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[57] ABSTRACT 

A system employing multiple, upper excitation levels in 
a technique for isotopically selective ionization to im-
prove the ionization efficiency. In a technique which 
employs laser radiation to excite particles with isotopic 
selectivity, excitation is produced to a plurality of ex-
cited states below the ionization level with the result of 
increasing the number of available excited particles for 
ionization and thereby increasing the ionization cross-
section for improved system efficiency. 
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INCREASED IONIZATION RATE IN LASER 
ENRICHMENT 

FIELD OF THE INVENTION 
This invention relates to isotope separation and in 

particular to a technique for isotopically selective laser 
induced ionization from plural upper excited states. 

BACKGROUND OF THE INVENTION 
In the technique or uranium enrichment described in 

U.S. Pat. No. 3,772,519, and United Stages patent 
application Ser. No. 328,954, filed Feb. 2, 1973 and 
Ser. No. 469,407, filed May 13, 1974, all incorporated 
herein by reference, laser radiation is applied to a ura- 15 
nium vapor to create isotopically selective photoioniza-
tion of isotopes of a desired, typically U-235, isotope 
without corresponding ionization of other isotope type 
particles. The technique illustrated there typically em-
ploys a plurality of energy steps in exciting the uranium 20 
particles from the ground energy state to the ionization 
continuum. 

For employing this technique in production scale 
enrichment, it is advantageous to provide laser radia-
tion for each energy step below ionization of sufficient 25 
intensity to create a condition wherein the illuminated 
particles are equally distributed among all of the reach-
able states. This condition is commonly referred to as 
saturation, the theoretical maximum percent excitation 
that can be achieved in a column of particles exposed 30 
to steady laser radiation. Since plural transitions may 
typically be employed to reach the ionization contin-
uum, it is apparent that each of N energy states will be 
populated to an extent which is only 1 /N of the popula-
tion of the illuminated particles. If, for example, two 35 
steps having three energy states are used to reach the 
upper most level below ionization, there will be in the 
uppermost energy state below ionization at most only 
V6 of the total illuminated particles at any given mo-
ment. While the process of depletion of particles from 40 
this excited energy level by ionization will permit the 
population of particles to be continuously renewed, the 
steady state, relatively small percentage population of 
that energy level, will reduce the ionization cross-sec-
tion which is typically already much smaller than the 45 
cross-section for the other transitions between excited 
energy states. 

BRIEF SUMMARY OF THE INVENTION 
In accordance with the preferred embodiment of the 50 

present invention, a system fcr laser induced isotope 
separation is disclosed which employs multiple, upper 
excitation levels, closely spaced in energy, which in-
creases the overall ionization efficiency. Since theory 
predicts that the particles excited by laser radiation to 55 
plural excited levels will be equally distributed among 
the different levels which may be populated, an in-
crease in the number of excited levels from which ion-
ization is achieved increases the total number of parti-
cles available for ionization and improves system effi- 60 
ciency. 

In one application of this technique, a first excited 
energy level is populated by transitions from the 
ground and at least one lower lying, naturally popu-
lated energy state, such as by the application of two 65 
frequencies of isotopically selective laser radiation. 
From this first excited energy state a plurality of addi-
tional transitions are induced to several closely spaced 

energy states below ionization by the use of a corre-
sponding number of laser frequencies. The particles 
excited to these several upper excited energy states are 
then photoionized, with increased efficiency, by a sin-
gle photoionizing laser. 

In a further application, the plural, closely spaced 
excited states are placed close to the ionization level 
and collisional ionization is utilized from these plural 
upper levels. 

The laser radiation employed for creating the plural 
transitions from the first excited states to the several 
upper excited energy levels may typically be produced 
by a single laser amplifier chain oscillating at several 
distinct frequencies in response to input laser excita-
tion from corresponding laser oscillators. Only multiple 
oscillators must then be provided as opposed to dupli-
cation of an entire amplifier chain. 

BRIEF DESCRIPTION OF THE DRAWING 
These and other features of the present invention are 

more fully set forth below in the detailed descripton of 
the preferred embodiment, presented for purposes of 
illustration and not limitations, and in the accompany-
ing drawing of which: 

FIG. 1 is an energy level diagram illustrating the 
technique of laser induced isotopically selective ioniza-
tion; 

FIGS. 2A and 2B are energy level diagrams illustrat-
ing isotopically selective ionization according to the 
present invention; 

FIG. 3 is a diagram schematically illustrating appara-
tus for use in practicing the present invention in accor-
dance with FIGS. 2A and 2B; and 

FIG. 4 is a diagram schematically indicating an inter-
ior sectional portion of the apparatus in FIG. 3. 

DETAILED DESCRIPTION OF THE PREFERRED 
EMBODIMENT 

The present invention contemplates a system for 
laser isotope separation employing ionization transi-
tions to the continuum from a plurality of upper excited 
energy states. The concept is implemented in the pre-
ferred embodiment in a system for elemental uranium 
enrichment but may be more broadly applied to ioniza-
tion of molecular or atomic particles in a medium gen-
erally. 

In accordance with the technique for laser induced, 
isotopically selective photoionization illustrated in FIG. 
1, an environment of vapor state elemental uranium 
atoms of plural isotope types is exposed to pulsed laser 
radiation. The atoms of the uranium vapor will occur 
naturally in a ground energy state 12 and at least a first 
excited state 14, 620 Wavenumbers (cm - 1 ) above the 
ground state 12. Typically, the U-235 atoms, but not 
correspondingly the U-238 atoms, in the two energy 
states will be excited to a first excited energy state 16 
by two finely tuned frequency components of the ap-
plied laser radiation. From the excited state 16, a fur-
ther frequency component in the applied laser radia-
tion excites those atoms to an upper excited energy 
state 18 from which ionization may be achieved by 
application of further ionizing laser radiation. 

Theoretical evaluations for a single upper level 18 
indicate that the effective rate of photoionization to the 
continuum is given by the expression: 

n0Frerion/N 
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where nB is the number of accessible neutrals, Ft, is the 2B, the uranium atoms are excited from the lower lev-
photon flux, crion is the photoionization cross-section, els 12 and 14 through one or more tandem intermedi-
and N is the total number of levels participating. N in ate levels represented by the line 21 and from there are 
this example is 4 corresponding to the total number of further excited by plural frequencies of laser radiation 
the levels, 12, 14, 16 and 18. As can be seen from this 5 to levels 23, 25 and 27, all within approximately 0.03 
equation, the photoionization rate is inversely propor- ev. (350 cm1) o f the ionization level. The levels avail-
tional to the number of participating levels. This theo- a bl e for this purpose within the top 0.03 ev. of excita-
retical restraint is based upon conditions of saturated t j o n energy appear to be numerous and the plural ex-
photoexcitation laser radiation which implies that for c i t e d ]e vels, such as the levels 23, 25 and 27, may be 
any given transition, the laser radiation for that transi- ) 0 wj thin a range of 30 cm"1 or less than 0.003 ev. The 
tion will create an equal population of the upper and s y s t e m o f electron impact ionization, as fully described 
lower states. jn the above-incorporated application Ser. No. 

Two processes of ionization with increased efficiency 4 6 9 ,407 , basically utilizes the presence of electrons or 
a < ^° r d ' n g ^ the present invention are illustrated in Q t h e r rticles p r o v i d e d from emissions in uranium 
FIGS. 2A and 2B The upper excited state in FIG. 2A is I 5 v a p o r i z a t i o n a s described by the Saha equation, or 
shown as plural levels instead of the single upper ex- otherwise 
cited state 18 illustrated in FIG. 1. In FIG. 2A, illustra- . ' . . . , „ , . r. ,• • 

c „ , , ,- „ . . .. Apparatus which may be employed for practicing the tive of the preferred embodiment, excitations from the .. ,. , / 1 * > -. Jtr . .. , . . , - , , . invention discussed with respect to FIGS. 2A and 2B is ground and first excited states 12 and 14 are created to ... . ^ , . „ . „ „ _ , K .... , . . 
an intermediate energy level 20. Level 20 may be a 2 0 ^ s t r f e d l n F I G ^ 3 a n d * With specific regard to 
single excited level like level 16 in FIG. 1, or plural F I G 3> t h e r e l s . s h o w n a chamber 40 for isotopically 
excited levels in order to satisfy parity requirements as a c t i v e , 0

L
n , z a t ' 0 n according to the present invention. 

is explained below. From the level 20, excitation is T h e chamber 40 may be made typica ly of stainless 
produced to a plurality of upper excited energy levels s t e e l o r o t h e r , o w permeability material and is evacu-
22, 24 and 26. In the preferred embodiment, the plural „ ated by a vacuum pump system 42 to a low pressure of 
levels 22, 24 and 26 are closely spaced, typically sepa- approximately 10 5 torr in the region where laser radia-
rated by or spanning a range of approximately 10 ang- t i o n l s applied. A beam of uranium vapor is reduced 
stroms or less although it is possible to use upper ex- from a vapor source 44 and directed upward into the 
cited energy levels covering a greater width. region of separation plates 46 where a beam 48 of laser 

In typical application, the laser radiation for produc- 3Q radiation is applied to produce isotopically selective 
ing the energy steps to the energy level 20 from levels excitation and, for the FIG. 2A embodiment, ioniza-
12 and 14 is located in the red portion of the visible tion. 
spectrum, and the laser radiation for the transitions The chamber 40 is surrounded by a set of current 
from the level 20 to the levels 22, 24 and 26 will be in carrying coils 50 which are excited by a current source 
the orange region of the visible spectrum. These ranges 3 5 52 to produce in the region o f the separation plates 46 
are not seen to be limitations on practicing the inven- a magnetic field along the path of the beam 48. A volt-
tion. Typically, the levels 22, 24 and 26 will be within age source 54 applies repeated pulses of electric poten-
a range of 14,000 to 16,000 wavenumbers of the ion- tial for typically about 2 microseconds duration in the 
ization level for uranium which is approximately 6.2 ev. region of the separation plates 46 to cooperate with the 
The specific absorption lines for each transition may be 4 Q magnetic field produced by the coils 50 to accelerate 
selected from spectrographic analysis. the ionized particles for collection on the plates 46 as 

In practicing the invention in accordance with FIG. wiH be explained below. The pulses of electric potential 
2A, the ionization rate equation expressed above is a r e initiated and terminated by a timer 56. 
modified by replacing the foregoing expression with the The laser radiation in beam 48 consists of frequen-
expression: 4 5 c j e s f o r achieving the transitions illustrated in FIGS. 2A 

or 2B and is generated in pulses typically of up to a 
microsecond duration under the control of timer 56. 

where M is the number of additional upper states. In ™ e radiation in beam 48 is applied to the chamber 40 
the FIG. 2A example, M is 2, N remains at 4, and the through a window 58 on an extension pipe 60 and exits 
total expression yields a photoionization rate which is 50 the chamber via corresponding pipe 62 and window 64 
twice as large as that for the conditions of FIG. 1. typically for application in one or more further cham-

While the separation technique of FIG. 2A has been ^rs . Each pulse of radiation in beam 48 is timed to 
illustrated with respect to a single level 20 and three occur just prior to the voltage pulse provided by volt-
upper excited levels 22, 24 and 26, it may be desirable a 8 e source 54 m typical implementation, 
to employ more than a single level at the state 20 for 55 : The radiation in beam 48 is a composite of several 
parity limitations governing the transitions to the plu- frequencies produced by separate laser systems. In the 
ral, closely spaced levels 22, 24 and 26. Additionally, FIG. 2A embodiment, the ionizing radiation for the 
the number of upper excited states need not be limited transitions from states 22, 24 and 26 is provided by an 
to three, but may range from two to any higher number. ionizing laser system 66 which may typically be a dye 
The practical restraint on the number of upper excited 60 laser of 100 millejoule/cm2 power output per pulse. In 
states is the number of separate laser frequencies re- addition, an excitation laser system 68 is provided for 
quired for the transitions to those plural upper excited the excitation from energy state 12 to energy state 20 
states as is discussed below. or 21, and if added efficiency is desired for excitation, 

With respect to FIG. 2B, there is shown a further from the state 14 to state 20 or 21. For this purpose, the 
application for the present invention whereby the mul- 65 laser system 68 may include one or more of the Dial-A-
tiple closely spaced upper levels are placed within ap- Line lasers produced by the Avco Everett Research 
proximately 0.03 ev. of the ionization level so that Laboratory, Everett, Massachusetts. These lasers may 
ionization by electron impact may be achieved. In FIG. include additional frequency limiting components such 
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as etalon filters to sufficiently narrow the radiation imately 10 to 100 volts, 40 to 60 volts being typical, 
bandwidth so as to produce isotopic selectivity in the The negative terminal of potential source 114 is con-
radiation produced by the system 68. One or more nected to the plates 104 and 106, while the positive 
stages of amplification may be included within the laser terminal is connected through the switch 112 to the 
system 68 for each frequency in order to boost the 5 electrode 108. The electrode 108 and crucible 90 are 
radiation intensity in the output beam to approximately typically maintained at the same potential. 
10 millejoule/cm2 in each pulse of radiation. A suitable The number of chambers 102 which may be provided 
combining means 70, such as dichroic mirror, or prism, to intercept the uranium vapor flow is limited only by 
responds to the radiation from the laser systems 66 and the angle of expansion of the vapor flow itself. The 
68 to combine them into a single beam 72. In the FIG. 10 distance at which the chambers 102 are placed from 
2B embodiment, laser system 66 and combining means the crucible 90 may be 10 centimeters and the dimen-
70 are not utilized. System 66 may be like system 68 sions from side to side of the chambers 102 may be 
with more gain. approximately 5 centimeters. 

The radiation in beam 72 is combined through a For use in a production system several chamber 40 
combining means 74, with a beam 76 of radiation from 15 may be cascaded to serially intercept the radiation in 
a laser amplifier 78 which may typically include a chain beam 48 for more complete utilization of the radiation 
of several stages of laser amplification. The laser ampli- energy therein. In such application, the use of the mul-
fier 78 responds to laser radiation from a set of separate tiple upper excited energy levels 22, 24 and 26, or 23, 
laser oscillators 80, 82 and 84 whose outputs are com- 25 and 27, reduces the self lasing gain of the uranium 
bined by combining means 86 and 88, such as beam 20 vapor itself within the chambers 40 by distributing the 
splitters, into a single beam for application to the am- inversion energy within the uranium particles through-
plifier 78. The oscillators 80, 82 and 84 may typically out several excited states rather than a single upper 
comprise CW dye lasers and the laser amplifier 78 may state. 
typically comprise flashlamp pumped dye laser ampli- In addition, the beam 48 within each chamber 40 
fier and flashlamp or laser pumped preamplifier lasers. 25 may typically be reflected serially through each cham-
The oscillators 80, 82 and 84 are tuned in frequency to ber 102, half the chamber at a time, by suitable reflect-
the transitions from the energy level 20 in FIG. 2A to ing surfaces placed either within or without the cham-
respective levels 22, 24 and 26 or the transitions from ber 40. For this purpose, the dimensions ofthe beam 48 
level 21 to levels 23, 25 and 27 as shown in FIG. 2B. In are typically maintained at approximately 2 centime-
the case where the levels 22, 24 and 26, or 23, 25 and 30 ters by 2.5 centimeters in height. 
27 are within a range of approximately 20 angstroms, it Having described above a preferred embodiment 
is practicable for amplifier stage 78 to amplify the com- according to the present invention, it will occur to 
bined beams rather than using separate amplifiers with those skilled in the art that modifications and alter-
less economy and greater difficulty in combining such ations to the disclosed system may be practiced within 
closely spaced frequencies without power loss. Fre- 35 the spirit of the invention. It is accordingly intended to 
quencies for the laser radiation from the oscillators 80, limit the scope of the invention only as indicated in the 
82 and 84 may typically lie in the orange portion of the following claims, 
visible spectrum for the embodiment of FIGS. 2A and What is claimed is: 
2B (in the case of two well separated levels for state 1. A method for increasing the number of selectively 
21). 40 excited particles available for ionization in an environ-

With respect now to FIG. 4, there is shown an inter- ment comprising the step of: 
ior sectional view of the chamber 40 along the section applying electromagnetic energy to an environment 
lines indicated in FIG. 3. As shown there, the vapor of particles of plural isotope types including parti-
source typically comprises a crucible 90 having a plu- cles of one isotope type to excite and distribute the 
rality of cooling ports 92 therein and containing a mass 45 particles of the one isotope type to a plurality of 
94 of elemental uranium which is vaporized by the distinct energy levels below the ionization level for 
energy imparted by an electron beam 96 from a fila- the particles of said one isotope type from which 
mentary electron beam source 98. A magnetic field plural energy levels the particles are available for 
100 from coils 50 and typically in the range of one to ionization; 
several hundred gauss is operative to deflect and focus 50 the plural energy levels being closely spaced in en-
the beam 96 to a line or series, of spots on the surface ergy; 
of the uranium mass 94 for vaporization thereof. The the applied energy having plural distinct frequencies 
vaporized uranium expands in a generally cosine distri- corresponding to absorption lines for the particles 
bution above the point of impact of the beam 96 into of the one isotope type. 
the region of the collection plates 46 which typically 55 2. The method of claim 1 further including the step of 
define a plurality of chambers 102, one of which is applying further energy to the selectively excited parti-
shown in FIG. 4. The chambers 102 consist of conduct- cles of the one isotope type at the plurality of closely 
ing, electrically connected rear and side plates 104 and spaced energy levels to produce separate ionization 
106 respectively. The rear plate 104 forms a cylindrical thereof. 
section above the point of uranium vaporization and 60 3. The method of claim 2 wherein the further energy 
the side plates 106 extend radially toward the point of applying step includes the step of applying further elec-
vaporization. The plates 104 and 106 extend the length tromagnetic energy to the environment of particles, 
of the separation plates 46 illustrated in FIG. 3. An 4. The method of claim 2 wherein the step of apply-
electrode 108 is placed centrally within each chamber ing further energy to ionize the particles is achieved by 
102 and extends radially toward the vapor source line 65 impact ionization and the plural distinct closely spaced 
96. As shown in FIG. 4, the voltage source 54 consists energy levels below the ionization level are within a 
of switch 112 (of state of the art electronic design) small fraction of an electron volt of the ionization level 
series connected with a potential source 114 of approx- for the particles of the one isotope type. 
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5. The method of claim 1 wherein the particles of the 
environment comprise uranium atoms in a vapor state. 

6. The method of claim 1 wherein the plural distinct 
frequencies are within several tens of angstroms. 

7. The method of claim 1 further including the step 
of: 

applying electromagnetic energy to the environment 
of particles to excite with isotopic selectivity parti-
cles of the one isotope type to at least one excited 
energy level from which the particles are excited by 
the energy having the plural distinct frequencies to 
the plurality of closely spaced energy levels below 
the ionization level. 

8. The method of claim 7 further including the steps 
of: 15 

impact ionizing the particles in the closely spaced 
energy states below the ionization level; 

the closely spaced energy states below the ionization 
level being within approximately 0.03 electron 
volts of the ionization level. 20 

9. The method of claim 7 further including the step 
of: 

applying further electromagnetic energy to the envi-
ronment with a frequency for ionizing the particles 
in the closely spaced energy states below the ion- 25 
ization level. 

10. The method of claim 7 wherein the number of 
energy steps from the at least one excited energy level 
to said plural distinct closely spaced energy levels ex-
ceeds in number of steps, the energy steps to said at' 30 
least one excited energy state. 

11. The method of claim 10 wherein the number of 
steps from said at least one excited energy level to the 
plural levels exceeds the number of steps to said at least 
one excited energy level by one. 35 

12. The method of claim 1 wherein the electromag-
netic energy includes laser radiation. 

13. The method of claim 12 wherein said laser radia-
tion is applied to the environment in an intensity gener-
ally sufficient to provide saturation. 40 

14. The method of claim 1 wherein said electromag-
netic energy is applied in accordance with the steps of: 

generating laser radiation in separate laser oscillators 
for each of the plural distinct frequencies; 

amplifying in combination the laser radiation from 45 
each of said laser oscillators in a unitary laser am-
plifier system; 

applying the amplified laser radiation from said plu-
ral distinct oscillators to the environment of parti-
cles. 50 

15. The method of claim 1 wherein the environment 
of particles includes a long column of uranium atoms in 
which the existence of the plural closely spaced energy 
states reduces the self lasing gain of the column. 

16. The method of claim 1 further including the steps 55 
of: 

separately ionizing the particles in said closely spaced 
plural distinct energy levels below the ionization 
level; and 

separating the ionized particles from said environ- 60 
ment by crossed-field forces. 

17. A method for producing isotopically selective 
ionization of particles of one isotope in an environment 
of plural isotope types comprising the steps of: 

applying electromagnetic energy to the environment 65 
of particles of plural isotope types including the 
particles of the one isotope type to produce at least 
one isotopically selective energy step in the parti-

cles of the one isotope type to at least one excited 
energy state; 

applying further energy to the particles of the envi-
ronment excited to the at least one excited energy 
state to excite and distribute the particles of that 
one isotope type from the at least one energy state 
to a plurality of distinct energy states below the 
ionization level for the particles of said one isotope 
type from which plural energy states the particles 
are available for ionization; 

the plural energy states being within an energy range 
which is a small percentage of the energy of ioniza-
tion of said particles; 

the applied further energy having plural distinct fre-
quencies; and 

applying second further energy to the particles in said 
environment in said plural distinct energy states to 
produce ionization thereof. 

18. The method of claim 17 wherein said second 
further energy includes electromagnetic energy. 

19. The method of claim 17 wherein said second 
further energy includes energy transferred from im-
pacting particles. 

20. Apparatus for increasing the number of selec-
tively excited particles available for ionization in an 
environment comprising: 

means for applying electromagnetic energy to an 
environment of particles of plural isotope types 
including particles of one isotope type to excite and 
distribute the particles of the one isotope type to a 
plurality of distinct energy levels below the ioniza-
tion level for the particles of said one isotope type 
from which plural energy levels the particles are 
available for ionization; 

the plural energy levels being closely spaced in en-
ergy; 

the applied energy having plural distinct frequencies 
corresponding to absorption lines for the particles 
of the one isotope type. 

21. The apparatus of claim 20 wherein said means for 
applying electromagnetic energy includes: 

a plurality of laser oscillators; 
means for combining the laser radiation from the 

plurality of laser oscillators into a single laser 
beam; 

unitary laser amplifier means responsive to the radia-
tion in the single beam for providing amplification 
thereof, the amplified radiation being applied as 
electromagnetic energy to the environment of par-
ticles. 

22. The apparatus of claim 21 wherein: 
said plurality of laser oscillators include CW dye 

lasers; 
said laser amplifier includes a flashlamp pumped dye 

laser amplifier and a laser preamplifier. 
23. The apparatus of claim 21 further including: 
means for defining the environment of particles as a 

long column or uranium vapor; 
the plurality of closely spaced energy states below the 

ionization level limiting the self lasing gain of the 
column of uranium vapor particles. 

24. A method for increasing the efficiency of isotopi-
cally selective ionization in an environment of particles 
of plural isotope types comprising the steps of: 

applying to said environment of plural isotope types 
radiant energy to produce isotopically selective 
photoexcitation of particles of at least one isotope 
type to a plurality of excited states; 
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ionizing particles in a portion, less than all, of the 
plurality of excited states in a plurality of ionization 
transients each originating from a separate one of 
the portion of plurality of excited states; 5 

said portion of said plurality of excited states from 
which said plurality of ionization transitions origi-
nate differing in energy by a small percentage of an 
electron volt. 10 

25. A method for increasing the efficiency of isotopi-
cally selective excitation of an environment of particles 
of plural isotope types comprising the steps of: 

photoexciting particles of a selected isotope type in j5 

said environment of plural isotope type particles 

,038 
1 0 

without correspondingly exciting particles of an-
other isotope type; 

producing a plurality of distinct transitions in the 
excited particles to an energy level above the ion-
ization level thereby ionizing the photoexcited par-
ticles; 

the ionizing transitions including energy steps along a 
plurality of distinct energy paths, each of which 
including a unique, excited energy state below the 
ionization level and in which each of the unique 
energy states for each of the ionization transitions 
is different from the excited state of the other of 
said plurality of ionization transitions by an energy 
difference which is a small fraction of an electron 
volt. 
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