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ADVANCED LASER PHOTOIONIZATION SEPARATION SCHEME AND TECHNOLOGY
FOR HEAVY RADIOACTIVE ISOTOPES AND NUCLEAR ISOMERS

We present new optimal scheme of the separating highly radioactive isotopes and products of
atomics energetics such as 210-214Fr, 133,135,137Cs and others, which is based on the selective
laser excitation of the isotopes atoms into excited Rydberg states and further autoionization or DC
electric field pulse ionization. As result, requirements to energetic of the ionized pulse are decreased
at several orders. And an effectiveness of a scheme increases. There are theoretically calculated values
of the characteristics of heavy Rydberg atoms in an external electromagnetic field (DC Stark effect) In
particular, data on the energy level, the energy widths of Stark resonances for Rydberg Cs, Fr (n <45).

In series of our papers we considered the dif-
ferent schemes of a laser photoionization isotopes
and nuclear isomers schemes. In this work, which
goes on this studying, we present an advanced
scheme of the separating highly radioactive iso-
topes and products of atomics energetics such as
210214 and  133135137Cs, which is based on the se-
lective laser excitation of the isotopes atoms into
excited Rydberg states and further autoionization
or DC electric field pulse ionization. Following
to [1,4], let us remind that related a search of
the effective methods for isotopes and nuclear
isomers separation and obtaining especially pure
substances at atomic level is related to number of
the very actual problem of modern nuclear tech-
nology, quantum and photoelectronics.The basis
for its successful realization is, at first, carrying
out the optimal multi stepped photo-ionization
schemes for different elements and, at second,
availability of enough effective UV and visible
range lasers with high average power (Letokhov,
1977, 1979, 1983; etc) [9]. The standard laser
photo-ionization scheme may be realized with us-
ing processes of the two-step excitation and ioni-
zation of atoms by laser pulse. The scheme of se-
lective ionization of atoms, based on the selective

resonance excitation of atoms by laser radiation
into states near ionization boundary and further
photo-ionization of the excited states by addi-
tional laser radiation, has been at first proposed
and realized by Letokhov et al (Letokhov, 1969,
1977) [1]. It represents a great interest for laser
separation of isotopes and nuclear isomers. The
known disadvantage of two-step laser photoioni-
zation scheme a great difference between cross-
sections of resonant excitation s_ and photo-ion-
ization s . It requires using very intensive laser
radiation for excited atom ionization. The same
is arisen in a task of sorting the excited atoms and
atoms with excited nuclei in problem of creation
of g -laser on quickly decayed nuclear isomers.
Originally, Goldansky and Letokhov (1974) [17]
have considered a possibility of creating a g -la-
ser, based on a recoilless transition between lower
nuclear levels and shown that a g -laser of this
type in the 20-60 keV region is feasible. But, it is
obvious that here there is a problem of significant
disadvantage of the two-step selective ionization
of atoms by laser radiation method. The situation
is more simplified for autoionization and Stark
resonance’s in the atomic spectra, but detailed
data about characteristics of these levels are often
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absent [1-16]. Several new optimal schemes for
the laser photo-ionization sensors of separating
heavy isotopes and nuclear isomers are proposed
[1,4]. It is based on the selective laser excitation
of the isotope atoms into excited Rydberg states
and further autoionization and DC electric field
ionization mechanisms.

Let us remind that in a classic scheme the la-
ser excitation of the isotopes and nuclear isomers
separation is usually realized at several steps: at-
oms are resonantly excited by laser radiation and
then it is realized photo ionization of excited at-
oms. In this case photo ionization process is char-
acterized by relatively low cross section s, =10
17-10-8¢cm? and one could use the powerful laser
radiation on the ionization step. This is not ac-
ceptable from the energetics point of view [1-8].
The alternative mechanism is a transition of at-
oms into Rydberg states and further ionization by
electric field or electromagnetic pulse. As result,
requirements to energetic of the ionized pulse are
decreased at several orders. The main feature and
innovation of the presented scheme is connected
with using the DC electric field (laser pulse) au-
toionization on the last ionization step of the laser
photoionization technology. There is a principal
difference of the simple ionization by DC electric
filed. The laser pulse ionization through the auto
ionized states decay channel has the advantages
(more high accuracy, the better energetics, uni-
versality) especially for heavy elements and iso-
topes, where the DC electric field ionization from
the low excited states has not to be high effective.
This idea is a key one in the realization of sorting
the definite excited atoms with necessary excited
nuclei of the A" kind, obtained by optimal method
of selective photo-ionization of the A kind atoms
at the first steps. The suitable objects for model-
ing laser photoionization separation technology
are the isotopes of alkali element Cs, long-lived
transuranium elements etc.

We considered the isotopes of 2'%'“Fr and
133.135.137Cs,. For example, the resonant excitation
of the Cs atoms can be realized with using dye
lasers with lamp pumping (two transitions wave-
lengths are: 6°S, ®7 °P,, 4555A and 6°S,,®7
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°P,,4593A). The next step is in the further ex-
citation to the Rydberg S,P,D states with main
quantum number n=35-50. The final step is the
autoionization of the Rydberg excited atoms by a
laser pulse or DC electric field pulse ionization and
output of the created ions. The scheme will be opti-
mal if an atom is excited by laser radiation to state,
which has the decay probability due to the auto-
ionization (pulse ionization) higher than the radia-
tion decay probability. So, one could guess that
the accurate data on the autoionization states ener-
gies and widths and the same parameters for the
DC Stark resonances are needed. The consistent
and accurate theoretical approach to calculation of
these characteristics is based on the operator per-
turbation theory formalism [18] and corresponding
advances relativistic version with model potential
approximation [22, 23]. In Fig.1a we present the
energy dependence (note that the level energy in
the absence of field is taken as zero) of Stark com-
ponents (/',|mj|) of the caesium state 39D Cs field
strength: Experiment - squares, circles, triangles,
diamonds [33]; Theory 1 - semi-empirical pertur-
bation theory on the field by Zhao et al [25]; 2 —
our data; In Fig.1b we list the Stark shift (in MHz)
for the state 46D Cs in dependence on the square
of the field: the experiment - squares, circles, trian-
gles [25]; Theory — continuous.
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Fig.1 a — The energy dependence (note that the lev-
el energy in the absence of field is taken as zero) of
Stark components (i,|mj|) of the caesium state 39D
Cs field strength: Experiment - squares, circles, tri-
angles, diamonds [25]; Theory 1 — semi-empirical
perturbation theory on the field by Zhao et al [25];
2 — our data; b — Stark shift (in MHz) for the state
46D Cs in dependence on the square of the field:
the experiment - squares, circles, triangles [25];
Theory — continuous

In Fig.2 we present a dependence of the Stark
component (]',|m/.|) energies (MHz) of the state
44D for the francium atom of the square of the
electric field (the first data).
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Fig.2. Dependence of the Stark component (j,|mj|)
energies (MHz) of the state 44D for the francium
atom of the square of the electric field (our data)

In figure 3 we present the numerical modeling
results of the excited and ground states popula-
tions in the photoionization scheme of the **!*’Cs
isotopes separation process with auto- and elec-
tric field ionization by solving the corresponding
differential equations system [4].
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Fig.3. Results of modelling '***’Cs isotopes separa-
tion process by the laser photo-ionization method (
d+dashed — laser pulse optimal form; see text)

The following definitions are used: d+dashed
line is corresponding to optimal form of laser
pulse, curves 1 and 2 are corresponding to pop-
ulations of the ground and excited states of Cs.
The d -pulse provides maximum possible level of
excitation (the excitation degree is about ~0,25;
in experiment (Letokhov, 1983) with rectangular
pulse this degree was ~ 0,1). It is worth to turn
attention on some analogy between modeling re-
sults for diferent alkali isotopes. Indeed, the rela-
tive populations for indicated atoms in the highly
excited states are very closed to each other, how-
ever the absolute values of the radiation param-
eters for different isotopes naturally differ. Let us
remember data regarding the Cs excitation and
the ionization cross sections: the excitation cross
section at the first step of the scheme is ~10""'cm?;
the ionization cross-section from excited 7°P,
state: s,=10"°cm?, from ground state s,=10"*cm?
[2]. One can see that the relation of these cross
sections is 10° and 107 correspondingly. This fact
provides the obvious non-efficiency of standard
photoionization scheme. Using d-pulse indeed
provides a quick ionization, but the ionization
yield will be less than 100% because of the stick-
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ing on intermediate levels. So, from energetic
point of view, this type of ionization can be very
perspective alternative to earlier proposed classi-
cal two-step and more complicated photoioniza-
tion schemes (Letokhov, 1983) [1]. The similar
situation and analogous conclusions are obtained
for the Sr and I isotope separation with the cor-
responding difference in the energetic and ra-
diative characteristics data. So, one can say here
about sufficiently optimal scheme of the separat-
ing highly radioactive isotopes and products of
atomics energetics such as Cs and others. The key
features of the corresponding scheme (technol-
ogy) are based on the selective laser excitation of
the isotopes atoms to the excited Rydberg states
and further autoionization (or DC electric pulse
ionization). One could remember here that a step
of laser isotope separation has to be very impor-
tant one in solving the modern actual problems
of the transmutation of radioactive elements and
decreasing the energy loses in the modern atomic
energetics cycles [20,21].
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ADVANCED LASER PHOTOIONIZATION SEPARATION SCHEME AND TECHNOLOGY
FOR HEAVY RADIOACTIVE ISOTOPES AND NUCLEAR ISOMERS

Abstract

We present new optimal scheme of the separating highly radioactive isotopes and products of atom-
ics energetics such as 2!¢214Fr, 133135137Cs and others, which is based on the selective laser excitation
of the isotopes atoms into excited Rydberg states and further autoionization or DC electric field pulse
ionization. As result, requirements to energetic of the ionized pulse are decreased at several orders.
And an effectiveness of a scheme increases. There are theoretically calculated values of the character-
istics of heavy Rydberg atoms in an external electromagnetic field (DC Stark effect) In particular, data
on the energy level, the energy widths of Stark resonances for Rydberg Cs, Fr (n <50).
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YAYUYIIEHHASA JIASBEPHO-©@OTONOHU3ALIMOHHBIE CXEMA PA3JIEJIEHUSA
N30TONOB JUIA TAXKEJIBIX PAAMOAKTUBHBIX N30TOIIOB U AAIEPHBIX
N30MEPOB

Pesrome

[IpencraBneHa HOBasi ONTHMAJIbHASI CXEMa JIA3EPHOTO Pa3/IeICHUs BRICOKO PaIHMOAKTUBHBIX H30TO-
OB, ITPOYKTOB aTOMHOI SHEPreTUKHU TakuX Kak '*2Fr, 133:135137Cs » npyrux, 6asupyromiasics Ha ja-
3epHOM BO30YX/I€HUU aTOMOB M30TOIIOB B PHIOEPTOBCKHIE COCTOSHUS U JaJIbHEHIIIeH aBTOMOHU3AIIUH
WM MOHU3AIMU UMITYJIBCOM 3JIEKTPHYECKOTO MoJIst. TeopeTHYeCKH BBIYHUCIICHBI 3HAUCHHS XapaKTepH-
CTHK TSDKEJBIX pUAOCPrOBCKUX aTOMOB BO BHEIIHEM aniekTpomarHuTHOM none (DC addexr HlTapka),
B YaCTHOCTH, JAHHBIC [0 YHEPTUSIM YPOBHEH, SHEPTUSAM, IIMPUHAM IITAPKOBCKUX PE30HAHCOB IS
punodeprosckux Cs, Fr (n <50).

KaroueBble cioBa: j1a3epHblii (HOTOMOHU3AIMOHHBIA METO], BBICOKO PaJMOAKTUBHBIC M30TOIIBI,
HOBas cxema
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MOKPAIIIEHA JIABEPHO-®OTOIOHIBAIIMHA CXEMA MOALIEHHSA 130TOIIIB JIJIS
BAKKUX PAIIOAKTUBHMUX I3OTOIIIB TA AJEPHUX I3OMEPIB

Pesrome

[IpencraBieHa HOBa ONTUMAaJIbHA CXEMa JIa3ePHOTO MOJIJICHHSI BUCOKO Pa/lioaKTUBHUX 130TOMIB,
NPOIYKTIB aTOMHOI €HEPTeTHKH, 30KpeMa, Takux sk 2'024Fr, 13313537Cg ta iHmm, ska 6a3yroTbesi Ha
Ja3epHOMY 30y/DKEHHI aTOMIB 130TOIIB y puA0EproBi CTaHU Ta MOJAJIBIIIH aBTO10HI3aIiT a00 10H13aIi1
IMITYJIECOM €JIEKTPUYHOTO MOoJIs. TeopeTHyHO 00UHCIIeH] 3HAYeHHS XapaKTEPUCTHK BAXKKUX pUIOep-
TOBCKHX aTOMIB y 30BHIIIHbOMY esiekTpomarHiTHOMY noni (DC edext Illtapka), 30kpema, qaHi mo
SHEpTifx piBHIB, CHEPTisM, IIUPUHAM MITAPKIBCHKUX pe30HaHCIB 1 pindeproBux Cs, Fr (n <40).

Kurouosi ciioBa: nazepuuii (poToioHiI3aiiiHUIA METOI, BUCOKO paJi0aKTHUBHI 130TOIH, HOBA CXeMa
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