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ABSTRACT 

The principle of the process of isotopic separation by 
ionic cyclotron resonance is explained succinctly. The theoretical 
calculation of the isotopic effect is given as functions of the 
electric and magnetic fields in the frame of single particle 
approximation and of plasma collective theory. 

Then, the main parts of the demonstration device which 
is in operation at the CEA, are described here : the supracon-
ducting magnetic field, the used diagnostics, the principle of 
the source and the collecting apparatus. Some experimental 
results are given for chromium. 

The application of the process to pondéral separation 
of metal isotopes, as Chromium, Nickel, Molybdenum ... is 
discussed in view of production : of medical, structural and 
irradiation isotopes. 
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1 - INTRODUCTION 

The isotope separation process by ionic cyclotron reso
nance (RCI) has been studied for the first time during the 
second world war by RICHARDSON / 1 / in the frame of the 
Manhattan Project. The first tentative fails due to technolo
gical and scientific deficiencies. During the sixties, some mass 
spectrometers based on the same principle were developped by 
private companies and some of them are still in use. 

In 1971, in France, new ideas and technological impro
vements in supraconducting magnets and hyperfrequence lead to 
a renewal of the process. 

Then, the main problem was to produce an intense stable 
plasma of refractory metallic ions. This point is most probably 
the key of the process, as we will see later. 

So that, in 1980, our Division was sent in charge of 
the proof of the faisability of the resonance process. 

Meanwhile, the american company TRW / 2 /, funded by 
DOE, developped the same process from 1975 with a great effort 
(15 M$/yr, 100 persons). In this contribution, we will give 
you a large overview of the process studied at the Commissariat 
à l'Energie Atomique. 

2 - PRINCIPLE 

The basic ideas of the ion cyclotron method are to work 
on a plasma, which is electrically neutral and lowers the space 
charge, to treat the plasma in volume with special devices of 
excitation and collection. These ideas have allowed to increase 
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the flow rate of this process with respect to electromagnetic 
processes like calutrons which used ions beams and were limited 
by space-charge phenomena. 

The plasma is confined by a magnetic field. In the 
plasma, the motion of the ions of mass m. and charge q = Ze is 
helicoidal in a uniform magnetic field B. The radius of the 
helix is called the Larmor radius : 

v . 
rT. « - ^ (D 

L l "ci 
where v.. is the component of the velocity in the plane normal 
to B and ai . 

CI 
- Z e B ... 

ci m. 
a) . denotes the cyclotron pulsation, f , - ~ i the cyclotron frequency, 

The subscript i denotes the isotope. The result is that the ions 
and electrons are confined in a magnetic column. 

When an electric oscillating field of module E, normal 
to B at a pulsation us equal to the ion cyclotron pulsation w . 
is superimposed, this field yields energy in phase to the ion. 
The Larmor radius of this isotope increases as 

r L = Et/B (3) 

so that the trajectory becomes a spiral. The isotope is called 
resonant. 

On the contrary, the non-resonant ion is going out of 
phase so that the mean energy yielded during a period is nearly 
2ero. Then, the Larmor radius goes back almost to its initial 
value periodically (Fig. 1) : it is a sort of beating phenomenon. 

This "nodes" are located at distances L, such as : 



-*-B static uniform magnetic field 

E "Oscillating electric field at u>ci 

Non resonnant ion (m2) 
Resonnant ion (m. 

• 

Giration radius of résonnant ion : rL = -J=— • t 
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FIG 1 IONS TRAJECTORIES 
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2 l î j 'V//'o 
J c 

where Aw « u, - a. ^ —— is the difference of 
c ( 

pulsation between the two isotopes and V, , is the component 
of the velocity parallel to the magnetic field (assumed constant) 

The following conclusions can be drawn from the formulas : 

a) The length of the apparatus increases with the relative mass 
Am difference — and decreases with the magnetic field, m 

b) Theoretically using (3), it is interesting to increase the 
electric field E and decrease the magnetic field B. As a 
matter of fact, due to remark a), to the magnetic confinement 
and Coulomb collisions, it is necessary to have a magnetic 
field of about 1 to 3 Teslas for heavy isotopes. 

Conditions and limitations of resonance 

The main conditions to get rise to the resonance are 
the following : 

1) The homogeneity of the magnetic field must be better than 
the relative mass difference, 

2) The density of ions and residual neutrals must be low enough 
so that charge exchange, Coulomb collisions can be neglected. 

3) The level of low frequency instabilities in the plasma has 
to be low so that the superimposed electric field is not 
perturbed. 
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3 - EXPERIMENTAL DEVICE 

The figure 2 shows the scheme of the main elements of 
the experimental device. At one end, a plate of the element to 
be separated is biaised negatively from some hundred volts to 
some kilovolts. A part of the ions of the plasma is accelerated 
in the sheath, strikes the plate and sputters off mainly neutral 
metallic atoms (0.5 to 2 per incident ion). These neutral atoms 
are ionized by electrons of the plasma, which are heated by 
microwaves at electron cyclotron frequency. 

The microwaves are introduced in the device through a 
window and a microwave horn. The density n in the source is 
limited by a cut-off frequency so that the electronic plasma 
pulsation is equal to the electron cyclotron frequency (see 
STIX / 3 / for example) : 

n e e 2 1/2 
u = (—. ) s uj ~ to • (5) pe m z ce microwave ' e o 

For example if " m i c r o w a v e « 10 GHz, then <n e> m a x x 1.2 1 0 + 1 2 cm'3, 

The necessary power in the source is about 500 W per 
ampere of ionic current created. The ideal plasma is composed 
of single charged metallic ions and free electrons. Unfortu
nately, other species useless, or even harmfull for the process, 
are present and must be reduced : 

- Neutral atoms which produce charge-exchange by collisional 
phenomena. 

- Multicharged ions which are not resonant lower the separation 
coefficient. The electronic temperature must be low (1 to 3 eV) 
not to produce multicharged ions. 

- Rare gaseous ions which help to set the plasma at the light up, 
If the metallic plasma density and the size of the source are 
sufficient, the gaseous plasma can be suppressed. 
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FIG 2 SCHEME OF THE COMPONENTS OF THE PROCESS 



The plasma must be stable because low frequency insta
bilities will destroy the spectral purity of the cyclotron wave 
and the selectivity of the process. 

As all these requirements are difficult to be filled, 
the plasma source is most probably the key of the process. 

The oscillating electric field at a frequency of about 
200 kHz is induced in the plasma by an external antenna. This 
driving field induces a space 'charge electric field which shields 
it. The design of the antenna is done to reduce Doppler broade
ning, to optimize the coupling to the plasma and to enhance the 
separation factor. 

At the other end, the resonant specie which has won 
perpendicular energy, increases its Larmor radius and can be 
collected on parallel plates / called "rich collector", such as 
their spacing is of the order of its Larmor radius. The "tail" 
plate closes the column and collects the waste. The separation 
factor is increased by using repelling potential on the rich 
collector. 

The vacuum vessel with this apparatus is set in the 
magnetic field, which is produced by a superconducting magnet 
built at the CEA. The field up to 3 Teslas has a two meters 
homogeneity at better than 0.5 %. The internal bore diameter 
is 30 cm. This magnet is superisolated, with one external 
screen cooled with liquid Nitrogen and two inner screens cooled 
with liquid Helium. The most original in the conception lays 
on 2 x 4 radial diagnostics ports (Fig. 3} which are located 
at each extremity of the homogeneous zone of separation. The 
liquid Helium consommation is 4 1/h, due mainly to these ports. 

The conception of the superconducting wire is classical 
68 M. Nb-Ti wire embedded and twisted in copper (5 : 1) so that 
the wire is rectangular (2.2 x 1.5 mm) isolated with kapton. 
The winding is done on eleven layers. The current is 500 A for 
three Teslas and the magnetic energy stored is 1.4 MJ. 
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FIG 3 SUPERCONDUCTING EXPERIMENT 



This research and feasibility demonstration device is 
equiped with various diagnostics like every plasma physic 
experiments. Two major types of diagnostics are implemented : 

- probes which perturbe the plasma and are difficult to protect 
against metallisation. Electrical and magnetic measurements 
are done with them. 

- optical or hyperfrequence diagnostics, which have the advantage 
of not perturbing the plasma but are more difficult to interpret. 

The table 1 - sims up the major diagnostics, we will 
set up the attention on the mass spectrometer probe which uses 
the magnetic field of the experiment itself, has a weak reso
lution (6 to 10) due to its small size (about 2 cm x 2 cm x 1 cm) 
and is able to give the species (Ar, Cu, Cr, Kr, ...) and its 
proportion, the multicharged ions but is unable to resolve the 
isotopic ratio with a mass difference equal to the unity. 

TABLE 1 - Main diagnostics used on the supraconducting experiment. 

Langmuir probes 

Electrostatic analyser 
Mass spectrometer probes 

Electronic temperature and density 
n , T , wave analysis e e J 

Heating measurements 
Species and multicharged ions 

Hyperfrequence interferometer Electronic density 
Emission spectroscopy Plasma control 
Fabry-Perot interferometer Ionic and neutral 

Temperatures, velocities T,.// T 
vi//' v i i 

Weights 
Mass spectrometer analysis 

Mass flow rate 
Separation factor 



4 - THEORY OF 1SOTOP1C EFFECT (COLLECTIVE PLASMA PHENOMENA) 

To avoid space-charge limitations, like those which 
occur in calutrons, it is necessary to work on plasmas. In 
counterpart, at high density, collective effects occur in the 
plasma. In particular, due to the influence of the magnetic 
field, a magnetized plasma behaves as an anisotropic medium 
which can be caracterized by a tensor called the dielectric 
tensor (STIX / 3 /) : 

K = 

S iD 0 

- i D S 0 

O O P 

II to the magnetic f ie ld 

_L to the magnetic f ie ld 

(6) 

where 
0) 

S = 1 + I -
i,e 2o) k 

EiS-
// Vi,e 

w - w Z ( ci,e k ,, v. // i#e 
(j +• u 

) + Z ( ci,e. 
k// Vi,e 

P = 1 
i,e 

pie 
.2 2 
k// Vi,e 

1 + UJ 
k// vi,e 

z i 
k// Vx,e' 

D = I 
i,e 

"pi,e 
2c k / ; v i > e 

OJ 
Z <7. ci,e, 

k// Vi,e 
Z (- ci,e 

k// Vi,e 

where Z is the dispersion plasma function / 4 / 
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« « 2 1 / 2 n. e 
t a . - i — ) the ionic plasma pulsation 
Pi e Q B i 

2 1/2 
n e e 

«__ = ( -— ) the electronic plasma pulsation 
*^ o e 

v. thermal velocity of ions and electrons 
x,e 

k.. component of the wave vector, parallel to 
the magnetic field. 

Through the ionic and electronic plasma frequencies and 
the electron and ionic cyclotron frequencies, the components of 
this tensor depend on magnetic field intensity, density of 
charged particles, mass and temperatures of different species. 

The electromagnetic wave created by the antenna can be 
taken as combination of plane waves whose form is 

E = £ f (r,e> e l w t
 e~ X k- X (8) 

2-where ^ ~. - 4̂ and k * — is the wave vector. 

Using Maxwell equations, it is possible to derive an 
equation for the wave 

2 s 

? :.(7 A i» - -̂ j K . i *-i - » j ext |9> 
c ^ 

driving term 

If the plasask is assumed infinite along z and separated 
from the antenna by a vat M (Fig. 4), it is adequate to use 
Fourier transform seth i 

flr,*,t) « •—: J dk I F(r,n,k> exp I i (ne • kz - -tM (101 
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The geometry is given on Fig. 4. The antenna is separated 
from the plasma (I) by a vacuum region II. The vacuum vessel is 
also taken in account. At each interface, the continuity or the 
jump» for the various components of the electric and magnetic 
field has to be written. The linear resulting system is easy to 
solve and the inverse Fourier transform allows to compute the 
real electric field E polarized in the direction of rotation of 
the ions. For a Hagoya antenna (Fig. 5), the order of magnitude 
of F is about 1 V/cm for 100 Ampere-turn. Notice also that the 
cyclotron frequency is shifted by Doppler effect from x . to 
u . - V.. k / / t k... being the component of the wave vector along 
the magnetic field. 

Fig. S - Scheme of Kagoya ar.ter.na. 

At this point, neglecting the retro-action of the 
Larmor radius on the dielectric tensor of the plasna, it is 
possible to calculate the La nor radius of the ions as a func
tion of their space position (r,c), their initial phase 
(versus the electric field) and their velocities v^ and v .. 
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5 - SEPARATION FACTOR 

When this function r_. s f (f# r, 3» v. , v..,) is known, 
»*j j * . j / / 

we can decuce the separation factors a and g, defined as (for 
a binary mixture, without no loss of generality). 

<* s 

"P1 

N 1 
1 - H , 

3 a 

1 '«111 
3 a 

«1 
î - H , 

(â) 

<9) 

where H^, H , H - are respectively the initial, collected "rich" 

and "waste" aolar fraction of isotope 1 (Subscript 1 is set for 

résonnant isotope, 2 for non resonant). 

First, for sake of simplicity, we will assuoe that all 

particles have the sane velocities, that each ion which hits 

the rich plate is collected and that there is no energy selection. 

Then, the collected aolar fraction, for an homogeneous 

plasma and ̂  K < ' » i s * F i9- *> : 

"ol » 1 (£ «• 2 r L 1> • 12 r l 2 • £) (1 - S.) LI 2 

(10) 

» t d . 
V * S, d > H - * , ) (2 r L 2 + c) i f rL1 Î T | 1 1 > 
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Fig. 6 - Scheme of the collection. 

If the heating is strong enough, all the resonant ions 
are collected : —^—^ < r.. so that 2 - ~L1 

8 = 0 , a = 

If d " ^ > r T, then 
2 L, 

2 r • e 

LI 
2 rL2 * £ 

2 r L2 

d - 2 r u - c 
d - 2 r 12 

(12) 

113) 

These expressions have to be integrated over «f, r, r, 
v. , v to have the real value of the separation factor of the 
process. As there is no energy selection, this process is called 
the "geometric" separation factor. For example, for :s = 2, 
m * 52, B * 0.9 T, the theoretical value is 4.6 while the expe
rimental value is of order 2. This value has been obtained by 
analyzing collected samples by secondary ion mass spectrometry. 
If we add energy selection, the theoretical value can reach store 
than 30 with a loss in the quantity of collected materials. 
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6 - APPLICATIONS AND CONCLUSIONS 

The main feature of the ion cyclotron resonance process 
remains its flexibility : it is possible to change the magnetic 
field with the aaass of the ionic specie and the ionic cyclotron 
frequency u . by tuning the wave generator keeping the same RF-
amplifier. 

The same source is used by just removing the material of 
the plate to be sputtered. Then* some material studies must be 
done for the collecting plates to avoid difficulties of input-
output and purification. 

Even refractory metals like molybdenum, uranium, ..., 
have been ionized in plasmas and thus, all metals can be sepa
rated by Resonance cyclotron method. Gases are very difficult 
to treat by RCI due to difficulties of collection. 

The importance of the separating factor (a -- 2 to 10) 
allows the production of high-purity materials. As the effi
ciency of the source increases with the size of the plasma by 
the way of the ionization efficiency, this process is well 
adapted for intermediate quantities : one to a thousand kilograms 
at a lower cost than calutrons.. This flow rate is also neces
sary to redeem the cost of the magnetic field. 

The other advantages are the weak hold-up of the process, 
the possibility of separating one isotope among the others. 

The main characteristics of the plasma process pres
cribe the applications : 

- First, it is net worth separating gases, light isotopes, 
organic isotopes O, N, C or small quantities (̂  1 g). 
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- The process is interesting for the metals in the middle of 
Mendeleiev table for which usually the few processes, that 
are available, are difficult and expensive to develop. At 
the moment, most of the isotopes concerned here are produced 
by OAK RIDGE calutrons (or similar). 

These metals can be classified following the type of 
applications : 

90 96 
- Structural and functionnal materials for reactors Zr, Mo, 97„ 58„. 60 M. 54 0 58„ 50„ _. „ Mo, Nx, Nx, Fe, Fe, Cr, Lx, U, ... 

- jtaterials to be irradiated in reactors to produce radioisotopes 
63 51 
Ni, Cr, ... for various applications. 

• Medical Geological and Biophysics applications (only if the 
quantity is sufficient). 

- Strategic materials mining in fission products Rh, Pt, Pd, Ru. 

This list, of course, is not exhaustive, but it can be 
seen that the RCI process is well adapted to separate metals 
with mass greater then 40 and located in the middle of Mmndeleiev 
table. 
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NOTATIONS 

B 
d 
e 
E 
fci 

_ uci 
= 
K 
k 

*//' ki. 

Magnetic field of modulus B 
Distance between the foils 
Electron charge 
Electric field oscillating at GO « 
Ion cyclotron frequency 

Dielectric tensor 
Have vector 
Components of the wave vector parallel (resp. 
perpendicular) to the magnetic field 

L Distance between two nodes 
m., m Mass of the ion (resp. electron) 
N.,N w N w 1 Initial, rich and waste mclar fraction 
n., n Number density of the ion (resp. electrons) 
r_ . Larmor (or gyration) radius of specie j 
(r,e) Polar coordinates 
t Time 

7/' Components of the velocity parallel an perpendicular 
to the magnetic field 

a Separation factor (enrichment) 
6 Separation factor (depletion) 
Am - j m .. - m-1 
e Thickness of the foils 
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w Pulsation 
w . Ionic cyclotron pulsation 
ui Electronic cyclotron pulsation 
at , Ionic plasma pulsation 
w Electronic plasma pulsation 

Subscript 

j (= 1) Resonant isotope 
// Parallel to B 
!» Perpendicular to B 


