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ABSTRACT

Nuclear applications often require specific isotopes of an element with the right properties.
An example is lithium, which has two isotopes that play a crucial role in the nuclear industry.
Lithium-7 is commonly employed as a pH controller in the cooling systems of nuclear reactors,
while lithium-6 is vital for tritium production. However, the natural abundance of lithium-6 is
only 7.5%, which is insufficient to achieve a high breeding rate of tritium in technically feasible
breeder blanket designs. Therefore, increasing the proportion of lithium-6 in any breeder blanket
concept presents a significant challenge that needs to be addressed. Prior to the operation of
any commercial fusion power plant, it is necessary to establish a facility capable of producing
several tons of enriched lithium-6 per year. Currently, no such facility exists. This study explores
the different possibility for lithium isotope separation, and assess their viability.

1 INTRODUCTION

Future fusion reactors will most likely operate using a mixture of two hydrogen isotopes:
deuterium and tritium. Deuterium occurs naturally, making up around 0.0156% of hydrogen
on earth [1], which translates to 1 deuterium atom per 6400 atoms of hydrogen. It is most
commonly found in the form of “Heavy water” D,0O, with boiling and freezing points at 3.81°C
and 101.42°C as well as a density of 1100 kg/m?> at 11.23°C. This allows a variety of sepa-
ration techniques, such as distillation, electrolysis and chemical exchange to be employed in
the making of deuterium gas to be used in the reactor. The production of tritium is much more
complicated, however.

Tritium is radioactive with a half-life of 12.32 years and thus practically does not occur
naturally [1]. Some are generated by cosmic ray resulting in a concentration of 1 per 10'®
hydrogen atoms. This means that any tritium that will be used in a reactor will have to be made
synthetically. Currently, the plan is to utilize lithium-containing “Breeder Blankets” that surround
the fusion plasma, generating tritium via splitting of lithium atoms [2]. The key metric used to
measure the success of various designs is the tritium breeding ratio (TBR), which is defined
as the ratio of tritium production to tritium consumption. A successful design will need to have
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a TBR of at least 1. This will allow the fusion reactor to be self-sufficient theoretically but to
account for various losses, a TBR of 1.2 is more desirable.

Lithium has two naturally occurring isotopes that can both split to produce tritium, mean-
ing both could potentially be used. The lithium-6 reaction releases energy, as opposed to the
lithium-7 reaction that requires energy, as well as having a much larger cross-section at the
expected energies. This makes it more desirable and thus breeder blanket design concepts
use up to 90% lithium-6. The issue is that the natural abundance of lithium-6 is only around
7.5 at.%. To be able to use lithium-6 at 90% concentration, natural lithium needs to be en-
riched using some form of isotope separation method. Oak Ridge National Laboratory did op-
erate a lithium-6 enrichment facility employing a column exchange process known as “COLEX”
between 1950-1963. However, since decommissioning, the western world does not currently
operate any such facilities with most of the worlds demand being met by leftover stockpiles.
Some facilities do exist in both Russia and China, employing similar methods to those used in
Oak Ridge [3]. Recommissioning old facilities or building new ones based on old technology is
not a viable option. The COLEX process requires the use of vast quantities of toxic mercury,
thus for environmental reason it cannot be considered moving forward. It can however serve
as potentially good starting point for new technologies.

This paper investigates potential isotope separation techniques, with a focus on physical
methods. Some attention will be given to techniques on the border between chemical and phys-
ical techniques. The following sections are a non-exhaustive summary of available technique,
selected to provide a holistic understanding of available methods.

2 TWO PHASE CHEMICAL EXCHANGE SYSTEMS

Compounds are often soluble in various phases, with some of them being immiscible.
These compounds will usually be made of elements with multiple stable isotopes, which can
have different affinities to a particular phase resulting in small differences in solvation. If this
is the case, then when two immiscible phases containing the compound are mixed an isotope
effect will be present. This will result in the enrichment of each isotope in their preferred phase.
The level of enrichment can be quantified using the single stage separation factor a shown in
equation [I. It is defined as the ratio between concentration of each isotope in each phase.

([ax]/[bx])phase 1
([*X]/[°X]) phase 2

Here the a between isotopes a and b of element X in phase 1 and phase 2 is shown.
[*X] denotes the concentration of the a isotope of element X. For a chemical exchange isotope
separation processes to be successful it needs to meet the following requirements [4, 5]:

(1)

ap =

1. Large separation factor. This is especially important as [a — 1] is usually already close to
zero. Thus, this is usually the limiting factor of the success of any method.

2. Fastisotope exchange. The diffusion of isotopes between phases need to be high so that
the equilibrium can be setup quickly. The shorter this takes the shorter the phases to be
in contact with each other, allowing quicker through put and smaller devices.

3. Possibility of a repeating cascade of separation stages that maximize separation. The
phases used have to allow for quick reflux. The desired isotopes have to be easily re-
moved to allow for this as well the separation of the two phases from each other. This
means the solubility of the phases in each other has to be near zero, meaning they are
immiscible. This pairs with the following point.
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4. Total reflux of enriched product and phases. The targetisotope not only has to be removed
quickly but completely. Any leftover product will reduce the amount of enrichment possible,
reducing «. In addition to this, no chemical reaction should take place, as this will reduce
the total amount of phase for the isotopes to dissolve in.

These requirements are usually best met with system where one phase is a gas and the
other a liquid. This however may not be possible at near room temperatures as no gaseous,
stable, lithium containing compounds have been found. Thus, most researched has focussed
on immiscible liquid-liquid systems [6], with the only method successfully employed at a large
scale being COLEX.

2.1 Mercury systems

The COLEX process is the most well known mercury involving process taking advantage
of the fact that lithium-6 has a greater affinity for mercury than lithium-7. This affect arises due to
the slight differences in size and therefore different charge and spin distributions. This results in
small difference in electronegativity between the isotopes where lithium-7 has a slightly higher
value than lithum-6. The process involves mixing of a liquid metal alloy of lithium and mercury,
known as lithium amalgam, with an aqueous lithium hydroxide solution. Due to the greater
affinity of lithium-6 for the mercury, it diffuses out of the aqueous solution into the amalgam.
Simultaneously the lithium-7 diffuses in the opposite direction. These two phases can then be
separated, and the lithium extracted creating an enriched lithium-6 product from the amalgam
and an enriched lithium-7 tail in the form of lithium hydroxide from the aqueous phase. This
process can be repeated to achieve a batch cascade system. This is done by redissolving the
lithium-6 product from the first stage into fresh phases and repeating the mixing and separation
process. An equilibrium will once again be setup, creating a more enriched lithium-6 product
alongside a depleted tail. This depleted tail from the second stage can be reused in the first
stage to increase efficiency.

.\Nili Waste Reflux
(Amalgam Maker)
1 Feed
Mercury Enricher Water
Amalgam LiOH

Product Reflux
(Decomposer) Product

Figure 1: A simple schematic showing the column exchange process. This could easily be
adapted to use with any liquid-liquid two phase chemical exchange system
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The COLEX method conducted at Oak Ridge, was a constant flow-through process uti-
lizing counter-flow columns that greatly increase throughput at the cost of a larger facility. A
schematic of such a system is shown in figure | Lithium amalgam enters through the top and
sinks to the bottom of the column contacting with the aqueous lithium hydroxide. The require-
ments described in section P determine the dimensions of this column. A slower exchange
results in longer columns allowing more time for the exchange to take place. The “waste” and
“product” are refluxed before being used as the feed for the stages before and after.

Throughout the operation of the Oak Ridge plant, over 11000 tons of mercury were used
with about 330 tons of that lost in waste streams via evaporation or spills [7]. The mercury would
be received in open air with flasks being poured into pipes leading to the plant. Mercury vapour
was exhausted from the plant into the environment using the building’s ventilation system. This
is obviously an environmental disaster [8, 9] and any future lithium isotope separation method
will either have to greatly increase the care taken when operating or omit the use mercury all
together.

Investigations have been conducted into the effectiveness of using various solvents and
lithium salts [10]. Organic solvents like dimethylformamide, tetrahydrofuran, n-propylamine,
dimethyl sulfoxide, however there was very little difference in separation factor between using
these and water. Similarly, the use of various lithium salts did not seem to pose a large benéefit.
The maority of halide salts were tested as well as nitrates and ethanoate. Within these small
differences, LiCl or LiOH dissolved in water seemed to be the best performing, with separation
factors of approximately 1.05. This combined with the abundance of these salts and solvents
made it an obvious choice for COLEX.

2.2 Alternate Two-Phase Systems

Not only can the salts and solvents be varied to optimize for the best separation factor, but
the secondary phase can also be varied. Most research has been centred around using organic
macrocyclic compounds known as crown ethers which were found to have specific selectivity
to certain metal ions in back as the 1960s [[11]. Research in to these compounds continued
throughout the 1980s [12, 13] up until present day [14, 15, 16]. All have shown promising
results with separation factors in the region of 1.02-1.04 reaching a maximum of 1.044 4+ 0.003
[12]. Chemical equilibrium was reached in around 5 seconds, and with such high separation
factors both the first and second requirement from section P are met. Benzo-15-crown-5 was
selected, as it is highly soluble in organic solvents that would be immiscible with water, satisfying
requirement number 3. The lithium was extracted from the organic phase by scrubbing using
water, allowing the lithium ions to react with it and be washed away. This simplicity satisfies the
last requirement.

A variation of the lithium amalgam method included the addition of electrolysis. Instead
of the lithium being present in both phases, which were then contacted and allowed to establish
an exchange equilibrium, the lithium is only present in the aqueous phase and is electrochem-
ically inserted into the mercury, acting as the cathode, forming lithium amalgam. This method
has shown slight improvements over the purely contacting method [10] with separation factors
reaching 1.056 [[17]. In a similar case to macrocyclic compounds in the contacting method, mer-
cury does not need to be used as the cathode in the electrolysis. Materials such as graphite,
gallium, tin, zinc and nickel have been used with over separation factors of 1.025, 1.031, 1.015,
1.023 and 1.031 respectively [6]. Inspiration could potentially be taken from this and use one of
the secondary phases tested like liquid gallium in a purely two-phase exchange system.
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3 LASER ISOTOPE SEPARATION

Properties of isotopes can often be very similar with only small differences being present.
Most isotope separation techniques rely on the differences in masses of the isotopes and the
resulting changes in behaviour of the atoms be it chemical or physical. Laser isotope separation
is based on the differences in atomic structure. Lithium 6 has a nuclear spin of I = 1 whereas
lithium 7 has nuclear spin of I = 3/2 leading to very slight differences in the location of the 2p
excited state electron levels. The two levels of interest are the 2P1/2 and 2P3/2. The maximum
possible difference in energy is between the 6Li2P1/2 and 7Li2P3/2 corresponding to a difference
in wavelength of exciting light of only 0.0315nm. This is depicted in figure @ by the green arrow.
From this diagram its also visible that the difference between SLi*P;, and Li*P; /, is smaller
still, only around 0.0158nm.

GLi+ 7Li+
| |5.39eV
lonisation limit T
337.1nm 337.1 nm
2p
23’2 —1.84eV
2p Pis
3/2 —— 7'}
~31.5pm
2P1/2 A
670.806nm 670.791nm 670.776
S1p — 0 Si 0

Figure 2: Diagram depicting the hyperfine structure of the electron energy levels

The differences are so small in fact that they are smaller than the isotopic shift, or the
full shift in spectral line due change from one isotope to another. This forces the use of very
narrow linewidth lasers capable of resolving the differences in fine structure levels. The slight
differences in energy levels can be used to selectively excite and then ionize the lithium atoms.
In this way only one type of isotope will be ionized. The desired isotope can then be separated
out using electric fields leaving behind the other isotope that remained neutral. Due to the
selective nature of the technique the single stage enrichment of these methods is very high.
The concept has been demonstrated as far back as 1977 [18]. Research has continued with
various studies demonstrating this effect [19, 20] and showing increases in the concentration
of lithium 6 from natural abundance to between 47%-90% [21, 22, 23]. The majority of these
utilized a two-step process, first exciting the isotope to the intermediate 2P1/2, then ionizing
with a laser from that level. Separation of isotopes was usually done with the use of a mass
spectrometer

4 ADAPTING METHODS FROM LARGER INDUSTRIES

Another major industry that requires extensive isotope enrichment is the cousin to fusion,
fission. The nuclear fission industry requires vast quantities of uranium with a content of the
isotope uranium 235 at a level between 3-5%. This is reached through enrichment from the
natural abundance of around 0.7% . Many techniques have been researched of the years, but
a few have stood out as best performing. Gas-centrifugation has been a particularly successful
method. The basic principle behind the functioning of a gas centrifuge is utilizing the different
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amounts of centripetal force felt by the two isotopes due to their mass. This difference in forces
creates a net flux of isotopes allowing for separation to occur. This affect can be amplified by
using a counter-current gas centrifuge, shown in figure 8. In this setup the initial separation
gradient is set up thanks to the rotation, this is amplified by the flow of the fluid inside the
centrifuge. The flow at the center and outside edge of the centrifuge pushes the isotope in
opposite direction creating an additional separation gradient in the vertical direction. Taking
inspiration from this, could it be possible to repurpose the uranium enrichment technology for
lithium?
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Figure 3: Diagram depicting the simplified inner workings of a modern counter-current gas
centrifuge. Credit to [24]

No stable lithium containing compounds have been found that are gaseous at room tem-
perature. However, raising the temperature to just around 150°C could provide to potential com-
pounds, namely n-hexyl-lithium and phenyl-lithium with boiling points around 69°C and 140°C
respectively. These compounds are commonly used in chemistry as chemical reagents used
in many applications. It may be possible to use these compounds in current gas centrifuge.

Alternatively, a recent study that centrifugation of salt solutions could be an effective
method of isotope separation [25]. Very large separation factors of around 1.05 have been
found for lithium. The study also investigated centrifugation for calcium, molybdenum and
oxygen. They simply dissolved lithium containing salts like LiCL in water and centrifuged at
high speeds for up to a period of 72 hours. Tests were conducted with range of concentra-
tion from 0.1M to 5M as well various lithium salts including: LiCl, LiuSOy, LiBr, Lil, LisMoQOy,
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LiOH, Li,C20y, LINOs. Various non-aqueous solvents were also tested including: propylene
carbonate, dimethyl sulfoxide, triethyl phosphate, but the selectivity was low and did not ac-
cede 1.0054. The most promising result for lithium came from centrifugation of approximately
5ml of 1M aqueous solution of LiCl for a period of 72 hours. This could potentially be easily
reproduced.

5 CONCLUSION

Many methods not mentioned in this paper have shown promising results, however, out
the techniques selected in this paper, two are of particular interest. Firstly, two-phase exchange
systems involving liquid gallium. It feels like a natural alternative to mercury and could prove
to be interesting, warranting some attention. Secondly, inspiration should also be taken from
larger more established isotope separation industries like those used for uranium. What form
that should take is up for debate but some form of counter-current flow centrifugation could be
a good final goal considering its effectiveness in the uranium enrichment sector.
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