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1. INTRODUCTION 

The Urenco centrifuge process for the enrichment of uranium is now well developed and 

economically proven. The centrifuge technology which forms the basis of Urenco's plants in 

the UK, the Netherlands and Germany, has evolved steadily over the last two decades since 

the Urenco partnership was formed. Current programmes of development will see this 

progress continue into the next century. In parallel with its centrifuge development, the 

Urenco partners have undertaken research into laser isotope separation techniques from as 

early as the 1970's. The UK partner has concentrated on the atomic route, the German 

partner on the molecular route and the Netherlands partner has investigated specific aspects 

of both processes. Urenco is therefore in a unique position to contrast and compare the 

costs, risks and potential of laser and centrifuge enrichment technologies. This paper 

considers the progress that Urenco has made and the reasons for its recent policy decision to 

rundown further laser-based R&D. 

2. ATOMIC ROUTE LIS 

In the UK, work on methods of enriching isotopes using laser techniques started in 1974 

within the UK Atomic Energy Authority. Both the molecular and atomic routes were 

studied. In 1983, a decision was taken to concentrate on the aiomic route as offering the 

greater economic potential. In 1986, a collaborative agreement was entered into by British 

Nuclear Fuels pic, the UK partner in Urenco, and the UKAEA. Subsequently the Urenco 

partners agreed to widen the scope of their collaborative R & D to include laser work in all 

three countries as well as development of centrifuge technology. 
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By 1987, clear isotope selective ionisation had been consistently observed in experiments at 

UKAEA Harwellc,). The experiments used a laser system consisting of copper vapour lasers 

and dye lasers to climb a 3 x 2 ev ladder of excitation. Metallic uranium was evaporated in a 

small e-beam device known as EBV1. In parallel with further detailed studies, aimed at 

developing a complete theoretical understanding of the physical phenomena™, it was decided 

to invest in new facilities in order to take forward evaluations of technological feasibility and 

economic attractiveness. 

One such facility is known as the Laser Plant Development Facility (LPDF). The aims of the 

LPDF(3) were to demonstrate that a plant-like laser array, consisting of copper vapour lasers 

(CVL) and dye lasers, could be operated routinely, reliably and safely whilst providing laser 

light of the required specification at an economical cost. The facility was designed, 

constructed and commissioned in the period 1986-1990. It comprises four CVL master 

oscillator power amplifier (MOPA) chains which are multiplexed and used to pump three dye 

laser MOPA chains. The complete system has been demonstrated to work and approaching 

100,000 hours of CVL operation have been logged to date. 

Whilst there is considerable confidence that a laser system capable of matching the stringent 

requirements can be developed (putting economic considerations aside for the moment), it is 

generally recognised that the more problematical aspects of the atomic route lie in the 

technology required to evaporate metal uranium, to collect the U335 ions and to handle the 

resultant product and tails streams in quantities of some hundreds of tonnes per year. Over 

the period of 1986-1990, a facility known as EBV2 was designed, constructed and 

commissioned for the purpose of evaluating this technology. Since then, the vessel, which is 

equipped with a strip electron gun with a power of 250 kW has been used to: 

• test and develop methods of ion collection at densities typical of plant, 

• test and characterise extended evaporation of uranium metal and mixtures, 

• study materials, coatings and corrosion rates in reflux experiments. 

As a result of this work, there exists an effective method of ion collection. There is also an 

understanding of how the efficiency of uranium evaporation can be improved, and the 

problems of handling liquid uranium eased, by the use of evaporants other than pure uranium, 

albeit at the price of an increase in complexity. For a device to operate with the reliability 

which would be expected in a production plant, the issue of corrosion is very important. The 
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partner in Netherlands had undertaken extensive investigations of potential materials and 

coatings for use with liquid uranium and the more promising have been tested for extended 

periods in EBV2. 

The result of this work was reviewed and evaluated at the end of 1992. The principal 

conclusions were: 

• although in the course of the project there had been many surprises there was still 

no reason to doubt that atomic route LIS on a production scale was feasible, 

• there remained however a considerable amount of development still to be done, 

• a realisation of the technology based on a 3-photon, CVL/dye laser system was 

unlikely to be competitive with advanced centrifuge technology. 

It was however decided to continue the project for a further two years in order to evaluate 

the longer term prospect of a laser technology based on 2-photon excitation and solid-state 

lasers. This drew particularly on spectroscopy work at Almelo and laser development at the 

Nederiands Centrum Voor Laser Research (NCLR). The evaluation of this work is 

considered later in the paper. 

3. MOLECULAR ROUTE LIS 

Molecular Laser Isotope Separation (MLIS) has been investigated in Germany since 1971, 

starting on a research institute level. Since 1975 activities have been concentrated at Uranit 

(now Urenco Deutschland) in Julich(4). The key question to be answered in developing an 

economic MLIS process is whether it is possible to obtain single step enrichment at 

reasonable UF6 densities and laser fluences. Broadly, the aim has to be to demonstrate such a 

single step process at UF6 densities which exceed those in an atomic route by two orders of 

magnitude and with IR laser pulse energies below 1 J. The major objectives of the 

programme have been : 

• to establish the dependence of the separation performance on UF6 properties and 

laser parameters, 

• to optimise the design of nozzles capable of yielding the desired UF6 properties 

at the highest possible density, 

• to develop high repetition rate 16 (.im laser systems, 
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In comparison with the atomic route, there are formidable difficulties in establishing a reliable 

quantum mechanical theory for selective excitation, and even semi-empirical modelling is hard 

to perform. However, in contrast to the atomic route the selectivity is clearly dominated by 

the photophysics of a single molecule, rather than by bulk effects (eg non-selective pick-up, 

ion scrambling). This favoured a strategy of using molecular beam experiments in order to 

screen the parameter space quickly and to establish sets of promising parameter combinations. 

These sets were then used in a second experiment under process conditions of UF6 density in 

which weighable amounts of enriched UF5 product were sampled and directly analysed. 

In the molecular beam apparatus which used a circular nozzle expansion ofa mixture of 

carrier gas with UF6 enriched to 50% 235 U, it was demonstrated that the requirements for a 

single step process could be achieved. Separation experiments were then performed at 

process densities in a system which included a 20 cm wide pulsed slit nozzle in a closed loop, 

a photolysis chamber and a UF3 separation section. A typical experiment lasted less than one 

hour at a 2 Hz repetition rate and resulted in the production of milligram amounts of solid 

enriched UF5. In parallel to the separation experiments, investigations of UFfi slit nozzle 

expansions showed that it was possible to obtain improved density and condensation factors 

compared with conventionally designed nozzles. The laser system requirements have been 

satisfied by the in-house development of a 16 um system, based on TEA CO, laser modules 

and on multipath Raman cells working at 77 K, which deliver line-tuned pulses in excess of 1 

J/pulse at around 3-5 Hz. In a production plant the requirement would be a repetition rate of 

several 104 Hz and therefore high repetition rate C02 lasers would need to be developed and 

multiplexed. In 1992, a TEA CO, module achieved over 1 kHz and several J/pulse, and a 

room temperature Raman converter was constructed for operation at kHz repetition rate. 

As with the atomic route, considerable effort has been put into evaluating the feasibility and 

economic merit of realising this technology on a production scale. The principal conclusions 

are that: 

• single step enrichment is feasible, 

• the laser system requirements are achievable, 

• a reference plant design would attain SWU costs at best slightly below advanced 

centrifuge technology. 
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However, there remains a considerable amount of development still to be done and there are 

significant uncertainties, which have a major impact on economic prospects, regarding : 

• demonstration of simultaneous enrichment and stripping at plant conditions, 

• laser system performance. 

In 1992, the decision was taken, by Uranit, to run-down the MLIS project. 

4. ADVANCED CENTRIFUGE TECHNOLOGY 

Following earlier pilot plant operation, the first generation of production machines were 

installed in Urenco enrichment plants starting in the mid-1970's. They significantly exceeded 

the original design expectations; indeed one of the plants is still operating. Since these first 

plants, Urenco has achieved ongoing improvements in the economics of the centrifuge 

process through the application of the basic concepts of: 

• large scale production of highly reliable centrifuges requiring no maintenance 

over an operational life exceeding 10 years, 

• progressive improvements in the separative power of an individual machine. 

The no-maintenance concept, together with very low power consumption, results in low 

operating costs whilst the improvements to each new generation of centrifuges have reduced 

the specific investment costs. The principal parameters influencing the separative power of a 

gas centrifuge are the speed of rotation and the length of the rotor. These in turn are 

determined primarily by the specific strength and specific modulus respectively of the rotor 

material with a further important factor, the centrifuge lifetime, being influenced by the 

operating environment (high stresses, elevated temperature, UF6). By making use of both 

improvements in material properties and by the introduction of new materials, the speed has 

been increased by a factor of nearly two and the length by a factor of more than five. 

The fourth generation machine which is currently being installed in plant has an output 

approximately 25 times that of the early machines, 

A fifth generation machine, to be ready for introduction into the plants during the second half 

of the 1990's, is being developed at present. It is this machine which forms the basis for 

comparing advanced centrifuge technology with laser enrichment technology. Experience 

over the past twenty years gives a basis for the confidence that the development targets for 
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the new machine will be achieved both economically and on time. Figure 1 illustrates that 

technical improvements have delivered increased outputs and reduced investment costs which 

have been the cornerstones of Urenco's competitiveness over the past two decades. In 

addition, machines have significantly exceeded the expectations on both failure rates and 

operating lifetime. 

5. COMPARISON OF TECHNOLOGIES 

As has been pointed out elsewhere (5), the business reasons for introducing a new technology 

into a competitive market normally include : 

• an improvement in the product, 

• a response to market demand, 

• an improvement in competitive advantage. 

The enrichment market is an integral part of a mature fuel cycle based on acceptance and 

delivery of uranium hexafluoride. The product specifications are long established and firmly 

linked to qualification experience of the fuel fabricators. In comparing the technologies, it is 

Urenco's view that, for the foreseeable future, the enricher will have to comply with the 

existing fuel cycle and would have to bear the burden of any intermediate steps. If 

improvement in the final product is not a reason for introducing new technology, neither is an 

expectation of increased market demand; indeed, the market is likely to suffer from 

overcapacity well into the next decade. The primary motivation must therefore be that the 

new technology brings increased competitive advantage, which is either reflected in an 

increased market share because of lower prices or in better margins. The question for Urenco 

is then, in principal, quite simple: will either an atomic route or a molecular route laser 

process be achievable at a lower cost than the advanced centrifuge ? 

One of the problems in comparing the three technologies considered in this paper, is that they 

have very different cost structures. Figure 2 shows normalised estimates of capital and 

operating costs for plants of similar capacity. One consequence of these different cost 

structures is that financing assumptions (eg interest rates, amortisation) can become dominant 

in the evaluation. Another difficulty is that the basis for optimisation is different for the single 

step laser processes and the cascaded centrifuge process. For example, an atomic route 

SWU cost is strongly dependent on tails assay whereas, to first order, centrifuge SWU costs 
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are independent of tails assay (the assay being an issue of cascade configuration not machine 

performance). Therefore, although Figure 3 shows normalised estimates of SWU cost, it 

should be treated with some caution. In our evaluations we also consider UO, product cost 

for a range of feed costs. 

Even putting aside the above reservations, cost evaluations of reference plants are not by 

themselves a reliable basis for decision making. Other factors that have to be taken into 

account are: 

• Risk; 

The uncertainties in evaluation are much greater for both laser processes than for the next 

generation of advanced centrifuge (which will enter its qualification phase by the end of this 

year). For the atomic route these lie principally in reliability/lifetime issues associated with 

the separator vessel whereas for the molecular route they lie in the combination of 

enrichment and stripping at process conditions. Achievement of projected costs, lifetime 

and reliability are issues for both laser systems, particularly for somewhat speculative all 

solid-state technology assumed for the atomic route. 

• Capacity Planning; 

One of the features of Urenco's business is the match that has been maintained between 

installed capacity and sales; unlike its competitors. That additional capacity can be added 

in response to demand is proven for centrifuge plants. The financial penalties resulting 

from mismatch are considerable; Urenco's view is that issues of scale, modularity and 

timing favour centrifuge technology. 

• Development Status and Potential; 

Both laser processes would require several years of further development before even 

pilot-plant implementation and there is a high level of uncertainty about the associated 

R&D costs. Following a well proven route for development of a new machine, Urenco 

expects to be installing the fifth generation machine in plant in the late 1990's. Before the 

end of that programme a decision will be taken on whether to develop a sixth generation 

machine on the basis of well- understood costs. 

• The Fuel Cycle; 

In addition to consideration of the impact of any changes to a uranium hexafluoride based fuel 

cycle, it should be recognised that recycled uranium, with varying degrees of U,35 content, 

will become increasingly available in the next decade as major reprocessing plants come on 
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line. It has been suggested that a laser process would be advantageous for such material. It is 

beyond the scope of this paper to discuss the issues arising, but Urenco has a proven ability to 

enrich recycled uranium arising from both gas-cooled and water-cooled reactors; indeed, 

since 1992, about 400tU has been processed for European and Japanese utilities in normal 

production operations. 

6. CONCLUSIONS 

The technical results from both the atomic route and molecular route laser programmes have 

been encouraging and in fact many technical targets have been exceeded. However, in both 

cases, considerable importance was also attached to economic evaluation, based on a 

reference case design, in comparison with Urenco's future advanced gas centrifuges. The 

results from these studies have led Urenco to the conclusion that it will be very difficult for 

any commercial enrichment plant employing either laser process to be competitive with 

centrifuge technology. The comparison was with the next generation of Urenco centrifuge 

for which the late 1990's is a firm introduction date in contrast to the uncertain status of the 

laser processes. 

In 1992 a decision was made to stop further work on the molecular route and, recently, a 

corresponding decision has been made to run-down work on the atomic route. 
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Figure 1 

Centrifuge Technology Development 
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Figure 2 
Capital and Operating Costs 
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Figure 3 
Comparative Cost Evaluation 
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