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ABSTRACT 

The need for enrichea isotopes, as .it appears to day will be recalled 
for the foreseeable future, this need, in quantitative terms, will be confined 
to isotopes for nuclear energy. The interest of laser isotope separation will 
finally depend on our ability to fulfil a number of requirements as to the laser 
output light characteristics. These will be recalled for the most common laser 
processes (molecular photodissociation and atomic photoionisation). At this 
point a comparison with expectations from the FEL can already be attemptea. 

Less common laser isotope separation schemes can gain interest from 
the possibilities evened by the FEL, especially by access to new wavelengths 
ranges. Some schemes implying UV or VUV photons will be discussed, as well as 
some possibilities involving IR photons. 

Attention will be paid to the problems that arise when considering 
scaled-up isotope separation installations. A large scale process results in 
more constraints on the laser parameters. Estimation of FEL capacity in this 
respect will be attempted. 
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RESUI1E 

Les besoins en isotopes séparés, tels qu'ils apparaissent aujourd'hui, 

seront rappelés : pour le proche futur, ils ne concerneront que les isotopes 

d'intérêt nucléaire. L'intérêt de la séparation isotopique par laser dépendra 

de nos possibilités de remplir an certain nombre de caractéristiques du faisceau 

lumineux. Celles-ci seront rappelées pour les procédés les plus couramment en

visagés (MLIS et AVLIS). Une comparaison avec les performances de laser à élec

trons libres (LED sera déjà abordée à ce niveau. 

Les schémas de séparation par laser exotiques peuvent être rendus attra

yants par des possibilités ouvertes par le LEL. Quelques schémas faisant interve

nir des photons UV ou VUV seront discutés ainsi que certaines possibilités dans 

l'IR. 

Les problèmes à résoudre pour une extrapolation d'installation de 

séparation isotopique seront abordés. Ils apportent des contraintes plus sévères 

sur les paramètres lasers, en fonction desquels, les possibilités des LEL de 

l'avenir seront discutées. 
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I - LIS AND- COMMERCIAL PROCESSES 

In the last decade, many experiments have proven the scientific 
feasibility of laser separation of a very large number of isotopes. Most of these 
experiments used the selective effects induced on the chemical reactivity or 
stability of molecules by laser light irradiation (most frequently intense C0_ 
laser irradiation, alternately visible laser irradiation). However no practical 
use of these studies is as yet evident, and this can be traced to two reasons. 

First, most studies have been content with principle proof conclusions, 
obtained on systems with essentially no production capacity. Laboratory scaling 
up of the processes is indeed not trivial, requiring development of appropriate 
laser instruments with high average output powers and sophisticated frequency 
controls. This type of scaling up has been tackled notably in Germany and in the 

(1) USSR, on carbon and sulfur isotopes : announced productions stayed typically 
in the mg per hour range but were convenient to assess larger scale productions 
performances. 

A second reason is to be found in the peculiar market situation which 
applies to enriched isotopes. Apart from uranium and deuterium for which there 
are identified and quantified needs from nuclear energy, most isotopes are needed 
for laboratories with scientific or medical applications - with generally small 
but widely fluctuating needs. Carbon, nitrogen and oxygen isotopes can be obtained 
from production facilities notably in LANL in the US; to our knowledge this 
facility is overpowered to meet the world yearly demands, which range from ca. 

15 17 13 
1 Kg for N, 0 to a few tens of Kg for C. Most other isotopes [for example 
of metal elements)) are needed in tiny quantities (mg to g range) and can be 
obtained from the Oakridge calutrons which were built long ago for military 
purposes. Clearly this situation is far from a commercially competitive one and 
the market produces no strong incentive for LIS. The same is true for the 
applications which focuss on stripping of an isotope (getting rid of tritium in 
waste water, selecting light isotopes of titanium to increase the payload of 
spacecrafts etc ). 

There is one notable exception, however to this picture, and that is 
uranium enrichment. There, the present needs are quite huge - per year, roughly 

23 q 

6 000 tuns of metal enriched at 3.5*. in U - and in 9pite of the slow pace of 
the increase of nuclear power production, new capacities should be needed in the 



90*s. Enriched uranium is presently produced by long Known processes : gaseous 
diffusion and ultracentrifugation of UF,. It is expected that a laser process could 

b 
beat them by a factor of three to five. That is to say the economic incentive is 
there, and has initiated large efforts in research and development. To give an 
idea of the scale, let us recall that the US announces R & D LIS budgets of the 
order of 100 M $/year. Let us also recall that a typical size for a uranium 
enrichment plant is 10 M SWU/year; the SWU, separative work unit needs not be 
defined here, this capacity involves a flow of 2 500 Kg of natural uranium per hour 

235 to produce 250 Kg of 3.5% U enriched uranium. Also, the current cost of a SWU 
is 140 $ and a simple multiplication will yield the amazing number of dollars that 
are at stake, and that we called "economic incentive". 

II - LASER URANIUM EMICEMEUT 

The two laser processes commonly envisionned for uranium enrichment, 
the molecular and the atomic processes, are known to a large number of people 
and have been described in a number of review papers (see for example 2). We will 
be content to recall their physical principles on two figures [Fig. 1 and Fig. 2), 
which describe only the simplest versions of the process, which will suffice here. 
Variants of each of the processes exist and can be of great interest from the 
point of view of final economy, but the crude estimates of the laser requirements 
that we are interested in here can be reasonnably assessed from the simplest schemes. 

In the atomic process (AVLISl excitation by three visible photons 
235 235 • 

selectively transforms the U atoms of a vapor into U ions which are then 
separated from the neutral vapor by electric fields. Implementation of the process 
involves producing a vapor of uranium atoms of suitable density. This is done 
in the form of the continuous flow of a beam of atoms emerging from a h&ated oven. 

-1 The velocity of an atom is of the order of 500 m. s which implies that an atom 
stays in a laser beam of 1 cm transverse dimension during only 20 us in its 
ascending motion. 

In the molecular process (flLIS), the process gas is UF g. The molecule 
is first illuminated by infra-red radiation with a wave length in the vicinity of 
15 u then dissociated by a strong UV radiation, which, in principle, adresses 
only the previously IR excited molecules. To make the photochemical orjcess an 
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isotopically selective one, it is usually proposed to flow UF gas mixed with a 
o 

light component (hydrogen, rare gases. ...) through a nozzle. The cooling which 
results has a drastic effect on the IR spectrum, as exemplified on Figure 3. The 
velocity of the UF g molecules in the flow is such that the irradiation time is 
again of a few tens of p. The photochemical dissociation, ideally turns the UF_ 

235 into a mixture of solid particulates of UF_, containing U in the sought assay 
and of the non transformed, thus isotopically stripped gas. 

We stress that in both processes, the process gas is fast flowing; this 
will bear on the laser time characteristics requirements on which we will dwell 
now. 

Characteristics of Lasers for LIS 

Whereas LIS with CW Laser irradiation is feasible, it suffers from a 
severe drawback which led to discard it, at least for the more classical versions 
of uranium enrichment that we have just recalled. The laser energy input, in 
effect, can be wasted by relaxation into unwanted excitation, degrading the photon 
efficiency of the process. Also a convenient illumination of the process gas 
requires a strongly saturating power. Therefore one wants to use rather high laser 

-2 powers, typically in the range of tens of KWatts cm , which will beat relaxation 
by promotion to an excited level leading to the isotopic separation. Such powers, 
hcwever, cannot be achieved by CW instruments with the long time reliability 
required for an industrial application. 

We are thus led to the idea of using pulsed lasers, with which It is easy 
to achieve the required power level as peak power in the laser pulses. The property, 
mentionned above, of the process gas to flow at velocities of the order of 500 m. s 
leads to a requirement on pulse repetition rate : of 10 KHz if the irradiaf-Ton 
length is 5 cm, proportionnally higher if this length is shorter. A smaller laser 
repetition rate would result in a poor use of the process gas, a detrimental 
situation in view of the (economic) difficulty of conditionning this gas. 

At this point we can list the following characteristics required from 
lasers for LIS. 



(5) 

pulse rep. rate 
pulse duration 
peak power 
line width 
frequency stability 
reliability 

The large ranges indicated for peak power, line frequency width and stability 
reflect that several different types of lasers are needed for LIS; for example 
the UV laser used for photodissociation of UF g or the visible laser for 
photoionisation of U must be more powerful but do not have as narrow linewidths as 
the others. Also, the IR laser in the molecular process needs to be only less than 
10 times less power-ful than the UV laser, due to the difference in photon energies. 

Last but most important the total power requirements must be looked at. 
This requires some insight into the production goals of an LIS process for uranium, 
possibly into economical aspects, to which we now devote a few lines. 

On the total laser vouer for an enrichment plant 

The size of an enrichment plant is expressed in units of separative work 
(SWU). The convenient reference operation, enabling significant comparisons between 
processes is the following : 

- production : 1 Kg of uranium enriched at 3.5*, 
- feed material : 10 Kg at 0.72% fthe assay of natural uranium), 
- waste : 9 Kg at 0.28%. 

This operation amounts to 4.5 Kg of SWU. 

The production units usually envisionned produce 10 Millions SWU per year. 
With the preceding reference operation, this corresponds to a production of 2 222 
tuns of 3.5% enriched uranium per year, or 250 Kg per hour, containing 8.75 Kg of 
"""J. The estimate of the laser energy required for such a capacity achieved with, 

a laser process depends critically on the isotopic selectivity of the process. We 
will characterize it by the parameter n : a photon has a probability of being used 

5 to 50 KHz 
10 to 200 ns 
5 to 500 KW. cm"2 

0,5 GHz to 10 GHz 
10 to 100 rtir 
thousands of hours 
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235 23B 

for ionisation of a U n times larger than for that of a U atom, n is really 

an average of selectivities describing the interaction at each of the wavelengths 

used. The energy E consumed:.at one wavelength- ;£expressed- in number of-photons) 
235 X 

per U atom in the product, is £ = (1 • 1/n X_)(1 - ^-}. X_ is the isotopic assay 
F Xp r 

of feed material, Xp that of the product. This expression assumes all yields to 

be equal to 1. Introducing yields of 0.5 for the photon efficiency (half of the 

photons are lost), of 0.5 for ion collection (half to of the ions photoproduced 

are not collected) and of 10 for laser photon production cost one finds following. 

c i *.i j k ei 4. J <r Visible Laser Power 
Selectivity Electric Energy , 

, , J «,„,_, , •• per colour 
In) per SWU and per laser- , „ n M C I I I 1 / „ r r for 10 fl SWU/year 

140 

100 

20 

5 

2 

6.4 Kwh 7.4 KWatts 

13 - 15 

15 - 17 

51 - 59 -

186 - 215 

1 363 - 1 573 -

The photon energy is taken as 2.2 eV 

Even for a process of high performance, it is seen that the power needed 

is very large, tens of KWatts. That will come as a surprise to nobody : it is 

presently not envisionned to produce all that power with a single instrument. 

Rather several systems yielding typically 1 KWatt per colour can be used; at a 

repetition rate of 10 KHz, this corresponds to energy pulses of 100 mJ. 

Ill - TEE FEL AND URANIUM ENRICÏÏMENT 

We now consider the possibility of using FEL light in the main versicos 

of Uranium Enrichment just considered. Even if our conclusions, here, will be 

negative, a presentation of the argument seems useful to ease a reassessment of 

the point if some characteristics of future FEL'S wouid appear to be more favoraoie. 
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(from our view-point), than expected to-day. Other isotopic separation schemes than 
the AVLIS and MLIS for uranium will be indicated later with somewhat more optimistic 
conclusions as to the interest of the FEL. 

In what follows, we found it particularly difficult to assess the potential 
parameters of LINAC based systems. The information we gathered, and which for our 
purpose are pessimistic on the possible use of LINAC's in LIS corresponds to presently 
built machines; we are however told that very different characteristics - and much 
more appropriate to our needs - would be obtainable, if it were so wished. 

Mean varameters 

The following [and optimistic) table can be set with "OK" in most cases 
for lasers on rings or on LINAC's. 

RING LIlMACs 

Yield 
Total power 

Spectral characteristics 
Wavelength 
Line width 
Stability 

OK 
OK 

with a moderate 
number of machines 

OK 
requires 
many 
machines 

OK IR only 
OK Not OK 
requires some electro optics 

Yield. Only the RF power is taken into account, all magnets in the systems being 
assumed to consume only negligible energy (permanent or supra). The yield will be 

y * (laser power)/plug 
• (laser power)/(electron beam) 
X (electron beam)/(RF power) 
X (RF power)/plug. 
-2 For lasers on LINACs, y ̂  10 can be expected. For lasers on rings, the very 

general expression P. s 0,6 — p relating the laser power P. to the synchrotron 
radiation power P_, with ^- being the energy spread, would lead to expectations 5 Y _4 

more like y ^ 10 _ J with optimism, 10 more realistically. It is important to 
know the effect of any spectral shaping,, for example of the use of étalons, 



on these yields. It seems that, according to the present status of our knowledge, 
the laser linewidth may be considered as homogeneous.: spectral narrowing would 

(3) thus not decrease the above numbers 

The expected yields, if not very high, nevertheless compare reasonnably 
with other laser systems considered for laser isotope separation (C0_. Cu vapcr, 
excimers, Nd YAG. etc., ). 

- Total power. The power requirements for LIS mentionned above of - to take a 
typical value - 10 KWatts for a visible colour certainly are not compatible with 
the use of a single instrument. Let us recall that the ESRF ring, as described 
in th2 1979 project emits 1.57 flwatts of synchrotron radiation power. If optimised, 
with -21*10 , this would give 1 KWatt of laser power, still much short of the 
10 KWatts mentionned before. Nevertheless optimisation of devices and multiplicatior 
of their numbers could yield the required level of power. Final argument here 
pertains to economy : some cost considerations will be addressed below. 

- Spectral characteristics 

Classical techniques of spectral narrowing and frequency stabilisation 
can be applied to FEL as to other lasers. Consideration here has to be given to 
the microtemporal structure of the electron current. Light comes out in pulses 
having depending on the machine, durations ranging from a few picoseconds usually 
for LlNACs to a few nanoseconds on synchrotron rings. The spectral width of the 
light pulses will not be smaller,than the. inverse of their time duration [Fourier 
Transform Limit]. This will confine us to the longer micropulses, preferably of 
several nanoseconds, apparently better suited to rings. 

Time structure 

Our consideration of the time structure of the laser light emitted by 
FELs will chiefly focus on lasers on rings, although much of the discussion can 
be applied to LlNACs as well. 

The first difficulty here is connected with the beam lifetime. It is 
difficult to see how long term, (hundreds of hours) reliability and finite (hours) 



beam lifetime can be reconciled; but we will assume that some appropriate design 
can be devised (short injection time, continuous injection . . . . ) . 

The sought time structure for LIS» as we have seen, would consist of 
pulses of light of at most 2QQ ns duration emitted at a high repetition rate. The 
micropulse structure certainly would prevent strictly such a time structure to be 
produced : an equivalent result might be obtained with a time interval between 
micropulses £ 10 ns - not incompatible with a width of 2 ns - and a macropulse 
time duration of ca 2DQ ns. and a time interval between macropulses T > 20.(1 ns. 

At that point, we briefly recall ELLEAUME's results on the macropulse 
structure, as deduced from the model he developped in ref. 4. The macropulse 

3.5 T 0 

duration (width at half maximum) is of the order of St = — - — with T , the laser 
L- 0 

rxlcropulse rise time being related to the low level gain g by T ^ T/g CT is the 
photon round trip time in the cavity). C, the relative energy spread introduced by 
laser operation, can be evaluated as C « th — , and one can write g -=- th — * 3,5. 

6t Ts ° Ts 
The resulting condition g — > 3,5 is certainly not easy to fulfill. It woulc thus 
require 6t = 200 ns, g * 1 and an optical cavity length •=• cT of 8 meters. The 

° -1 
macropulse repetition rate is then equal to 0,7 T which can be at most 175 Hz. a 
high energy ring being able to give x of a few ms - here T • * 5 ms. 

An FEL of 1 KWatt mean power, with these time characteristics would give 
pulses of 5.6 Joules. To be used in LIS a number of these should be used in a 
complex multiplexing system, involving for example per colour 10 such rings PEL'S 
for production of 10 M SWU/year with a high isotopic efficiency process. 

A production scale TEL ? 

An FEL able of meeting production requirements for uranium, as we have 
seen, would require a high energy ring, close to the ones aescribed in E3RF prsjects 
and some challenging optimisation of the optical gain of the cavity. Summarized 
parameters are indicated on the table. 



Electron energy E 4 GeV 
Total Synchrotron power 
Energy dispersion 

Psync 
Ao 
a 

1 «Watt 
ID" 3 

Total laser power PL 1 KWatt 
Micropulse rep. rate ioo rtHz 
Micropulse width 2 ns 
Synchrotron Damping time Ts 5 ms 
Electron lifetime long 

Optical cavity gain So 100% 
Laser rise time T 0 57 ns 
Laser pulse rep. rate T =1 

0 
175 Hz 

Laser emission wavelength ca 200 nm or ca 400 nm 
Cavity length 8 m 

Again, due to the small repetition rate, a large number of such lasers 
would be needed in a production plant !. 

Cost considérations 

The cost per SWU of LIS must be compared with the current [gaseous 
diffusion) cost. Approximate numbers for Energy, Capital and Operation costs are 
indicated on the table. 

$/SWU Energy Capital Operation 

Gas Oiffusion 60 
LIS 5 

70 
21 

10 
14 

If we taKe the total capital cost related to the laser Celectro aptics, 
building, maintenance workshop, etc. ...) to be 1/3 of the total capital cost. 
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the cost of the laser instrument to be again a third of that number, and use ten 
years amortization time, we can calculate the corresponding capital cost, as 4 700 $ 
per installed Watt. 

Whereas this amount is grossly exagerated If one considers the laser 
instrument itself, it nevertheless is smaller than the cost of a ring. ESRF far 
example, at that $/laser Watt price should cost 4,70 M $ (̂  40 MF), certainly more 
than an order of magnitude cheaper than real. 

Cost considerations: might be still harder than technical arguments to 
prevent use of the FEL for uranium enrichment by the current versions of AVLIS or 
MLIS. In fact the FEL may enable laser isotope separation by other, more exotic, 
types of processes, of which we now consider a few. 

17 - THE FEL AND OTHEB LIS SCHEMES 

The two processes which we have considered in the preceding paragraphs, 
the AVLIS and the MLIS enrichment of uranium are, by far the most liKely LIS 
processes to be Implemented one day. Their selection results of arguments of many 
Kinds among which the availability of lasers of suitable wavelength i? a major one. 
The possibility of producing 16 y radiation by efficient frequency conversion of 
a C0_ laser-output, thus strongly helps advocates of the MLIS process for uranium. 
The availability of lasers in new wavelength ranges, opened up by the FEL may thus 
shed brighter light to otherwise discarded schemes. To illustrate the point we 
give a few examples. 

LIS Schemes using UV or VUV radiation 

Atomic states lying above the ionisation limit, eventhough coupled with 
a continuum, can be narrow enough to exhibit resolved isotopic shifts. They then 
enable use of a simplified version of AVLIS, whereby a single photon Is sufficient 
to selectively ionize an atomic vapor. The required photon energy is, for most 
atoms including uranium in the range 6 eV to 7 eV. Whereas energy balance Is no 
different with this scheme than with the more conventionnel three-step excitation 
AVLIS, a system based on a FEL would be much simpler in some respects, requiring 
no frequency conversion and a single type of instrument. 
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There are two cases of narrow autoionizing levels that have been reported. 
The direct situation occurs in complex atoms where narrow absorption lines can 
exist above ionisation limit : in strontium for example, lines of linewidth of the 

-1 (53 -" 
order of 1 cm have been reported . in baryum a line as high as 50 000 cm ' 
above ground state and with width of 1.5 cm has been reported. In actinides some 

(61 examples have been seen as well 

Another, electric field induced, situation is known since the work of 
ref. (7). An electric field, lowers the ionization limit, being able to ionize 
Rydberg states of smaller quantum number when the field strength increases. In 
this situation called "forced autoionisation". Stark resonances, often very narrow 
are observed. The physical origin of this phenomen, which seems to be quite 
general, is exemplified on Fig. 4. The original example of Rb is illustrated by 
Fig. 5 : isotopic shifts as small as 0.07 cm are measured. Also, Fig. 6 gives a 

(81 1 
lineshape observed on the thoroughly studied . transition to the 5d 7d ( D_) 
state of baryum. Narrow features, of width of order 1 wavenumbar can be seen. 

In this, sort of prospective, paragraph we will also mention exotic 
isotopic separation processes based on a nuclear transition. 3s that which has 

2^5 proposed some time ago in ref (9), (10). The w U nucleus, has an excited state 
1 7 

(with spin •=•) as low as 75 eV above ground state (with spin — ) , and with a lifetime 
of 26 m. The next excited state is reported at 13,1 keV. The decay of excited 
235 

U involves ejection of a conversion electron, thus causing chemical change 
and opening up a possibility for isotopic separation. In fact, excitation of the 
235 

U nucleus, can only be thought of as having very low probability : if the 
experiment has only very small chance to ever have any practical interest, at 
least it would bring a number of interesting information on the electron-nucleus 
interaction. 

Up to now, we explored the use of an FEL in a process assumed to be 
defined and in a production stage. It has been noted that our estimates of the FEL 
interest, thus seen, were rather pessimistic. But there is one very interesting 
property of the FEL we have not referred to yet, that is its flexibility in wark-
wavelength; choice of wavelength or tunability can in principle be easily 
achievea by electron beam or ondulator parameters adjustment or sweeping; that 
makes FEL very unique a tool for basic studies. 
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Studies of new LIS schemes 

A large number of photochemical reactions have been shown to present 
isotopic effects and thus to provide a priori basis for LIS schemes. However, 
most experiments have been confined very much to the frequencies produced by 
existing lasers r essentially narrow CCL lasers lines for TR (90* of the studies] 
and dye lasers for the visible. Ability to fine tune and access to the mean IR 
region (1 500 to 3 000 cm ) would widen very much our choice of molecules: near 
UV would allow studies of electronic excited states of electronically saturated 
molecules. Impact on laser isotope separation but more generally on laser chemistry 
would certainly be most important. A FEL of 1 watt average power and 50 Hz 
repetition rate, to take orders of magnitude more modest than our previous 
"requirements", that is to say able to give 20 mJ energy pulses of tunable light 
with devices appropriate for each wavelength range would bring drastic progresses 
to the field. As compared with present possibilities, these characteristics are 
quite competitive in the visible and of course much better at shorter wevelengths 
where so little exists. They may seem poor compared to that of C0_ lasers, and 
indeed they would be less appropriate to study multiphoton excitation and chemistry. 
But, as is well Known, many monophotonic effects of IR exist in chemistry, or 
in many physico-chemical properties. Thus and to conclude, as appropriate, with an 
example of LIS, the ideas of acting, with isotopic relectivity, on the condensation 

(11) in a supersonic jet - as has been again discussed recently - would be of great 
scientific interest. 
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FIGURE CAPTIONS 

Fig. 1 - Principle of the HLIS process. UF g is cooled in a supersonic flow, 
isotopically selectively excited with an infrared laser; previously 
excited molecules are then chemically transformed with UV laser 
irradiation. 

Fig. 2 - Principle of the AVLIS process. A vapor of uranium atom is selectively 
excited with a visible laser; previously excited atoms are then ionized . 
through excitation by laser light in one or two steps. Physical separation 
is achieved with electric fields. 

Fig. 3 - Cooled UF g absorption spectra in the vicinity of 16 u« UF g gas is mixed 
with argon (upper diagramm) or helium (lower diagramm). The linewidths 

-1 should be compared with the value of ca 15 cm (15 000 mK.) that obtains 
at room temperature. 

Fig. 4 - Origin of "forced autoionisation". An electric field causes new resonances 
between discreet levels and continuum, thus opening new paths for 
autoionisation. 

87 S5 Fig, 5 - Absorption spectra of Rb and Rb in the presence of a small electric 
field.(from ref. 7). 

1 
Fig. 6 - Excitation spectrum of Ba 5d 7d ( 0.) state in the presence of an electric 

-1 field. Very narrow features (^1 on ) are apparent, (from ref. 8). 
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