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We are studying the yrast structure of very neutron-rich nuclei around doubly magic 132Sn by an~~ing fission product *-raj
data from a 248Cm source at Eurogam II. Yrast cascades in several few-valence-particle nuclei have been identified through w cros..
coincidences with their complementary fission partners. Results for two-valence-particle nuclei 132Sb, 134Te, 134Sb and 134Sn provide
empirical nucleon-nucleon interactions which, combined with single-particle energies already known in the one-particle nuclei, me
essential for shell-model ~alysis in this region. Fktdings for the N = S2 nuclej 134Te and 13s1 have now been extended to the
four-proton nucleus lo6Xe. Results for the two-neutron nucleus 134Sn and the N = 83 isotones 134Sb, 13sTe and 136I open up the
spectroscopy of nuclei in the northeast qua&ant above 132Sn.

1 Introduction

The doubly magic nucleus 132Sn and the few valence par-
ticle nuclei around it are neutron-rich species inaccessible

for study by- the common tools of nuclear reaction spec-
troscopy. The limited information available concerning
the structure of these nuclei comes mostly from d- decay
studies of fission product radionuclides, supplemented in
a few cases by -y-ray decay data for yrast isomers with ps

half-lives. Blomqvist 1 has pointed out that there should
be many points of resemblance between the spectroscopy
of the 132Sn region and the well studied nuclei around
doubly-magic ‘08Pb. The orbitals above and below the
energy gaps in the two cases are similarly ordered, and
every single particle state in the 132Sn region has its

counterpart around 208Pb with the same radial quan-
tum number n, and one unit larger in angular momenta

1 and j. one consequence with particular impact on the

present work is that specific nucleon-nucleon interactions

required for sh;ll model calculations in the 132Sn region

may be estimated from the corresponding empirical inter-
actions in 208Pb region nuclei, which are known in some
detail’.

Recent investigations using mu]tidetector Gc arrays
to study fission product y-rays from 2s2Cf or ‘48Cm
sources have identified prompt and delayed y-ray cas-

cades from individual product nuclei in the ‘3%n neigh-
borhood 3*4. In the present measurements, the Eurogam
II array consisting of 124 Ge detector elements and four
LEPS spectrometers recorded 2X109 three-fold or higher-

fold -y-ray coincidence events from a 248Cm source deliv-
ering Z6X104 fissions/see. Additional experimental dc+
tails have been given in previous publications, which have

presented results for the two- and thre~proton IV = 82

nuclei 134Te and 13SI 4. Here, we present first results
for the four-valence-proton N = 82 nucleus 136Xe. we
then turn attention to N = 83 and N =.84 nuclei near

13%n, which should provide kev information about em-.
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Application of Lithium in Molten-Salt Reduction Processes
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MetaIlothermic reductions have been extensively studied in
the field of extractive metallurgy. At Argonne National
Laboratory (ANL), we have developed a molten-salt based
reduction process using lithium. This process was originally
developed to reduce actinide oxides present in spent nuclear
fuel. Preliminary thermodynamic considerations indicate that
this process has the potential to be adapted for the extraction
of other metals. The reduction is carried out at 65(YC in a
molten-salt (LiCl) medium. Lithium oxide (Li,O), produced
during the reduction of the actinide oxides, dissolves in the
molten salt. At the end of the reduction step, the lithium is
regenerated from the salt by an electrowinning process. The
lithium and the salt from the electrowinning are then reused for
reduction of the next batch of oxide fuel. The process cycIe
has been successfully demonstrated on an engineering scale in
a specially designed pyroprocessing facility. This paper
discusses the applicability of lithium in molten-salt reduction
processes with specific reference to our process. Results are
presented from our work on actinide oxides to highlight the
role of lithium and its effect on process variables in these
molten-salt based reduction processes.

Introdu ctiou

Metallothermic reductions have been
the field of extractive metallurgy.
reductions take place in a molten-salt

extensively studied i n
Often metallothermic

environment in which
the product oxide is soluble. The dissolution of the product
oxide in the molten salt reduces its activity to less than unity
and, hence, facilitates the reduction reaction. It is also

important for the reductant to be present in the molten salt as a
dissolved species so that it may be easily transported to the
reaction interface. The other important attributes of the
molten salt include its melting temperature and corrosive
behavior.

Lithium dissolved inmolten LIClis an attractive candidate for
amolten-salt based reduction process. The low melting point
of LiCl, 61(YC (l), allows the reduction to be carried out at
moderately low temperatures. Also, both lithium and LizO are
fairly sohtblein LiClat these temperatures. Thesolubility of
lithium inmolten LiClis O.66mol% (0.11 wt%)at66ZC and
1 mol% (0.16 wt%)at 750”C (2). The volubility of Li20 in
molten LiCl is reported to be 8.7 and 11.9 wt% at 650 and
750”C (3), respectively. Furthermore, the Li-LiCI system at
650”C does not pose a major corrosion problem, and the use of
stainless steel containment material is adequate.

At Argonne National Laboratory (ANL), a process has been
successfully developed using the Li-LiCl system. This process
will be referred to as the’’lithium reduction process” in the rest
of the paper. The lithium reduction process is carried out at
650°Cin amolten-sah (LiCl) medium; Li,O, produced during
thereduction of the fuel, dissolves in the molten salt. At the
endofthe reduction, thelithium isregenerated from thesa1t by
an electrowinning process (4). The lithium and the salt from
the electrowinning are then reused for reduction of the next
batch ofoxide fuel. The process cycle has been successfully
demonstrated on an engineering scale in a specially designed
pyroprocessing facility. The use of stainless steel crucibles
has been shown to be adequate for the lithium reduction
process.
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Our work on the lithium reduction process demonstrates that
the use of lithium as a reductant in a molten-salt system is
feasible and can be adapted to the extraction of other metals.
An important advantage of this process is that the salt and the
lithium can be recycled for use in the next reduction cycle. The
applicability of lithium as a reductant in molten-salt reduction
processes wi[l be discussed in this paper with specific
reference to results from our work on oxide spent nuclear fuel.

The use of lithium as a reductant stems from the high chemical
stability of Li20. Ellingham diagrams can be used to compare
the relative stabilities of various oxides under standard
conditions. In this paper, the standard EIlingham diagrams
will be used with a slight modification in that they will also
include a line for Li20 at an activity less than unity. The

reason for this inclusion wi II be provided later in this section.

The- Ellingham diagram presented in Fig. 1 shows the relative
stability of LIZO in comparison to the principal actinide
oxides of interest in the oxide spent nuclear fuel. All the free
energies of formation plotted in this and subsequent figures
have been taken from standard thermodynamic compilations
(5, 6). The graph in Fig. 1 shows that lithium can easily
reduce U02 and Np02 at 650”C (923 K) as per the reaction

variety of elements present in the spent oxide fuel makes i t
well suited for evaluating the scope of molten-salt reduction
processes using lithium.
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MOz+4Li=M+2Li20 (1)

where M refers to the actinide metal. Note that AmzOJ and
PuzOj cannot be reduced by lithium, according to Fig. 1, when
pure L120 is formed. However, the use of molten salt lowers
the activity of Li20 to less than unity, and this drives the
reduction of Amz03 and PU203. This is illustrated in Fig. 1 by
plotting the free energy of formation of Li20 in molten LiCl
for an assumed LIZOactivity of 0.2 (lower dashed line). This
iIhtstrates the advantage of using lithium as a reductant i n
conjunction with a molten salt, The generalized reaction for
the lithium reduction process in a molten salt may then be
written as:

MO, (s) + 4 Li (saIt) = M (s) + 2 Li,O (salt) (2)

where the lithium activity in the salt is maintained at unity.
The reduction of Am203 and PUZOJis limited by the activity of
Li20 in the salt, while this is not the case with the other two
actinides illustrated in Fig. 1.

The oxide spent nuclear fuel consists of many non-actinide
components, a few of which are listed in Table I. The
components listed in Table I are not all-inclusive, and the
table is only intended to show that a variety of non-actinide
elements are present in the oxide spent fuel. The non-actinide
components listed in Table I have been grouped together into
two broad classes. The grouping is based on their behavior
during the lithium reduction process. Examining the behavior
of these two groups should provide insight into the
possibility of applying the lithium reduction process to
extract these non-actinide elements in their pure form. The

2

Figure 1: Ellingham diagram showing the free energies of
formation per mole of 02 for Li20 and representative actinide
oxides.

Table I Select non-actinide components of a reference oxide
spent fuel from light water reactor

Component Class Designation

Y, La, Ce, Pr, Nd, Pm, Sm, Gd Rare Earths (RE)

Zr, Nb, Mo. Tc, Ru, Pd, Ag, Nobler Metals (NM)
Cd, Sn, Sb -

The rare earth (RE) group remain as oxides, unaffected by the
presence of lithium. This is expected from the highly negative
free energies of formation of the rare-earth oxides, as shown in
the Ellingham diagram in Fig. 2. Although the rare-earth
oxides themselves are virtually insoluble in LiCI, some of
them interact with Li20 at high Li20 activities to form mixed
oxides that have a limited, although measurable, volubility i n
LiCl (7). This reaction is expressed as:

R~03 (s)+ Li20 (salt)= 2 l-illEO, (s) (3)

where RE denotes a rare-earth element. Thus the rare-earth
elements cannot be directly extracted in their elemental form
by the lithium reduction process.
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Figure 2: EIlingham diagram showing the free energies of
formation per mole of Oz for LizO and representative rare-earth
(RE) oxides.

The most interesting group of elements from an extractive
metallurgy point of view are the nobler metals (NM) in Table I.
These elements are classified as “nobler metals” because they
are expected to remain in their elemental form in the lithium
reduction process without any interaction with lithium. The
group includes refractory elements such as zirconium,
niobium, and” molybdenum. The chemical stabilities of a few
of the noble metal oxides relative to LIZOare illustrated in the
Ellingham diagram in Fig. 3. From this graph, it is apparent
that Li20 is much more stable than most of these oxides.
Zirconium oxide (Zr02) is the only oxide in this group whose
free energy of formation is close to that of Li20. Preliminary
thermodynamic considerations using Ellingham plots indicate
that the application of lithium as a reductant has promise i n
the extraction of refractory metals such as niobium and
molybdenum from their oxides. The use of lithium as a
reductant may be further extended by examining a few other
metaIs of commercial importance that are not a part of the
oxide spent nuclear fuel. As shown in Fig. 4, lithium has the
potential to reduce the oxides of titanium, tantalum, vanadium,
tungsten, and iron. However, further investigation is
wamanted to study the possible formation of mixed oxides, for
example, L]zZr03 (8); formation of sub-stoiclriometric and
lower valence oxides; formation of other stable compounds:
and factors that affect the reduction kinetics.
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Figure 3: Ellingham diagram showing the free energies of
formation per mole of 02 for LizO and representative nobler
metal (NM) oxides.
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Figure 4: Ellingham diagram showing the free energies of
formation per mole of 02 for Li20 and oxides whose metallic
components are of commercial importance.

Even if the reduction process is thermodynamically favored,
its actua[ mechanism needs to be well understood to determine
process feasibility. The mechanism of molten-salt based
reduction processes will be developed with specific reference
to the lithium reduction process.
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The mechanism of the lithium reduction process can be
understood by considering a simple conceptual model,
schematically illustrated in Fig. 5. In this model only the
most important steps in the reduction process are considered.
Assume that a lithium source is present in the salt to replenish
the lithium lost from the salt through the reduction reaction.
Also, assume that the oxide to be reduced is present in the form
of crushed particles loosely packed in a bed in a special
containment such as a basket. For a reduction process in a
molten-salt medium in the assumed experimental
configuration, the following events must occtm

(1) Dissolution of the lithium metal from the source into the
molten salt.

(2) Transport of the dissolved lithium species through the

.- molten salt to the basket (container holding the oxide to be
Kdticed) exterior.

(3) Transport of the lithium-containing salt to the basket
interior through the pores in the bed of crushed oxide particles.

(4) Transport of the reductant through the product layer to the
reaction (metal-oxide) interface (after the commencement of
reduction when a small metallic layer is formed as a product on
the surface of the reacting oxide particles).

(5) Chemicai reaction involving transfer of eiectrons.

(6) Dissolution of Li,O (product) into the salt and transport of
LizO away from the reaction site.

LISource Basket with

T/.’x:q [2) Li transport
through LiCl.. . -

(1) Li dissolution /

(4) LI transport
/

(3)Li transport to

through product layer basket interior

(5) Chemical
reaction 4

/ ‘A single UO*particie.
,0 dis~olution with an unreducedcore

and an external metallic
and transport product layer

Figure 5: Schematic illustrating the important steps in the
lithium reduction process.

From this conceptual model, it is clear that lithium and the
molten salt play a key role in the reaction mechanism. The
role of lithium and the salt may be better understood by
examining the process variabIes associated with each process
step in the model. This may be done by measuring the effect of
process variables on the reduction rate. Since several process
variables affect the process throughput. it would require a very
detailed model and extensive experimentation to accurately
describe the reduction process. However, a few carefully
designed experiments have illustrated the important variables
associated with some of the process steps outlined above.
Attention to these process variables has proved to be
especially beneficial in scaling up the reduction process from a
bench-top experiment to the engineering scale (9).
Illustrative examples of the effect of these process variables
on the reduction kinetics will now be presented.

Ewe madri

The lithium reduction process was carried out in an inert gas
atmosphere such as argon or helium. The lithium source was
submerged in the molten LiCl salt at 650”C. The lithium
activity in the salt was maintained at unity by ensuring that
there is sufficient salt-metal interaction. This was done by
stirring the melt and by providing sufficient contact area
between the salt and the lithium source. The cmshed U02 fuel
was contained in a fuel basket and was also submerged in the
salt. The fuel basket was constructed of perforated stainless
steel and stainless steel wire mesh that allowed salt flow into
the basket interior. The experimental set up of the reduction
vessel is shown in Fig. 6.

Figure 6: Cut-away view of the reduction vessel as configured
for the U02 reduction experiments.
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Periodically, salt samples were extracted from the melt and
analyzed for their LIZO concentration by a simple acid-base
titration, By this means, the reduction rate was monitored.
When the reduction was complete, the fuel basket was raised
above the melt level, and the salt was allowed to drain. The
reduced product was crushed and visually examined for traces of
oxide, and then a sample of it was sent for x-ray diffraction
analysis (XRD) to ensure that the reduction was complete.
After the reduction, uranium is typically separated from the
other elements by an electrorefining operation (10) and then
the adhering salt on the electrorefined product is removed by a
melting operation.

Most of the experiments were performed with 200 g of crushed
UOZparticles whose particle size typically ranged from 45 -
2000 ~m. The results will be presented in the form of extent of

reduction (70) of the 200 g batch of oxide vs. reduction time
(hours).

. .. . .
and DmcussIou

The results showed that one of the major variables affecting
lithium dissolution in the molten salt is the area of contact
between the lithium source and the molten salt. This effect is
illustrated in Fig. 7, where two contact areas are compared for
reducing a given batch of UOZin a given volume of salt under
similar conditions.

1 tithiu

lz or, I 1 1 I

m-salt

:a . 325 Cmz_ ~
+

1//
Ilthlum-salt

contact area =160 cm*

40

I

o 10 20 30 40 60

Time (hours}

Figure 7: Effect of lithium-salt contact area in the lithium
reduction process.

The second process step, transport of dissolved lithium
through the molten salt, is dependent on the diffusivity of
lithium in LiC1. This may be a function of the LizO
concentration of the salt, but this effect has not yet been
measured.

Transport of the lithium-containing salt to the basket interior
through the pores in the bed of crushed oxide particles . is
dependent on the basket thickness as well as melt stirring.
Faster reduction was seen with thinner baskets and a stirred
melt. The effect of melt stirring on the reduction kinetics i n
the lithium reduction process is illustrated in Fig. 8. Stirring
may also affect other process steps, such as lithium
dissolution and LizO transpott away from the reaction site.

Figure 8:

120 i & t I

crushed UO1,

stirred

100

80

v:

crushed U02

60
unstirred

40

o 10 20 30 40 50

lime (hours)

Effect of melt stirring on the reduction kinetics in the

lithium reduction process.

After the reduction has started, when a small metalIic layer is
formed as a product on the surface of the reacting oxide
particles, the transport of the reductant through the product
metallic layer to the reaction (metal-oxide) interface is an
important step. This will be affected by the diffusivity of

lithium through the product metal. However there is often a

large volume change associated with the transformation, as in
the case of UQ reduction. This results in the formation of a
porous product layer, which allows for pore diffusion of the
lithium through the salt to the reaction site. This effect was
demonstrated by reduction of clad UO* pellets, where the
reaction was allowed to progress only through the two open
ends of cylindrical, l-cm-long pel~ets. Experiments were
performed with and without melt stirring. The results for the
two cases, shown in Fig. 9, were the same within the

measurement uncertainties, M%. of the analytical method.

Melt stirring did not make a significant difference in this case,
unlike the crushed UOZreduction (Fig. 8). This shows the
importance of the reductmtt diffusion though the product layer
(lithium diffusion through metallic uranium or, more likely.
pore diffusion of lithium through the salt to the reaction site).
Reductant diffusion may thus be an important variable for
certain experimental configurations such as reduction of
particles packed together in the form of a bed or a pellet.
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Figure 9: Effect of melt stirring on the reduction kinetics of
clad, 1-cm-long UOZ pellets.

The chemical reaction itself, involving the transfer of
electrons at the reaction site, has not been studied so far. The
last process step listed, the dissolution of LizO (product) into
the salt and transport of L:ZOproduct away from the reaction
site, has also not been investigated. However, it was observed
that the salt trapped in the interior of larger U02 particles is
enriched in LizO concentrate on. ‘IMs may play a particularly
important role in the reduction of oxides where it is essential,
from thermodynamic considerations, to keep the LizO activity
low. Local enrichment of Li20 in the salt may shut down the
reduction reaction in such cases.

This paper discusses the application of lithium as a reductant
in molten-salt reduction processes. A thermodynamic analysis
has been presented with the help of EHingham diagrams to
assess the potential of molten-salt reduction processes using
lithium as a reductant. Results pertaining to reduction rate
kinetics have been presented from the lithhm reduction
process that has been successfully developed at the Argonne
National Laboratory (ANL) to treat oxide spent nuclear fuel.
The reduction rate studies have demonstrated the importance of
several process variables in the 1ithium reduction process.

The lithium reduction process has the potential to be adapted
for the extraction of several refractory and commercially
attractive metals. In conjunction with the electrowinning
process to recover the Iilhium from the salt after reduction, it
has the advantage of recycling the salt and reductant and
minimizing the amount of waste generated.
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