexadecapole deformation. This shifted the superdeformed minima
somewhat; giving much smaller values of 1/4 than we obtained without
the inclusion of 2g-pole deformations. It also lowered the
excitation of the superdeformed state by several hundred keV in some
instances; providing a nice example of the need to use an extended
Reformation space in Strutinsky calculations.

The problem of almost identical transition energies in different
nuciides is not easy to understand. This was first seen33.34) in the
A=150 region with almost identical transition energies in N=86
isotones. For obvious reasons, such bands are sometimes called
twinned bands. There have been many more such bands seen in the Hg
region. The differences in the transition energies are just a few
keV, which is considerably less than one expects from the rigid rotor
estimate of the moment of inertia. A calculation accurate to a few
keV goes far beyond my assessment of the accuracy of the cranked
Strutinsky method. Stephens has emphasized-3-*) that the incremental
alignment in the twinned bands is either integer or half integer
"relative to 1 9 2Hg. We have examined the calculated single particle
neutron alignments for the orbitals near N=112. These single
particle alignments as a function of rotational frequency are shown
in Fig. 9. We do not seem to find orbitals with constant alignments,
or with half integer or integer alignment. One expects to see such
alignments with a pseudo-SU(3) 36,37) coupling scheme, which has been
suggested as an explanation of this phenomenon. However, this is
known to be only an approximate symmetry in deformed nuciides.

SUMMARY

To summarize, we find that the cranked Strutinsky method, used
with some care, has led us to the prediction of a new region of
superdeformed nuciides that are accessible in heavy ion reactions.
The experimental study of this region has raised some interesting
questions: (1) why are the transition energies in superdeformed bands
so similar i'.i different nuciides; (2) why do we populate super-
deformed bands, when the calculations suggest that they are highly
excited; (3) why is there a large increase in the second moment of
inertia with increasing spin. We believe that the last problem is at
least semi-quantitatively understood; the second question may be
answered within the context of the cranked Strutinsky method; and
that one must go beyond the Strutinsky method and beyond such
approximate symmetry concepts as pseudo-SU(3) to deal with the first.
There is a reciprocal interaction between theory and experiment that
is making nuclear structure the stimulating area of research that it
is today. It is just this interaction that leads us to suggest
experiments to clarify the role of E* in the production of super-
deformed states. This means the study of nuciides with Z=84 and
Z=85, with N near 115.

This work supported by the U.S. Department of Energy, Nuclear
Physics Division, under contract W-31-109-ENG-38. The calculations
were carried out on the NERSC computers at Livermore.
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Figure Captions

Fig. 1 Proton and neutron single particle levels for superdeformed
Hg region.

Fig. 2 Depth of the superdefonned minimum for nuclides near A=190 at
1=40. The continuous line is the 2 MeV contour; the dashed
line is the 3.5 MeV contour. The numbers inside the figure
are quadrupole deformations V^ of the superdeformed minimum.
In each row, , all nuclides to the right of a written value of
l>2 have the same value.

Fig. 3 Excitation energy (E*) of superdeformed state at 1=40,
relative to yrast. The dashed line is the 0.5 MeV contour;
the continuous line, 2 MeV; the dotted line, 4.5 MeV. The
numbers inside the figure are moments of inertia calculated
without pairing.

Fig. 4 A one dimensional cut of the Strutinsky energy surface of
1 9 1Hg, as a function of angular momentum.

Fig. 5 Comparison of proton spherical single particle levels for
Rs.o.=Ro a n d RS.o.=°-

75Ro-

Fig. 6 Depth of superdeformed minimum at 1=40 obtained with Rost
spin-orbit parameterization. The continuous line is a 2 MeV
contour; the dashed line, the 3.5 MeV contour; the dotted
line, a 4.5 MeV contour.

Fig. 7 Dynamic moment of inertia of 1 9 2Hg as a function of
rotational frequency. The continuous line is the
calculation.

Fig. 8 Dynamic moment of inertia of 1 9 3Hg. See caption for Fig. 6.

Fig. 9 Single particle alignments near N=112 at 1/2=0.50, 1/4=0.02.
The neutron numbers and fl* values are for 0=0.
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