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Introduction

The isotope separation industry
Separation of atoms or molecules which present specific chemical or physical

properties are being used for many years in chemical industry. But there is also an interest in

separating for industrial purnoses the different isotopes of a given atom . An example of such

needs is obviously the nuclear energy industry which requires uranium enriched in its lighter

isotope. The natural abundance of the two uranium isotopes are respectively 0.7% for 235y and

S9.3% for 238U. The fuel used in PWR nuclear reactor is enriched up to 3.5% in the lighter

isotope. The economic importance of this problem justify the efforts which have been and still

are implemented to develop an industrial process which is the most reliable and economic.

Isotope Separation

For almost fourty years, isotope separation of uranium has been based on the

statistical properties of a gas (gaseous diffusion or centrifugation) or on the slight difference in

the reaction rate due to the mass difference between the two isotopes. The major drawback of

these processes is the very low efficiency of the separation. As an example, the gaseous

diffusion can lead to an ideal elementary separation factor a which scales as the square root of

the mass ratio (which means a=1.00488 for uranium). In order to achieve the separation factor

requested for the fuel reactor, a very important number (namely #103 ) of stages where the

elementary process takes place need to be achieved.

Advanced processes

The ideal isotope separation process is a process which separates the different

isotopes by some intrinsic property which can induce a chemical or a physical change of one of

the isotopes, leaving the other(s) one(s) unchanged. The internal excited states of the atoms

(electronic excitation) or of the molecules (vibrational excitations for instance) present many of

the features needed for an isotope separation process. In the early seventies, the coming out of



tunable lasers gave the physicists the opportunity to demonstrate their capacity of invention and

innovation. They proposed several schemes to achieve isotope separation. All of them are

based on the same principal which can be summarized in three steps (see fig. 1).

SELECTIVITY

R-Ai' +

8 -» Aj B + R

hv2- Aj+ ; Aj

^ E - Aj+

CHANGE OF CHEMICAL OR
PHYSICAL STATE Fig. 1

The laser radiation induces a selective excitation of one of the isotopes; the excitée-

atoms or molecules react with a second laser field or a given reactant leading to a new specific

chemical species (neutral or ionized atom or molecule); the third step is the separation of the

product by physical or chemical extraction1. We will illustrate the different possibilities with three

examples taken from the solutions which are under development to achieve industrial Uranium

isotope separation.

MUS

The first one is known as the MLIS process which stands for MOLECULAR LASER

ISOTOPE SEPARATION. In this solution, Uranium hexafluoride UF6 is irradiated with an infrared

laser whose wavelength is tuned to the absorption band of one of the vibrationnal modes of the

molecule. The excited molecule is then iradiated with a UV laser which will dissociate the

molecule to give UFjj. The UV absorption cross section being strongly enhanced by the infrared

excitation, the dissociation product is significantly enrk.hed in 235U. The UFs is recovered in

solid phase after condensation of the molecules at a temperature where the UFe is still in the gas

phase.

CRISLA 2

CRISLA is an acronym for CHEMICAL REACTION BY ISOTOPE SELECTIVE LASER

ACTIVATION. In this process, a carbon monoxyde (CO) laser tuned to one of the excitation band

of the 235UFs molecule illuminate an intracavity reactor filled with gaseous uranium hexafluoride

and a coreactant. The reaction rate of the excited molecules with the reactant is enhance by

several orders of magnitude over the reaction rate of the unexcited molecules. The reaction

product is separated by standard chemical engineering techniques.



the example of AVLIS

AVLIS stands for ATOMIC VAPOR LASER ISOTOPE SEPARATION. In this process,

the Uranium atom is irradiated with one or two visible radiations tuned to well defined electronic

transitions of the^SSy. This isotope is excited while the 238U atom remains in its ground state.

An other laser is then used to ionize the excited atoms; the photoions are extracted with an

electric field and collected on metal plates.

In the core of this paper, we are not going to present an exhaustive review of the

physics involved in laser isotope separation. We will focus our attention on the requirements

and the limitations due to the physics of the process in the industrial scaling. We will illustrate our

purpose with the physics of AVLIS since this is the most probable industrial process to date. In

the last part of the paper, we will show how physical considerations set up the laser

characteristics required for an industrial AVLIS process.

What is AVLIS

A more detained description of the AVLIS process is necessary to identify the physical

scaling laws. What are the questions to be solved to scale a separator?

Photoionization of Uranium Isotope

The number of lasers as well as the exact tuning wavelengths depend on Uranium

spectroscopy. The economy of the process and the spectroscopic uranium properties will settle

down the lasers characteristics: the lasers need to be scaled so as to ionize the 235U with a

good efficiency and a good selectivity but minimizing the overall energy. The selectivity of the

process will depend of the relative ionization of 235u to 238ij jhe interaction length of the

lasers with the vapor has to be as long as possible: the best efficiency will be obtain if the input

power (expressed in the number of photons per second) for each color at the intrance of the

separator is just equal to the number of atoms that will cross the interaction volume in a time unit.

As far as the lasers are concerned, that would correspond to an ionization efficiency equal to

one. But it does not mean an ionization yield equal to one which requires that all the 235(j atoms

be ionized

The ionized Uranium is collected on the rich plates with electric fields which modifie the

trajectories of the ions leaving the neutral atoms going straight through the interaction region.

The stream depleted in 235y is collected on the waste collectors. The size of the collector as

well =>. tue neutral density in the interaction region is determined by the collisional effects which

may destroy the selectivity.



Flowsheet of an isotope separation process

Any separation process can be summarized with the same flowsheet. The elementary

separating element is fed with natural Uranium. The feed stream F (F is the total stream, 5F=5N*F

the fraction of the stream due to 235U, 8F=8N*F the fraction of the stream due to 238U) is then

divided in two parts. One part, 6F does not cross the laser beam but contributes to the rich

stream. It has the same concentration as the feed stream and can be considered as a pollution.

The other part (1 -6)F undergoes the separating process with an overall efficiency equal to r"1":

the fraction of the F stream which is ionized and collected on the collecting plates is . by

definition:

P*d-6)F.

The complement is collected on the waste collector.

100,000 SWU

125 TOP NATURAL
URANIUM
5U=0.7%

8U=99.3%

25 T OF ENRICHED
URANIUM
5U=3.5%

8U=S6.5% Fig.2

so tope Separation Flowsheet

basic parameters?

From this flowsheet (see fig.2), one can define the basic parameters which are useful I

to scale the process. First, let us write down the balanced mass equation:

The first RHS term in square bracquets corresponds to the rich stream, the second RHS term in

square brackets is the depleted stream. The isotopic composition of both streams is function of

the efficiency of the process. The contribution of the different isotopes on the rich and depleted

streams depends upon the selecivity of every steps in the process. The first step is the laser

ionization. For each isotope one can define an ionization yield 5n and 8n, the total ionization



yield being an average weighted by the isotope concentrations (pj= 5N*5p,+8N*8p|). On the

same hand, one can define an extraction yield 5p£ and 8pg. But all the atoms of the feed are not

able to interact with the lasers. Some of them are already in an excited state (due to the

thermodynamic equilibrium for instance) and do not react with the laser field: they are the so-

called "useless atoms" which contribute for paF in the feed stream. This fraction of useless

atoms is strongly dependent of the vaporization technique as will be shov.r. later. Finally,

depending of the irradiction scheme (geometrical and temporal conditions) only a fraction of the

atoms can see the laser i'ght. The fraction which is effectively irradiated is labelled re. From these

considerations the overall efficiency for each isotope can be define as:
ip+= ipi* ipE*pa*pe (2)

where the superscript i stands for the isotope number.

Having defined all the different contributions to the rich and depleted streams, one

can also compute their isotopic compositions.lt is easier to make use of two ratios which

represent the enrichment and the depletion efficiencies respectively. They are defined as the

relative abundance of one istope with respect to the other on both streams. The head

separation factor {relative abundance of the rich stream) is given by:

the tail separation factor (relative abundance of the depleted stream) being equal to:

P"=(1-V)/(1-V) (3.2)

If the process presents an ideal selectivity 238p+ js equai to zero, equations (3.1) and

(3.2) reduce to:

a=lV(l-8)/6]+l (4.1)

P-d-V) (4.2)

Production and separation work unit

In order to have a complete set of equations, we need the relation between the

production and the separation efficiency. It is usual to quantify the production of an isotope

separation plant with a value function dU which takes into account the three streams weighted

by a separation potential V(N) which depends on the concentration N of the different isotopes.

The exact derivation of this value function can be find in reference3

dU= [6*V(pN)+(l-e)*V(wN)-V(FN)]*F (5)

The unit used for this quantity is the so-called 'Separation Work Unit" or SWU.

To fix the ideas, the annual consumption of a 1,000 MW pressurized water nuclear

reactor is about 100,000 SWU. To produce this amount of separation work, one needs about

125 tons of natural Uranium ore (235NF=0.007), which will produce about 20 tons of enriched

uranium with a concentration 235Np-0.035, and 105 tons of depleted Uranium

(235^x0.002). These numbers are very important to be kept in mind because all the scaling



optimization of AVLIS need to be made for this quantity of raw material. As an example, the

energy necessary to photoionize the 235U atoms is about 7 10^ J, which means a laser power

of about 250 W assuming 8000 hours of production per year and a photon efficiency of 25% (4

photons of 6.19 eV per ionized atom)

Basic physics for AVLIS development

Basic spectroscopy

What is isotopic selective photoionization

Spectroscopic properties of Uranium

Up to now we have given the elements to understand the studies necessary to AVLIS

development. It is obvious that the first domain to be explored is the basic spectroscopy. We

have assumed so far that it was possible to selectively photoionize one isotope of a chemical

element leaving the others unchanged. This assumption is justified by the fact that the energy

levels of the optica valence electrons of an atom slightly depend on the nucleus mass. The

typical isotopic shift as a function of the atomic mass is given in figure (3).
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Two antagonistic effects are competing to

produce the isotopic shift. One is the

effective mass of the nucleus which gives

an isotopic shift proprtionnal to AM/M^,

where M is th nucleus mass. This effect

decreases very rapidly with increasing atom

mass. The other one comes from the finite

size of the nucleus and is therefore more

important for heavy nuclei. The

charge distribution of the nucleus influences the energy level of the electrons. The most

sensitive electrons are the "s" electrons which have a finite probability to cross the nucleus.

Electronic configuration

The Uranium atom has 92 electrons which orbit around a nucleus of 92 protons and

143 or 146 neutrons for the 235jj or 238 y respectively. The electronic configuraton of Uranium

in its ground state is :

[radon core] 5f3 6d 7s2. The outermost "s" electrons the orbitals of which penetrates deeply in

the core, are very sensitive to the volume of the nucleus. The typical isotopic shift of the



Uranium energy levels is about 0.2 cm'1, that means about 1.2 10"5 relative shift for a 2 eV

energy level. In the frequency scale it correspond to about 6 GHz.

There are about 1000 identified energy levels for the Uranium atom corresponding to

about 100,000 transitions. The first metastable level has an energy of 620 cm"1 above the

ground state the second and third one beeing respectively at 3,800and 3,866 cm"1. The

ionisation potential has an energy of 6.19 eV. The ionization of the 235U is obtained with a two

photons or three photons scheme. The final choice of the scheme will depend, as we will show

later, on the laser technology. A one step photoionization cannot be used because the

autoionizing states above the ionization potential are very broad states (much broader than the

isotopic shift because of the short life time of these levels), and also because there is no laser

able to produce high power radiation at 1=200 nm.

A typical spectrum of an atomic line exhibiting a well defined isotopic shift is shown in

figure (4). But one can also notice on the spectrum the characteristic signature of 235y

electronic states: the so-called "hyperfine structure", which is the spectral signature of the

nuclear spin coupling with the electronic states (angular momentum). Every 235U electronic

energy level possesses 8 components resulting from the 1=7/2 nuclear spin, each of them being

distant from the other by about 100 MHz. The presence of a magnetic field would also split

every hyperfine sublevel, depending on the magnetic field intensity: the order of magnitude of

the Zeeman splitting is about 20 MHz for 100 Gauss. As far as the AVLIS process is concerned,

the spectroscopist is in charge of the identification and selection of the most appropriate

ionization scheme.

One can easily understand that the spectroscopic data are not published in the open literature

since they are key parameters of the process development, even if partial informations can tie

found4. Therefore, any laboratory which would like to undertake an AVLIS program needs to

begin with an extensive spectroscopic program. This program will consist in systematic

spectroscopy, trying to elaborate the most exhaustive spectroscopic line data file. For every

ionization sequence, based on a three or two steps process, the spectroscopist documents the

exact wavelength, with the precision required by isotope separation, the oscillator strength of

the transition (or the dipole moment) which will allow him to calculate the ionization yield (see

later); he will also measure the hyperfine structure which conditions the laser linewidth and the

selectivity of the sequence. Figures 4 and 5 illustrate part of the informations coming from

spectroscopic studies : the hyperfine structure and the distance between 238(j pea(( anc( 235y

spectrum condition the laser tuning and the laser bandwidth; the oscillator strength is measured

for a instance with a saturation method.
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The physics of photoionization

Photionization yield

After having identify the photoionzation scheme, one must be able to compute the

ionization efficiency, for given laser characteristics (power flux, pulse duration, tuning of the

laser...). The phenomenology of the photoionization is the following: one atom (or more

precisely a given population of atoms) is illuminated by laser lights tuned to transitions

frequencies. The evolution of the system corresponding to the electronic levels population and

the laser fields is given by the relative importance of different terms. Let us consider for the

simplicity of the demonstration a three levels system : the vapor starts from the ground state, is

excited to an intermediate state (which exhibit isotopic selectivity) and then to an ionizing state

where the only exit channel is ionization in a very short time ( much shorter than any other

characteristic time of the system). The intermediate state can relax to lower levels (including the

ground state) through spontaneous emission or to the ground state through stimulated

emission. Spontaneous emission is only a well where the atoms may fall and be lost. The

importance of the well depends of the life time of the excited state compared to the laser pulse

time length. If the life time is much longer than the laser pulse, one expects it should not

contribute very much and can then be neglected. There is no feedback on the laser field due to

the excitation, but the absorption of the light.



The exact dynamic of the excitation is more subtle. Since the excitation is made with

lasers, that means coherent light, the evolution of the different energy levels shad be affected

by coherent effects. The major effect is the so called "Rabi oscillation"5. In a two level atom the

Rabi oscillation is the oscillation of the atom between the ground state and the excited states

(fig. 6).

The period of the oscillation

is a function of the laser

intensity and the laser

detuning A (the frequency

shift from the exact

resonance). For per fect

tuning the Rabi frequency is

given by :

Rabi oscillations
Excitation probability of a two levels atom:

the population of the ground state oscillate between 0
and 1

30 50 70
t(ns)

fig. 6

(6)

where E is the laser electric field and u the dipole moment of the

transition. To fix the idea, the Rabi frequency of a 1 Debye transition, (a typical atomic transition

dipole moment), and a 1 KW/crrr^ laser field is 436 MHz. A 2.3 ns laser pulse would then leave

the population unchanged on the ground state while a 1.2 ns pulse would make a complete

inversion of population. The final excitation depends upon the so-called pulse area A which is

the time integral of the laser electric field.

A 2n*rr laser pulse leave the ground state unchanged while a (2rt+1)*n make a complete

population inversion

The effective Rabi frequency, taking into account the detuning is:

fl=(fl02 * *2)1/2 (8)

where A is the laser detuning. A paradox due to the coherent effect is that a slightly

detuned laser may be more efficient to excite the first level than a perfectly tuned laser.The

usual approximation to describe these coherent effects is the Blocn approximation6.
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Propagation effects

Coherence needs also to be considered when one describes the laser propagation

through the atomic vapor. Stimulated emission modify the laser field leading to modification in

the spectral and temporal evolution. Let us consider a plane wave propagating in a resonant

vapor. At the very beginning of the pulse, the whole population is on the ground state and the

front end of the pulse will be strongly absorbed. As the time goes, the intermediate state fills up

and stimulated emission becomes important. The induced photon emission adds with the

incoming laser field modifying the initial power distribution. The front end of the laser pulse is

steepened and a strong modulation is induced (see fig. 7). The ionization efficiency may be

altered and the selectivity reduced by the broadening of the spectrum.

Fig.7
2=0 cm

z=25 cm

Temporal evolution of laser intensity due to

nonlinear propagation effects

Others effects are induced by the resonant interaction between the atoms and the laser field.

One of them, may be the most deleterious, is spatial beam break-up. Because of coherent

effects, small perturbations on a perfect transverse gaussian laser beam are amplified leading to

a somewhat stochastic energy distribution across the beam. The laser beam exhibits small scale

self focusing charaterized by hot spots where the energy is much over saturation energy and

cold spots where the energy is so low than the local ionization yield is strongly reduced. The

laser propagation length is limited by the appearance of beam break-up. The threshold for beam

break up is function of both the laser fluence and the optical depth. An other charateristic of non

linear effects in the laser propagation is the stowing down of the laser pulsed In a two or three

steps scheme, the second or third laser pulse may pass over the first pulse.

lonization yield calculation

The exact calculation of the light and atoms interaction including every aspects

(coherence, spectral and temporal, spatial propagation, and heterogeneous effects: hyperfine
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structure and Doppler width) requirtc the solution of coupled Maxwell-Schrodinger equations

both in time and space. The todays computer are not powerful enough to solve the problem.

Approximations need to be made. Among the different sets of approximations it is reasonable

to consider separatly plane wave ionization and wave propagation. Since the beam break-up is a

threshold phenomena, part of the problem is to calculate the threshold by computing the

amplification rate of the most unstable tranverse mode7 .

Basic plasma physics

The physics of extraction

After the ionization of the vapor; one has to extract the ions and colllect them on

collecting plates. Despite the change of physical state, the problem is not so easy to be solved.

Electric field that may be applied to separate charges need to be strong enough to overcome

the space charge electric field due to the separation between ions and electrons. This is a well

known plasma effect where an applied electric field is shielded by the plasma itself and prevents

the charge separation within its core^. To fix the ideas, let us remember that the atomic beam

density randes from a few time 1012 cm-3 to a few timelO1^ cm"3, corresponding to a. plasma

density of about 10^cm~3. up to 1011 cm-3 The distance over which an applied electric field is

screened by the plasma is the so-called Debyc length: in our example and for 1 eV electron

temperature, this Debye length is about 30 mm.

The analysis of the plasma equations allows the derivation of a scaling law which relate

the voltage to be applied to extract all the ions on the collecting plates and the number of ions

created by unit length along the separator. This law is deduced by equating the current which

can be extracted from the plasma border under space charge limitation to the diffusion current

which reach the border from the core^. It can be written as:

V = P.Nj2/3 (9)

where V is the applied voltage needed to collect the ions, Nj the number of ions per

unit length and P a geometrical parameter (related to the perveance of ion sources). Increasing

the number of ions requires higher voltage.

Above some voltage threshold, the sputtering phenomenon becomes important.

This phenomenom is the reemission of atoms under the impact of energetic atoms or ions1 .̂ If

the sputtering yield is bigger than one, a significant flux of enriched uranium is reemitted from

the collecting plates. Part of this flux may reach the waste collecting plate and reduce the

depletion efficiency of the process. This effect imposes a limitation on the extraction voltage11.

Finally, the extraction geometry is scaled to prevent collisionnal effects which cause

reduction of the enrichment factor, lowering the selectivity of the process. The first type of

collisions to be considered is the charge exchange collisions.:

+ 23fl y - 23SU + 238U+ (10)
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the 235(j+ ion exchanges its charge with a 238U. If this collision takes place v/ithin the

plasma core, the ion that will be collected is a 238u+, which limits the enrichment factor. To first

order, the scaling law of the charge exchange depends on the integral of the neutral density

over the ion trajectory during the extraction time. Taking into account this effect to scale the

extractors sets up a size limitation for the extractor width, the neutral density being given.

Uranium vaporization

The last element to consider is the vapor production. The number of atoms that will

cross the laser beam will set up the production capacity of the unit. In order to fix the ideas lets us

remember some figures. The melting point of Uranium is 1,405 K and the soiling temperature of

uranium under atmospheric pressure is 4.407K. Considering the Uranium feed, the most

promising technology for vapor production is electron beam vaporization. An intense high

voltage electron beam (10KV sE) heats a Uranium ingot. Vapor expands from a high density

region close to the ingots where many collisional effects take place to a low density region where

the ionization and extraction occur. The vapor expansion is far from being an equilibrium

process. Experimentally, one measures a very fast expansion velocity (faster than what could be

deduced from thermal expansion), a significant ionization rate and significant metastable

populations. These populations (background ions and metastables) contribute to the feed but

are useless atoms for the ionization: the bacground ions are already ionized and pollutes the

enriched stream; the metastable populations are useless atoms unless one use a laser to bring

them to the first excited level (if possible). In this particular case there will be as many additional

lasers as metastable levels to photoionize. The energy of the first metastable level is at 620 cm"1

above the ground state. As a example the following table gives the thermodynamic population

of the first metastable levels for different temperatures (even if one knowns the vaporization is

not a thermal phenomenon )̂ :

LEVELS (cm"1)

0.00

620.32

3,800.83

3,868.47

J

6

5

7

3

2373 K (%)

49.7

28.9

5.7

2.6

2573 K (%)

46.6

27.9

6.4

2.9

2773 K (%)

43.7

26.8

7.0

3.2

Scaling up the process

Laser performances

We now have all the informations necessary to scale the lasers. Let us try to summarize

the intrinsic properties we need. First of all, the lasers need to be tunable in the visible part of the

spectrum and narrowband (typically s10'5 relative bandwidth). We have seen that two colors are
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at least necessary to reach the ionization potential, may be three. The average power and the

peak power (for homogeneous power broadening of the transitions) prevent from using CW

lasers; the repetition rate of the lasers are thus to be high enough to illuminate all the atoms

crossing the irradiation zone (pe=1). Considering the beam velocity and a reasonable geometric

size, a repetition rate between 5 KHz and 20 KHz is requested. All these conditions converge to

the choice of Copper Vapor Lasers (CVL) pumping pulsed dye lasers. CVL are the only lasers

delivering high power at high rep rate. Since the laser wavelengths of CVL are 510 nm and 570

nm, the dye lasers are used betwen 550nm and 650 nm; therefore, the laser technology

imposes a three steps process.

The next step is to determine the wavelengths, the lasers energy and the lasers

fluence for every step. From the spectroscopic studies, one can sort the different sequences

following the ionization yield. This calculation must take into account the dye efficiency which is a

key parameter of the optimization.

Once the sequence has

been chosen, the bandwidth of every

laser is adjusted depending on the

hyperfine structure of the electronic

state and on the doppler width of the

vapor. The figure 10 shows the

difference between a single mode

laser and a broad spectrum laser

(2GHz broadening) on the ionization

yield as a function of the doppler

broadening of the vapor.

Effect of laser broadeniing

80-
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40-
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0 1000 2000 3000 4000

Vapor Temperature

fig. 9

Conclusions
We have identified so far the major physical effects which contribute to the AVLIS

scaling. Going back to the basic isotope separation ratios the game is now to optimize the

working parameters to obtain a given separation work, with the correponding enrichment factor

a, and depletion factor b. The physics of the process provide some of the constrains of the

problem:
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the lasers wavelength, bandwidth and fluence must maximize the ionization yield rj,

but keeping multiphoton ionization low enough to preserve selectivity;

the laser fluence and optical depth of the vapor must be compatible with a good light

absorption, reducing the ratio "separation work/laser power" but stay below the beam break up

threshold and above a given averaged ionization yield;

the laser energy, irradiation geometry and vapor density must preserve a good

extraction yield, collection efficiency and selectivity with regards to sputtering and charge

exchange limitations.

In this paper, we have analysed the physics of one Laser Isotope Separation scheme:

the AVLIS process. We have tried to demonstrate the intricacy of physics considerations,

technology and economic forecast. The scaling of a production unit is a complicated

optimization which takes into account the limitations imposed by physics laws (spectroscopy,

plasma physics,...), technology (vapor production, laser industry,...), and economy. But, en the

very end, the only philosophy which prevails for such R&D programs is to be cheaper than

competitive processes and to reach the goal first to get the market !

We wish to ackwnolmedge the unvaluable contribution of F. Lambert and thank very

much the CEA teams for the work they have down to contribute to our understanding of the

AVLIS process.
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