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METHOD OF SEPARATING IONS OF DIFFERENT
SPECIFIC CHARGES

‘Wolfgang Paul and Hans-Peter Reinhard, Bonm, and
Heinz Frohlich, Erlangen, Germany, assignors of one-
half to Siemens-Schuckertwerke Aktiengesellschaft,
Frlangen, Germany, a corporation of Germany, and
one-half to said Woifgang Paul

Filed Dec. 24, 1958, Ser. No. 782,838
12 Claims. (CL 250—41.9)

Qur invention relates to a mass-spectrometer method
for the separation or separate indication of ioms of re-
spectively different specific electric charges and, more
particularly, to a method based upon the principle known
from the German Patent No. 944,900 and disclosed in
U.S. application Serial No. 476,812 filed December 21,
1954. According to that principle the ions are shot into
a pericdically varying electric field whose potential ¢ is

a square function of the coordinates x, y, z of the general .

form

o=F(2) - (ax?4By2—vz?)
wherein f(t) denotes any chosen periodic function of
time (2), and «, B8, v are positive constants which satisfy
the equation of «--g=+ but are otherwise selectable at
will.

The ions, shot from an ion source into the periodically
varying electric field, are excited by the field to perform
oscillations while traveling along trajectories which are
either stable or instable depending upon the specific elec-
tric charges of the respective ions. It will be evident
from page 1 of the German patent that specific charge
means

e
m

where e is the electric charge and m the mass of the
particles. The ions that follow a stable trajectory pass
through the electric field onto a collector electrode or
other target, whereas the ions following instable tra-
jectories impinge upon the laterally located electrodes
that produce the electric field, thus being prevented from
reaching the target. In this manner the desired isotope
separation cr separate indication is obtained.

The above-mentioned periodic function f(z) may be
constituted, for example, by a sinusoidal oscillation super-
imposed upon a constant finite value. Suitably shaped
electrodes serve for producing the electric field of the
above-mentioned periodic potential. In the special case
of the sinusoidal field potential just mentioned, the elec-
trodes are impressed by a constant direct voltage and also
by a sinusoidal voltage of high frequency. As a result,
there result stable ranges in which the oscillation ampli-
tude of ions of a given specific electric charge does not
exceed a given maximum value. Hence, only such ions
can pass from the ion source between the electrodes to
the target. The other ions, having different specific elec-
tric charges and performing instable oscillations after
entering the periodic electric field, assume oscillation
amplitndes of such large magnitude as to impinge upon
the electrodes. For further explanation of these phe-
nomena, reference may be had to the above-mentioned
German patent. As also disclosed in the patent, a narrow
instable range can be embedded in a wide stable range
by superimpesing upon a rotationally symmetrical high-
frequency field another alternating field of smaller am-
plitude or potential whose frequency is one-half of that
of the high-frequency field. This is supposed to afford
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a separation of ions of a given charge out of an isotope
mixture.

However, when using a superimposed alternating field
of one-half of the frequency of the high-frequency main
field, the desired results can be attained only for a very
limited number of practical applications.

It is therefore an object of our invention to devise a
method of isotope separation which, based upon the prin-
ciple above mentioned, is more generally applicable and
can be used more reliably with rotationally symmetrical
as well as non-rotationally symmetrical electric fields.

Another object of the invention is to provide a method
and means capable of simultaneously separating two or
more isotopes, i.e. ions of respectively different specific
charges, from an isotope mixture comprising more than
the two isotopes to be separated. ’

Still another object is to devise a method and means
for converting an isotope mixture of a given composition
to a desired different composition with respect to the
relative proportions of the differently charged ions.

In accordance with our invention, we pass a flow of
differently charged ions through a pericdic high-frequency
field substantially as known, but superimpose upon that
field ancther alternating field whose frequency is ad-
justed to the selected working point within the stable
range. More specifically, the superimposed additional
alternating field is given a frequency which coincides at
least approximately with the fundamental or upper har-
monic oscillation of ions having a predetermined specific
charge, thus enforcing instable paths for these particular
jons,

The fundamental oscillation frequency of ions of a
given specific electric charge, traveling through an elec-
tric field comprised of a constant unidirectional compo-
nent and a periodically variable high-frequency compo-
nent, depends not only upon said electric charge of the
ions but also upon the magnitude of the field-producing
direct voltage, the amplitude of the field-producing high-
frequency voltage, the magnitude of the high-frequency
itself, and also upon the geometry of the field-producing
electrodes. Since these data are known for any given
device, the fundamental oscillation frequency of the ions
of a given charge can readily be determined for any given
working point. This fundamental frequency is propor-
tional to the high frequency, the proportionality factor k
being determined by the chosen working point within the
stable range. The upper harmonics in each case are the
direct result of the sum or difference of integral multiples
of the high field frequency on the one hand, and the
fundamental escillation frequency of the ions on the other
hand.

The invention will be further described with reference
to the drawings in which:

Fig. 1 is an explanatory graph relating to the method
as performed by means of apparatus as shown in Figs. 2
and 3;

Fig. 2 is a longitudinal and sectional view of an ap-
paratus for isotope separation according to the invention;

Fig. 3 is a cross section of the apparatus along the
line I1I—1H in Fig. 2;

Figs. 4 and 5 are explanatory and show two different
ways of applying the necessary field voltages to the elec-
trodes of the apparatus; and

Fig. 6 is an electric circuit diagram of the components
for producing the field volfages.

Fig. 7 illustrates one form of elongated electrodes
of the hyperbolic type.

The graph shown in Fig. 1 is a so-called stability
diagram for a cylinder-symmetrical electrode arrangement
whose symmetry axis constitutes the z axis. The mag-
nitudes a and g represented by the coordinate axes of
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the diagram determine the working point and result
from the data of the device as follows:

a=at U =2t L
Cm okl 1= 7
The terms used in these equations denote the following:
e charge
m  Iass
U direct voltage
V - high-frequency amplitude
7 - spacing between electrodes
« .
o high frequency
The stablhty range is indicated in. the diagram by a

heavy line.
marker lines for the proportionality factors k. The full
marker hnes apply to the x component, and the broken
marker lines to the y component of the ion trajectory.
Trherfundamental and upper harmonics. are different for
the two components, which must be taken into consider-
ation when performing the method according to the in-
Veutlon

The above-described method of the invention can be
modified for separating ions of several given, different
electric charges from a more comprehensive mixture of
1sotopes For this purpose, a plurality of additional alter-
nating fields of correspondingly -different frequencies are
simultaneously superimposed upon the combined constant
unidirectional ‘and high-frequency fields.

It has been found that the tuning of the frequency
of .the superimposed field to the fundamental or upper
. harmonic frequencies of the ions need not be strict. In

the event of frequency differences, the traveling ions os-
cillate along their trajectory. at beat frequencies with

amplitudes that may become so large as to result in the -

desired separation.

Accordmg to another feature of our invention, advan-
tage is taken of this phenomenon for simultaneously. sep-
arating ions of respectlvely different specific charges, with-
out the need for using as many superimposed frequencies
as there are different electric charges. ~Accordingly, the
separation is effected by . superimposing one or more
alternating fields whose frequencies, at least with respect
to some of these fields, are between the fundamental or
upper-harmonic oscillation frequencies of the differently
charged ions to be separated.

The ranges of the respectively different electric charges
of the 1sotopes to be separated need not be contiguous.
For example, ions of a given specific charge can be sep-
arated by superimposing an alternating field whose fre-
quency corresponds to an upper harmonic of these ions,
whereas ions of a different charge are simultaneously
separated by means of a superimposed frequency -corre-
sponding to the fundamental frequency. of the latter ions,
as long as these different oscillation freqaen01es are rela-
tively close to each other. In such cases, it is also pos-
sible to utilize the fact that the oscillation frequencies for
the individual components (y, x) are different. The
fundamental and upper harmonic frequencies of the ions
not to be separated must be sufficiently remote from the
frequency of the superimposed alternating field.

By selecting the frequencies -and/or the amplitudes of
the superimposed alternatmg fields; the beat-frequency
amplitudes for the ions of the respectively different elec-
tric charges can be separately determined. The higher
the amplitude of the su)enmposed fields is chosen, the
broader will be the range in which the separation takes
place in each case. = This offers the possibility to convert
a given -isotope mixture by means of a single operating
process to a desired different composition. In this case,
individual quantities of ions can be fully separated from
the mixture, or all components of the mixture are varied
only - with respect to their relative proportions. This-
possibility of simply and rapidly changing the composition .

Shown within the range so indicated are.

10

20

o5

35

40"

45

50

55

.passing through the container wall.

4
of a mixture of isotopes represents a particular advantage
of the method according to the invention.

The above-mentioned features of the invention will
be more fully understood from the following description
of the apparatus shown in Figs. 2 to 6 and from the
numerical examples given further below.

The apparatus jllustrated in Figs. 2 and 3 comprises
an evacuable vessel 4 in which four cylindrical. rod-
shaped electrodes 1 are symmetrically mounted in parallel
relation to each other. Each two electrodes, located
diametrically opposite each other, are mutually spaced
a distance equal to the electrode diameter, Instead of
giving each electrode a strictly circular cross section, it

. may also be given a hyperbohc surface at least at the

side facing the other electrodes, as shown in said German
Patent No. 944,900, issued June 28, 1956. The elec-
trodes are kept in proper position. relative to each other
and to the vessel by means of insulating discs 4’ of ce-

- ramic material and are preferably adjustable.

The. direct and ‘alternating. voltages required for pro-
ducing the electric field between the electrodes are sup-
plied thereto by conductors 2 which are located in hous-
ings 2q vacuum-tightly connected with the vessel 4 by
means of screw caps 2b. A conventional ion source 5,
comiprising a shock-ion generator or a.low-voltage arc
discharge, is. joined and “hermetically sealed with the
vessel 4 by means of flanges 44, 52. From source 5, the
jons are shot in the direction of the arrow 6 into, and

- axially along, the field space between the electrodes with
30

a given kinetic energy. "The ions having a stable tra-
jectory pass through the entire axial length of the electric
field and reach the collector electrode 3 which is grounded
through an external resistor 7 by a lead vacuum-tightly
The voltage drop
of resistor 7 due to the discharge from electrode 7 to
ground can be measured, for example by means of a volt-
metric-device 7a. Located at both axial -erds of vessel
4-are circular diaphragms 8 which have respective center
openings for the passage of the ions and which shield the
ion. source:-and the collector -electrode 3 from the high-
frequency field between the electrodes 1. As mentioned
.above, those ions that are -excited by the high frequency
field to oscillate along their:trajectory with unlimited

‘amphtude cannot reach the collector electrode 3 but

impinge upon. the electrodes 1.

The. direct voltages and alternating voltages for pro-
ducing the field are supplied to the electrodes from the
generating components illustrated in F1g 6 in accord-
anice with one of the diagrams shown in Figs. 4 and 5.
For better distinction, the electrodes denoted by 1 in
Figs. 2 and 3 are designated in Figs. 4 and 5 by A;, A,
B; and B,. Impressed upon these four electrodes are the
voltages mentioned in the foregomg general description
of the method according to the invention and more fully
specified hereinafter. Supplied to each electrode is a
difect voltage as well as a supenmposed alternatmg volt-
age of high frequency for producmg the main guiding
field. - As schematically shown in Fig. 4, the electrodes

- -A;1 and A, are further supplied with one or two addi-

60

85

75

tional -superimposed alternating voltages. However, the
supply of the alternating voltages may also be such that
a first additional alternating voltage is applied to the elec-
trodes A; and A,, and a second alternatmg ‘voltage to
the electrodes B; and By as is shown in Fig. 5. The
terminals a; to ag according to Fig. 4 or Fig. 5 are con-
ductively connected with the correspondmglv designated
terminals respecnvely of the circuit dlagram according
to Fig. 6..

Accordmg to F1<y 6, a high-frequency generator Gy

-for .the. main gu1dmg field acts through a transformer

coupling and -a: push—pu]l final stage GE wupon an in-
ductance coil S;. The coil S; forms together with ca-
pacitors Cy, Cy;, C; and the capacitance of the electrodes
relative to each other (B, and B, relative to A; and Ay)
a resonance circuit tuned to the frequency of the generator '
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G,. Two tank circuits formed of capacitors Cy, C; and
inductance coils D3, Dy, D5 on the one hand, and ca-
pacitors Cg, Cr and coils Dg, Dq, Dg on the other hand,
both being likewise tuned to the frequency cf the high-
frequency generator Gy, form a short circuit for the elec-
trode pairs A;, A, and B;, B, with respect to the high
frequency of the main guiding field. Inductively cou-
pled with the inductance coil S; is another inductance coil
S, whose alternating voltage is rectified by a diode Di.
The filtered direct voltage is adjustable by means of
potentiometer resistors P; and P, and thus can be placed
into different fixed relations to the amplitude of the high-
frequency voltage of the main guiding field. The direct
voltage is connected to terminals a; to a4 through block-
ing reactors Dy, Dg and Dy, D;.  With an electrode con-
nection according to Fig. 4, the electrodes A; and Aj
are connected to one pole of the direct voltage, and the
electrodes B; and B, are connected to the other pole.

A second frequency generator Gy for a first resonance
field acts upon a resonance transformer T; which forms
a tank circuit together with capacitors Cg, Cy and to-
gether with the mutual capacitance of two opposite elec-
trodes. This tank circuit is tuned to the frequency of
the generator Go. Connected in parallel to capacitors
C; and Cy are terminal and damping resistors R; and
R,. The resonant connecting circuit formed by capacitors
Cyp and C;; with inductance coils Dy and Dy is like-
wise tuned to the frequency of the generator G, and
acts together with a grounded reactor Dy to block
the voltage of the main guiding field relative to ground.

In the two connecting possibilities according to Figs.
4 and 35, the electrodes A; and A, are connected to the
terminals as, as, and ay, ag respectively.

The above-mentioned reactors Dg to Dy and the ca-
pacitors Cg and Cy in the circuit of the high-frequency
generator G, serve to prevent the voltage of the super-
imposed first resonance field from being short circuited.

Another frequency generator Gj is provided for pro-
ducing a second resonance field. The generator G sup-
plies its voltage to the terminals a7 and ag by a circuit
connection corresponding in design and operation to that
described above with reference to genmerator G,. The
operation of the metwork comnection for gemerator Gs
is also identical with that described above for generator
G, the resonmance circuits Cpg, Dy and Cys, Dyp being
tuned to the frequency of generator Ga.

The generator G; need not in all cases be connected
to the electrodes. On the other hand, additional fre-
quency generators (mot illustrated) may be connected
with the electrodes by circuit connections analogous to
those described above,

Fig. 7 illustrates the hyperbolic type of elongated elec-
trodes mentioned above, and described in said German
patent. The opposite pairs are designated A, A and B, B
respectively. :

In summary, it will be recognized that the electrodes
are impressed with ccmponent direct voltage (from Di)
and component high-frequency voltage (from G,;) for
producing the main guiding field, and that one or more
resonance fields of predetermined, respectively different
frequencies are superimposed by means of one or more
additional gemerators (Gy, G3). With reference to Figs.
4 and 5, the illustrated terminals a; to ag may either all
be connected to the frequency generators according to
Fig. 6 or, instead, the terminals a; and g and the ter-
minals a; and ag may not be conductively connected with
the corresponding frequency generators. In case all ter-
minals a; to ag are to be active, the connection accord-
ing to Fig. 5 is preferable, as a rule, if the frequencies
of both resonance fields are very close to each other.

It will be recognized that the above-described appa-
ratus according to Figs. 2 to 6 is also suitable for per-
mitting a selection of the frequencies or a selection of
the amplitudes of the additionally superimposed alter-
nating fields, without necessitating any change in the il-
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lustrated devices. The adaptation to the particular gé-
lected frequencies is effected merely by correspondingly
changing the tuning of the resonant connecting circuits,
this being apparent from the provision of variable ca-
pacitances such as those denoted by Cs, Cy Cs. }

The method performed by the operation of the appa-
ratus will be further explained presently.

In a system of rectangular coordinates x, y, z, the mo-

-tion of a single-charge corpuscle (ion) which is sub-

jected to a variable voltage
(1) @0=U--V cos wt

can be represented by the following equations for the
three individual components of motion:

(2) mit+e(U+V cos wt);xz—:O
3 mij—e(U+V cos m%:o
@) mE=0

The terms used in these equations have the following
meaning:

U=direct-voltage component
V.cos wi=a superimposed alternating voltage
m=M-mg=atomic weight of the particular substance,
which is equal to the product of the
magss number M times the atomie weight
mg of hydrogen;
e=celectric charge of a single-charge corpuscle,
amounting to 4.8.1071 electrostatic
charge units;
L
27
V=amplitude of the alternating voltage
r=one-half of the distance between -two

mutually opposite, cylindrical electrodes
each having the radius r.

frequency of the alternating voltage

If one sets:
(5) 4.7%. 7‘2(({:?':(1
® 2
(N wi=2s
® -
® =T

the equations (2) and (3) convert to the normal form

of Mathieu’s differential equations:
(10) x""+La—2q cos (2s-+m)1x=0
(11) vy —[a-+2q cos 25]-y=0

Consequently the solutions, for example of Equation
10, have within the stable range the form

(12) ,
z=A {_/_,: Can*COS (n—{-g)wt—i—B § Con SiD (n—{—g)wt

p=—c n=-—c

The starting conditions (radiation diameter and aper-
ture angle of the enclosed ion beam) and the maximum
oscillation amplitudes determined by these conditions,
are given by the magnitudes of the constants A and B.
The starting conditions must be so chosen that the finite
maximum amplitude of oscillation remains smaller than
the electrode spacing 2 because otherwise ions with
stable trajectories will also be separated.

The coefficients ¢y and g depend only upon the field
magnitudes and hence upon ¢ and g. Ions of the same
mass number differ, at a given point under observation,
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only with respect to the constants' A and B. That is,
such ions-oscillate with different amplitudes -but -do-not -
exhibit- differences. with -respect- to - their -respective- fre-
quency- spectrams- or their-fundametal frequencies. The-
fundamental frequencies are- dependent- only .upon.ga- 5
and g. : : ’
With -a-given available power of the device, the fol-
lowing values apply -for-example to the separation of a
single-charge medium having the mass -number-M=200:

¢=4.8.10710 (electrostatic charge units) - 10

a=0.112
¢=0.66
r=1.5 ¢m.
%é%=1.5-megacycles.per,sec., 15
V=14 kv.

U=t v8e7.017=1.19 kv.
2 q

When using the above-mentioned specific values in a
. device as described above with reference to Figs. 2 to 6,
the values ¢ and g are located in the middle of the
stability diagram of Fig. 1; and-the value .
2,———0.17 25
q
represents a-straight line which starts from the zero point
and intersects the diagram in two points. These two
points have the coordinates a;=0.055, ¢,=0.335, and

a,=0.138, g,=0.795. 80

The masses m1; and my can be calculated from Equa-
tions 5 and 6 by using the above-given values for U, 7,
w, and e. It results that 2y 5=1.67-10—24-M; 5.

All masses between these two are stable and travel
from the ion source through the interspace between the
electrodes onto the collector electrode.. Now, if the
mass of mass number M=200, located within the men-
tioned range of masses, is to be separated, then one elec-
trede pair must be caused to produce a resonance alter-
nating field with a resonance frequency corresponding
to the oscillation frequency of this particular mass. As
a result, the ions of the mass M=200 are gradually ex-
cited by resonance to oscillate with such a large ampli-
tude that they reach the field electrodes and thus are
eliminated from the ion beam. The resonance frequency
can be determined from the solutions of the above-
mentioned Mathiew’s differential equations. The natural
‘frequency of the jon in the guiding field of the frequency

w amounts to
wy = (n + g)«;

and can be determined for the fundamental oscillation
(n=0) as

40

45
50

55

wo=§w

It follows that the frequency of the fundamental oscil-
lation -of the ion along its trajectory is:

=51 %

The value

RS

65
is entered in Fig. 1 for the x and y directions with the
designation % ‘and ky, the z-direction extending along
the longitudinal syminetry axis of the electrode assembly.
For occurrence of resemance in the x-direction of an
ion having the mass number M=200, the intersection
between a and g applying to this particular mass can be
-determined - by interpolation, and one thus obtains the
value k;z=0.327. k

The necessary resonance frequency. is

fo=kx f=0.327-1.5=0.49 Mc.ps. 75

2,950,280

The amplitude V; of the resonance frequency may be
chosen-to be-approximately-2% of the voltage V. This-
corresponds, in the example-here- being- discussed; to-
V=280 volts. The.percentage just given has. been de-
termined by experiments. When larger amplitudes are-

- chosen; too- many  neighboring -masses--are -separated-to-

gether with the one of primary interest.

To perform-the separation with the aid -of the desired :
economical -amount -of power N, the best suitable values -
can-be determined by tests. The power N can- be de-
termined -from the. semi-empiric. equation
(13). N=6-10%-C-M2:74-15/¢

wherein C denotes the capacitance of the electrodes in
[F1 (Farad), and 6 denotes the resonance quality..

With a length L=600 cm. of the electrodes and:an -
electrode diameter of r=1.5 cm., the.value for.C can be
determined from the Equation. 13 as C=9:10-10[F1. By.
selecting 6=200, one .obtains N=4.2 kw. ’

The ions issuing from-the ion source are subjected to-a
given accelerating voltage Uy (between ion source- and-:
grounded collector) which imparts to the ions the neces-
sary and correct velocity at their entrance into the elec--.
trode range.

The semi-empirical equation for the aceelerating volt-
age Ugis -

(14) UE=5"l:—m'399 volts
with the beat frequency
[ BfAM
O 2M
and AM=M,—M,_  n,withn=1 .. . n
’ andm=1...m

AM=1 for neighboring masses.

It follows for the specific example (A ==200) here under
consideration that the necessary plate voltage of the de--
vice is Ug=900 volts.

The permissible current flow from the ion source
through the electrode gap follows from Gauss® theorem
concerning the field strength produced by the space charge.
The formula for the permissible current is .

{Ug-: ...,
=4.9.10"5.7.V.q /| ZE
I5=4.9.10"5.7. 7 s milliamps

wherein r is given in cm., V in volt, and Ugin volt. Equa-

tion 15 is based upon a constant space-charge density, re-

sulting in a maximal space-charge field strength of
Baax=4.25. 10-21:

The separation of ‘adjacent masses (adjacent isotopes)
effected in this manner is approximately 50%.

The foregoing explanations relating to the fundamental
oscillations of the ions along their trajectory apply also
for upper harmonics, it being only necessary to determine
the particular resonance frequency from '

W= ( n-+ g)w
by introducing the order numbers n=1, 2 . . . correlated
to the individual upper harmonic oscillations.

All above-presented equations apply to the motion of a
single-charge ion in a hyperbolic four-pole field as is real-
ized, strictly or in sufficient approximation, by the device
illustrated in Figs.-2, 3 and described above.

We claim:

1.-The method of separating ions of respectively dif-
ferent specific electric charges, which comprises passing.
the ions through an electric field having a field potential
(p) periodically varying in accordance with a square
function of the space coordinates (x, y, z), said function
having thé form '

e=1(2)* (ax?-|-By2—~z2)

(15)

(16)



8,050,389

g
wherein f{#) is a periodic functiort of time and «, 8, v
are positive constants satisfying the equation e--g=1v;
and superimposing upon said field another alternating field
whose frequency coincides approximately with an oscil-
lation frequency of ions of pre-selected specific charge,
whereby said jons of selected charge are forced to travel
on instable trajectory paths.

2. The method of separating ions of respectively dif-
ferent specific electric charge, which comprises passing
the ions through an electric field formed between mutually
spaced electrodes and having a constant component and
a high-frequency component, said field having a potential
(¢) of the general form

e=f(1) (ax®+By*—vz%)

wherein f(¢) is a periodic function of time, and x, ¥, z are
space coordinates, and «, 8, v are positive constants satis-
fying the equation «--8="y; and superimposing upon said
field an alternating field of lower frequency than said
high-frequency component, said superimposed frequency
coinciding -approximately with an oscillation frequency
of ions of pre-selected specific charge, whereby said ions
of selected charge are forced to travel on instable tra-
jectory paths.

3. In the method according to claim 2, said frequency
of said superimposed alternating field being approximately
coincident with the fundamental oscillation frequency of
said ions of pre-selected specific charge.

4, In the method according to claim 2, said frequency
of said superimposed alternating field being approximately
coincident with an upper harmonic oscillation frequency
of said ions of pre-selected specific charge.

5. The method of separating ions of respectively dii-
ferent specific electric charges from an isotope mixture,
which comprises passing the ions through an electric high-
frequency field having a potential (¢) of the form

p=f(2) - (ax®4+By2—vz?)

wherein f(¢) is a periodic function of time, and x, y, z are
space coordinates, and «, B, v are positive constants meet-
ing the equation a--S==+; and superimposing upon said
high-frequency field a plurality of alternating fields of re-
spectively different frequencies corresponding approxi-
mately to the oscillation frequencies of ions of predeter-
mined different specific charges respectively, whereby said
latter ions are simultaneously separated from the isotope
mixture.

6. In the method according to claim 5, said superim-
posed alternating fields comprising at least one field hav-
ing a frequency between the fundamental oscillation fre-
quency of the ions of cne given specific charge and an up-
per harmonic frequency of the ions having another given
specific charge.

7. In the method according to claim 5, said superim-
posed alternating fields having predetermined different am-
plitudes respectively for obtaining respectively different
degrees of separation for said ions of respectively different
predetermined specific charges.

8. An apparatus for separating ioms of respectively
different specific electric charges by causing the ions to
assume oscillations having amplitudes correlative with
the specific charges, comprising a vacuum vessel, an ion
source and a collector electrode axially spaced from each
other in said vessel, two pairs of elongated field elec-
trodes extending in said vessel between said source and
said collector elecirode, said electrodes presenting sub-
stantially cylindrically curved surfaces in symmetrical and
radially spaced relation to the common axis thereof, the
spacing apart of said surfaces being predetermined so
that jons having the larger oscillation amplitudes im-
pinge on said electrodes, a source of component direct
voltage and a source of component high-frequency volt-
age jointly connected to said field electrodes to provide
a resultant main guiding field between said pairs of elec-
trodes, and circuit means providing a source of alter-
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natinig voltage of a lower frequency connected to at least
one of said electrode pairs, and means for tuning the
frequency of the latter voltage to resonance with the
oscillations imparted by said main guiding field to an
jon of a selected specific electric charge so as to augment
the tendency of said ion to impinge upon said field elec-
trodes.

9. Apparatus for separating ions of respectively dif-
ferent specific electric charges by causing the ions to as-
sume oscillations having amplitudes correlative with the
specific charges, comprising a vacuum vessel, an ion
source and a collector electrode axially spaced from each
other in said vessel, two pairs of elongated field elec-
trodes extending in said vessel between said source and
said collector electrode, said electrodes presenting sub-
stantially cylindrically curved surfaces in radially spaced
relation to the common axis thereof, the spacing apart
of said surfaces being predetermined so that ions hav-
ing the larger oscillation amplitudes impinge on said
electrodes, a source of component direct voltage and a
source of component high-frequency voltage jointly con-
nected to said field electrodes to provide a resultant main
guiding field between said pairs of electrodes, and a
plurality of alternating voltage ‘sources connected to -at
least one of said electrode pairs and having different
frequencies, lower than that of said high-frequency com-
ponent, 4nd means for tuning the latter frequencies to
resonance with the oscillations imparted by said main
guiding field to ioms of selected and respectively differ-
ent specific electric charges so as to augment the tend-
ency of said ions to impinge upon said elongated elec-
trodes.

10. An apparatus for separating ions of respectively
different specific electric charges by causing the ions to
assume oscillations having amplitudes correlative with
the specific charges, comprising a vacuum vessel, an ion
source and a collector electrode axially spaced from each
other in said vessel, two pairs of elongated field elec-
trodes extending in said vessel between said source and
said collector electrode in symmetrical and - radially
spaced relation to the common axis thereof, said elec-
trodes being substantially hyperboloid in transverse sec-
tion, the spacing apart of the hyperboloid surfaces be-
ing predeiermined so that ions having the larger oscilla-
tion amplitudes impinge on said electrodes, a source of
component direct voltage and a source of component
high-frequency voltage jointly connected to said field elec-
trodes to provide a resultant main guiding field between
said pairs of electrodes, and circuit means providing a
source of alternating voltage of lower frequency con-
nected to at least one of said electrode pairs and means
for tuning the frequency of the latter voltage to rescnance
with the oscillations imparted by said main guiding field
to an ion of a selected specific electric charge so as to
augment the tendency of said ion to impinge upon said
field electrodes.

11. Apparatus for separating ions of respectively dif-
ferent specific electric charges by causing the ions to as-
sume oscillations having amplitudes correlative with the
specific charges, comprising a vacuum vessel, an ion
source and a collector electrode axially spaced from each
other in said vessel, two pairs of elongated field elec-
trodes extending in said vessel between said source and
said ccllector electrode in symmetrical and radially spaced
relation to the common axis thereof, said electrodes be-
ing substantially hyperboloid in transverse ssction, the
spacing apart of the hyperboloidal surfaces being pre-
determined so that ions having the larger osciilation
amplitudes impinge on said electrodes, a source of com-
ponent direct voltage and a source of component high-
frequency voltage jointly connected to said field elec-
trodes to provide a resultant main guiding field between
said pairs of electrodes, and a plurality of alternating
voltage sources connected to at least one of said elec-
trode pairs and having different frequencies which are
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lower than said high-frequency component, and means
for tuning the. latter frequencies to.resonance with the
oscillations imparted ‘by said main guiding field t6 ions
of - selected " and - respectively different specific - electric

charges so as-to augment .the tendency of said ioms to

impinge upon said elongated electrodes:

- 12, An apparatus for separating jons of respectively
different specific electric charges by causing the ions to
assume oscillations having ‘amplitudes correlative with
the specific charges, comprising a vacuam vessel, an ion
source -and a collector electrode axially spaced from
each other in said vessel, two pairs of elongated field

50,389
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electredes -extending in said vessel between said source

and said collector electrode in symmetrical ‘and radial-
ly spaced relation to"the common axis thereof, the spac-
ing apart of said :surfaces being predetermined so that
ions having the larger. oscillation amplitudes impinge on
said - electrodes, a source of component direct voltage

15.

and a source of component high-frequency voltage joint- -

ly connected to said field electrodes. to provide a resultant
main-guiding field between said pairs of electrodes to
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produce an electric field having a field potential- (¢) pe--

riodically varying in accordance with a square -function

of -the space coordinates.(x; y; z), .said function having.

the form . ) 7
e=1() - (ax?4-8y2—~z2)

wherein f(¢) is a periodic function of time and «, B,
are positive constants satisfying.the equation a<-B=ry;

and circuit means providing a source of alternating: volt-
age of a lower frequency connected to at least one of

said electrode pairs, and means for tuning the frequency.

of the latter voltage to resonance with the oscillations
imparted by said main.guiding field to an jon of a se-
lected specific electric charge so as to augment the tend-
ency of said ion to impinge upon said field electrodes,
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