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SUMMARY

Dimensioning a Laser Isotope Separation (LIS) plant means
calculating the values of a large number of parameters in order to
optimize some objective function. In such algorithms the
calculation of the objective function must be repeated thousands
of times, therefore each elementary calculation must consume
little time. LAGAN uses simple models to describe the elementary
physical processes : evaporation, vapour expansion, interaction
between photons and atoms, ion extraction etc ... These simple
models are derived from refined modeling codes or are empirical.
As an example the optimization of the separative work of an
uranium facility is discussed.

Keywords : Atomic Laser Isotope Separation - Vapour expansion ion
extraction - Photoionization - Propagation - Sputtering
- Global Simulation - Optimization - Dimensionning.



I - INTRODUCTION

A large number of parameters contribute to the definition of a
Laser Isotope Separation (LIS) plant. These parameters are
dimensions and operating conditions. They might be bound by
constraints or free to vary within given intervals. Dimensioning
the LIS plant means calculating the values of these parameters in
order to optimize some objective function. In the optimization
algorithm, the calculation of the objective function may be
repeated thousands of times, therefore, while the LIS physics is
sophisticated, simple models must be used to describe each
elementary physical process. Obviously the obtained performance
must be confirmed in fine with refined models. This approach is
that of LACAN. Initially written for uranium, it can be used for
other isotopes provided the basic data are supplied. The
capabilities of the code will be illustrated in § 12 on the
following example : Given the power of the tunable laser beams
find the parameters which maximize the separative work of a
uranium facility. For concision's sake, the models used in this
example only will be discussed in the following paragraph.

1 - ELEMENTARY PHYSICAL MODELS

H.l - Evaporation rate

The prediction of the evaporation rate for a given set of
characteristics of the evaporation device i.e. : electron gun
power, focusing, crucible dimensions etc ... is one of the
challenges of AVLIS physics. Although numerical (1) and analytical
(2) attempts are made to progress in this way, we use here an
empirical relation between the mass flow rate q and the electron
beam power P of a gun :

(1) q = a P + b

Thus this model is essentially empirical. When several guns are
arranged end to end in a pod, the individual mass flow rates are
added and the result is smeared uniformly on the total length L of
the pod.



Although the analytical model of CHAN (2) does not take into
account physical phenomena such as turbulence, deformation of the
free surface and buoyant forces, it may be helpful to predict the
evaporation rate of a metal in comparison with another one for
which extensive experimental data are available.

ÏÏ.2 - Vapour expansion

The relevant figures which characterize the vapour are : Density
of atoms, in the fundamental state n0, and on metastable excited

electronic levels (n620, n3800 ...)/ velocity V, temperatures
(Tr , Te , Tz ) and the degree of ionization. Although during the
expansion, exchanges between internal and kinetic energy of the
atoms are likely to occur, we consider here, the expansion of one
sort of atoms only i.e. : n0 . This problem has been solved by
A.ROSSNGARD (3) with the help of a Monte Carlo Code based on the
particle test method. The vapour is supposed to be emitted through
a slit from an imaginary vapour chamber in equilibrium at
temperature Tv and density nv . The results of extensive runs of
the code have been smoothed and the derived correlations are given
in (3). These correlations express the adimensional figures :
n/nv , T/Ty and V/Vy as a function of the source Knudsen number :

•Tf

nv n d
2 lv

•p

and the reduced coordinates : — and 9 (see fig.l). Where d is the
hard sphere diameter and lv the width of the slit.

n, T and V are mean values along a line MM' parallel to the slit
and bounded by the same vertical planes (see fig.l).

A typical output of the code is shown fig.2 and 3.

During the expansion, the vapour temperature decreases (see fig.2)
and it can be expected that the metastafale ratio (n620/n0)
also decreases. A reasonable assumption consists in saying that
the atoms are in local thermodynamic equilibrium in the
collisional area near the source and that thti populations are
frost outside this area.

no
We shall denote p, the metastable ratio p,= if threea n0+n62Q+...

nO +n& 2 0
colour beams are used, p = if four couleurs are

"O+n62 0+ P38 0 0 • * • • • •
used.



There is no model for the moment in LACAN to predict the degree of
ionization Tf of the vapour. Experimentally TJ is found to be
a few percent, and an appropriate device may be useful to
eliminate these parasitic ions. In the example § 12 we shall take
T , = 0 .

E. 3 - Illumination and photoionization

Let pe and pf be the illumination and the photoionization ratios
defined as follows :

pe : is the probability for one atom entering the interaction
zone (IZ) to be illuminated, or to impact a rich plate.

PI : is the probability for an illuminated atom to be
photoionized.

The interaction zone is the dashed area of fig.4 where photons and
atoms intersect.

We shall consider only laser beams propagating in the vacuum. This
is almost the case for the design of a facility which can be
considered as optically thin.

The knowledge of the light intensity and phase maps in the origin
plane allows the calculation of the intensity map in any plane at
distance Z from the origin plane. In the origin plane let us
inscribe the beam in a square frame of side a which is the best
fit of the contour of the beam. At distance Z we shall only
consider the light remaining in the frame and neglect that part
which diffracted outside the frame. As an example fig.5 shows a
typical dye laser beam, intensity profile and the effect of
diffraction at 220 m from the origin.

We are now able to build up the global light intensity map of the
interaction zone by putting side by side the frames which
correspond to the successive foldings of the beams.

We assume here that the light intensity and phases maps at the
origine plane are identical for the three (of four) colour laser
beams and that they diffract in the same manner (same
wavelength).



The expression for pe is then :

'+d/2
dx

-d/2

where :

f (vr, ve) = max

P(Vg)

p (v) = I
 m exp [- m (v - v)2l1 ' \)2 H K T P I 2 K T k ' J

1, z is the chord length i.e. the length of that part of the
trajectory which is illuminated, C the laser repetition rate, d
the aperture of the IZ, K the Boltzmann constant and m the atomic
mass.

This expression does not take into account the velocity vz in the
axial direction arid is therefore conservative.

As a consequence of the assumptions made above for the beams, p.
can be calculated in the following may :

A relation p1 = F(0) between the local pf and the total energy
flux per laser pulse (mj/cm2/pulse) 0 can be established by using
a code solving the coherent Bloch equations (4). A typical non
dimensional curve is shown fig.6 where 00 is the value for which
p.= 0.99.

Then p{ can be calculated by integration in each frame of side a
at distance Z from the origin plane and for a given repetition
rate :

Pi = G (Z, a, C) (2)

The total power of the tunable light P0 being constant, we have :

a2 E C = P0 . Where E is the total energy per pulse and :
fa

E = (x,y) dx dy

The final pj is the mean value of the p. of the individual frames
of the I.Z.

A simple relation as (2) which is obtained by using propagation
and coherent photon/atom interaction codes is introduced in LACAN.



H.4 - Extraction - Charge exchange

We consider here an electrostatic ions extraction device only, p.
and px are defined as follows :

PE : is the propability for a photoion to impact the rich
plates regardless of the charge exchange.

ft.
Jo dt

PE = where I(t) is the rich current, N0 the
o ^

number of photoions created and q the
electron charge.

px : is the probability of no charge exchange.

The extraction model used in LACAN is issued from that of F.F.Chen
(5) as far as the sheath motion is concerned. The density is
calculated via an ambipolar diffusion model (6) .

As for the vapour expansion, numerical correlations which have
been obtained by extensive runs of a particle method plasr.a cede
(7), are available as well.

Cr.e important input data of the incdel is the eiecrrcr.ic
temperature Te. The electrons gain energy by a thermalizaticn
process with the ions and by the excess energy of the
photcionization. Typical values of Te are 0.1 - 0.2 ev for
uranium.

The charge exchange is supposed to occur only in the dense plasma
(8). The u235 ions which exchange their charge in the sheath are
supposed to be collected.

Hence :

Px=

ft
J O

• m o x e-<rx na v t i(t) dt

I m a x
Jo I(t) dt

Where crx is the charge exchange cross section, na the U
238 density

and V the thermal velocity :

K T
V = 3 ——

\J II m

= | <TP
 + T9 + Tz



Actually the charge exchange is equivalent to a lack of
selectivity. Then it is tantamount to writing :

Pi= Pi X Px

P? = (1 - Px)

p? and p? are the equivalent photoionization ratios of U 235 and
U 238.

H.5 - Sputtering

The sputtering yield can be approximated by the relation :

( v y
a UoooJ V > Vn

a. & and V0 can be inferred from the work of Robinson (7) f
sputtering U/U (2 = 2.2 p = 0.7 V0 = 200 V).

or self

H. 6 - Dilution ratio

The dilution razio rd is the prcbabili-y for an atom entering rr.a
IZ and that will not undergo photcionizaticn to be collected by
the rich plates. An approximate expression for ra which neglects
the possible collisions in the I.Z. is :

= 2

f+d/2

-d/2
dx

with

V3mi n

H

8 m,-n

(V8) d V3

P (Vg ) is given by (1), the integration is performed on the width
of the diaphragm d and on the velocities directed towards the rich
plates.



I - GLOBAL SIMULATIONS

The structure of the code is that of a flow sheet diagram. Mass
flow rates of isotopes are calculated for each branch using the
elementary models described above. The diagram which corresponds
to the example of § 12 is given fig. 8. If qj q{ * denote the fluxes
of atoms and ions of isotope j on branch i, for the example of
fig.7, we have :

(3)

= 0
rij Vr d L

= q{ (l - Pa Pe p j

- N + + pa pj
a

lil PE

qj - T

P =

q + qj

Where F is the view factor (P w) n- e , pj , PE and rd
have been previously defined and depend upon the free parameters.

If solved straightforward, equations (3) give the
product (branch 5) and of the tails (branch 6) .

assay of the

LACAN can also solve the inverse problem i.e. : search for a
parameter which ensures a given assay for the production or tails.
A Newton iterative scheme is used in this case.

The third capability of the code is optimization with regard to a
given set of parameters X1 . . . Xn . Each parameter X,- is chosen at
random within a. given range of variation X1? ' n - X1?3", and the
objective function is calculated. The best set of parameters is
retained. If the product assay is prescribed, X % for example,
then the error function :

£ = q| (100-X) - qf X



multiplied by an appropriate normalization factor is added to the

objective function.

This method is more advisable than gradient methods especially
when some parameters are integers which involve discontinuities in
the objective function.

12 - EXAMPLE

The example discussed below concerns the design of an hypothetical
uranium facility. It is intentionally simple for a better
understanding of the sensitivity of the objective function to the
various parameters.

Input data :

Length 1 m
Mean density at R = 0.55 m I013at/cm3

Number of interaction zones 1

Parameters :

Geometrical parameters : (see fig.8) Db, Dh , d, R, H.
Operating conditions : V negative potential of the rich plates

C repetition rate of lasers
a side of the square laser beams

Constraints :

(4) Production assay 3 %
(5) Dh = Db * (R+H)/R (radial plates)
(6) V < V0
(7) Maximum number of beam foldings Nmex

(6) and (7) are arbitrary constraints due for example to technical
limitations.

Objective function :

Separative work (swu/year pull power)

There are eight parameters and two relations. Hence six parameters
are free. The optimization is then achieved in four steps :



First step - Sensitivity to the potential V.

Starting from a mean configuration with constraints (4) and (5)
fig. 8 shows the variation of swu versus v.
Increasing the potentiel improves the extraction, but increases
the sputtering and hence increases the tails assay. In almost all
cases it is useless to operate with V » 4000 V. Subsequently and
considering (6) we shall take V = 4000 V.

Second step - Sensitivity to the geometrical parameters.

If we set V = 4 kV, C = 10 KHz and pf pe = 0.56 (which is a central
value for this figure) and take into account (4) and (5) , three
independent parameters are left, for instance : Db , d anu R. (H is
calculated in order to satisfy (4)). For each d, we can represent
the objective as a function of Db and P (see fig. 9). We see that
there is a optimal choice of D and R, resulting from the combined
effets of ion extraction, charge exchange and dilution rate.

Third step - Management of the photons.

For given d and C, the best way to fill the interaction zone is to
maximize the product p,- pe • The number of foldings is chosen in
order to cover a rectangle of dimensions 1 x h with :

Vr +
h «

Where a (VR ) is the mean square deviation of the radial velocity
Vr . The maximum number of foldings N due for instance to a
technolgical limitation is 36.
Increasing a improves pe (due to the limitation N « 36) and
conversely degrades pf because the energy flux per pulse
decreases. The result is that there is an opt_mum value of a. For
C = 5 KHz fig. 10 gives p{pe as a function of d for several a. The
best a is independent of d. Similar results are obtained for
C > 5 KHz.

If we increase C, we can decrease the he.irrht h of the IZ and
correlatively the side of the frame a. On the other hand
decreasing a involves more diffraction. Hence while for increasing
C pE and px are improved, Pjpe decreases due to the diffraction.
An optimum of C is then expected.
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Fourth step - Global optimization.

Several trials, starting from different initial sets of
parameters, were necessary to find the optimum. The verification
is shown fig.11, where each parameter is varied around its optimal
value.

This conclusion depends on the input data of this particular
problem and obviously it must not be extended to the design of a
plant.

- CONCLUSION

LACAN is a global simulation code for laser isotope separation
plants. It uses simple models to describe the elementary physical
processes. These models are built up with the help of refined
modelization codes or are purely empirical. Dimensioning a urar.ium
facility is given as an example, the optimization is split in four
steps for a better understanding of the sensitivity cf -he
objective to different groups of parameters.
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FIG.l - axial geometry for vapour expansion calculations
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PIG.4 - Cross section of a separator showing the main dimensions
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PIG.5 - Light intensity profile of the laser beam -
at the origine plane and after 220 m propagation in vacuum
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FIG.6 - Photoionization rate p.f as a function
of the total tunable light power
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4 capacities - 7 branches
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FIG.9 - SWU versus R and D for
d = 5 cms - p . p e = 0.56 V = 4 kV
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FIG.10 - Management of the photons
PjPe versus d and a for C = 5 KHz
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FIG. 11 - Sensitivity of Sfftr versus
each parameter around the optimum


