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LASER PHOTOIONIZATION ISOTOPE SEPARATION TECHNOLOGY
AND NEW PRINCIPAL SCHEME FOR y-LASER ON QUICKLY DECAYED
NUCLEAR ISOMERS WITH AUTOIONIZATION SORTING OF HIGHLY

EXCITED ATOMS

Optimal scheme of the laser photo-ionization heavy isotopes (isomers) separation technology
and the new possible principal scheme of y -laser on quickly decayed nuclear isomers with autoioniza-
tion sorting the highly excited heavy atoms are presented.

To number of the very actual problem of modern
nuclear technology, quantum and photoelectronics is
related a search of the effective methods for isotopes
and nuclear isomers separation and obtaining espe-
cially pure substances at atomic level. The basis for its
successful realization is, at first, carrying out the opti-
mal multi stepped photo-ionization schemes for dif-
ferent elements and, at second, availability of enough
effective UV and visible range lasers with high average
power [1—27]. The standard laser photo-ionization
scheme may be realized with using processes of the
two-step excitation and ionization of atoms by laser
pulse. The scheme of selective 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
additional laser radiation, has been at first proposed
and realized by Letokhov et al (c.f. ref.[1]). It repre-
sents a great interest for laser separation of isotopes
and nuclear isomers. The known disadvantage of two-
step laser photoionization scheme a great difference
between cross-sections of resonant excitation o, and
photo-ionization o, ([c, /o, [>10%-10%). 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 prob-
lem of creation of y -laser on quickly decayed nuclear
isomers [1,2].

Originally, Goldansky and Letokhov [3,4] has
considered a possibility of creating a y -laser, based on
a recoiless transition between lower nuclear levels and
shown that a y -laser of this type in the 20—60 keV re-
gion is feasible. A feature of design is operation based
on relatively short-lived isomer nuclear states with
lifetime of 0,1 to 10 sec. The authors [3] has estimated
the minimal number of excited nuclei required for
obtaining appreciable amplification and possibility of
producing sufficient amounts of excited nuclei by irra-
diation of the target with a thermal neutron beam or by
resonant y -radiation. It is important that low-inertia
laser selection of a relatively small friction of excited
nuclei of a given composition from the target by the
two-step method of selective laser photoionization of
atoms with excited nuclei by the radiation from two la-

sers is principally possible. But, it is obvious that here
there is a problem of significant disadvantage of the
two-step selective ionization of atoms by laser radia-
tion method [1,2]. The situation is more simplified for
autoionization resonance’s in the atomic spectra, but
detailed data about characteristics of these levels are
often absent (c.f.[2,4,5,12,17]). The key problems here
are connected with difficulties of theoretical studying
and calculating the autoionization resonance char-
acteristics. In [2,3] it has been presented principally
new approach to solving a class of problems treated. In
ref. [2,3,14,19—23] new optimal schemes for the laser
photo-ionization sensors of separating heavy isotopes
and nuclear isomers were proposed. It is based on the
selective laser excitation of the isotope atoms into ex-
cited Rydberg states and further autoionization and
DC electric field ionization mechanisms. To carry out
modelling the optimal scheme of the U and 7m iso-
topes (nuclei) sensing, the optimal laser action model
and density matrices formalism (c.f.[2,14,19-22])
were used. The similar schemes of laser photo ioniza-
tion method are developed for control and cleaning
the semiconductor substances [19]. The optimal laser
photo-ionization schemes for preparing the films of
pure composition on example of creation of the 3-D
hetero structural super lattices (layers of Ga, Al As
with width 10E and GaAs of 60E) have been proposed
and new models of optimal realization of the first step
excitation and further ionization of the Ga* ions in
Rydberg states by electric field are calibrated. In this
paper we give the further development of approach
to construction for the optimal schemes of the laser
photo-ionization isotope separation technology and
to creation of new possible principal scheme of y -laser
on quickly decayed nuclear isomers with laser auto-
ionization or electromagnetic field ionization sorting
the excited atoms.

Let us remind that in a classic scheme the laser
excitation of the isotopes and nuclear isomers sepa-
ration is usually realized at several steps: atoms are
resonantly excited by laser radiation and then it is re-
alized photo ionization of excited atoms [1]). In this
case photo ionization process is characterized by rela-
tively low cross section 6, =10~"7—10"¢cm? and one
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could use the powerful laser radiation on the ioniza-
tion step. This is not acceptable from the energetics
point of view [2]. The alternative mechanism is a tran-
sition of atoms into Rydberg states and further ion-
ization 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) autoionization
on the last ionization step of the laser photoioniza-
tion technology. There is a principal difference of the
simple ionization by DC electric filed. The laser pulse
ionization through the auto ionized states decay chan-
nel has the advantages (more high accuracy, the better
energetics, universality) especially for heavy elements
and isotopes, 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 modelling laser photoioniza-
tion separation technology are the isotopes of alkali
element Cs, lanthanides and actinides. We considered
the isotopes of . Csly’ and .Yb,'. For example, the
resonant excitation of the Cs can be realized by means
dye lasers with lamp pumping (two transitions wave-
lengths are: 6°S, —7 ZP , 4555A and 6°S 7 2P
4593A) [15]. In (able 1 there are listed the energy pa-
rameters for different states of the caesium, obtained
in the different approximations (from refs. [1,2,23]).
It is useful to remind the corresponding hyperfine
splitting energy (6 2S , transition 4—3) of Cs: exp.
data- Av(FF )= 9192 64MHZ ; AE(EF)= 306,630-
10-3 cm' ; theor. data [23] AV(F,F’)= 9177,80MHZ;
AE(F,F’)= 306,135 10-3 cm! (from ref.[23]).

Table 1
Valent electron ionization energies (in atom. units) of the *3Cs:
el _one-configuration Hartree-Fock data, peasituBucrckoro
XD; rfHF +5eRHF — the same data, but with account for the

correlation corrections; £ — QED perturbation theory data;
gf%- experimental data (see text)

State 8RHF 8RHF +88RHF 8QED 8Exp

6s,, | 0,12737 | 0,14257 0,14295 | 0,14310
6p,, | 0,08562 | 0,09198 0,09213 | 0,09217
6p,, | 008379 | 0,08951 0,08960 | 0,08964
7s,, | 0,05519 | 0,05845 0,05862 | 0,05865
7p,, | 0,04202 | 0,04385 0,04391 | 0,04393
7p,, | 0,04137 | 0,04303 0,04309 | 0,04310

The next step is in the further excitation to the
Rydberg S,PD states with main quantum number
n=31-37 (the optimal value n=35). Final step is the
autoionization of the Rydberg excited atoms by a elec-
tromagnetic field pulse and output of the created ions.
The scheme will be optimal if an atom is excited by
laser radiation to state, which has the decay probabil-
ity due to the autoionization bigger than the radiation
decay probability. In figure 1 we present the numeric
modelling results of the optimal form of laser pulse
in the photoionization scheme with auto-or electric
field ionization by solving the corresponding differen-
tial equations system [2,3,14,19—22]. The following
definitions are used: d+dashed line is corresponding

to optimal form of laser pulse, curves 1 and 2 are cor-
responding to populations of the ground and excited
states of Cs. The & -pulse provides maximum possi-
ble level of excitation (the excitation degree is about
~0,25; in experiment [1] with rectangular pulse this
degree was ~ 0,1). It is in great degree similar to anal-
ogous scheme with the DC electric field and stochas-
tic collisional ionization mechanisms [3,15,21,22].
In fig.1 there is also presented the typical behaviour
of the ground (curve 1) and highly excited (curve 2)
states population. Let us remember data regarding the
excitation and the ionization cross sections for studied
system: the excitation cross section at the first step of
the scheme is ~10~''cm?; the ionization cross-section
from excited 7?P,state: o,=10~'%cm?, from ground
state 6,=10~ sem?” [1]. One can see that the relation
of these cross sections is 10° and 107 correspondingly.
This fact provides the obvious non-efficiency of stan-
dard photoionization scheme.
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Fig.2. Results of modelling Cs isotopes separation process by
the laser photo-ionization method ( 8+dashed — laser pulse opti-
mal form; see text)

A use of the autoionization mechanisms at the fi-
nal step for ionization of the Rydberg excited atoms
provides more optimal scheme from energetic point of
view. For example, for the 35S, ,transition the corre-
sponding cross section can reach the value ~10-"cm?.
So, from energetic point of view, this type of ionization
can be very perspective alternative to earlier proposed
classical two-step and more complicated photoioniza-
tion schemes (c.f.[3,19—21]). More suitable situation
takes a place for the for Yb isotope separation. It is very
important that the proposed scheme can be easily im-
plemented to the possible advanced scheme of the y —
laser on quickly decayed nuclear isomers with using
laser photoionization sorting excited nuclei M",, | with
autoionization mechanism through the Rydberg states.
Fig.2 easily explains the principal moments of this
scheme. It generalizes the known Goldansky-Letokhov
[4] and other [2,9,21,22] schemes and has to be more
efficient especially from energetics point of view. In
this context it is worth to remind very impressive results
of the last years, connected with engineering atomic
highly excited Rydberg states and correspondingly co-
operative laser-gamma-muon-electron- nuclear states
(transitions) with the laser (and raser) pulses [24—30].
It is quite possible that cited new effects can be realized
in the tasks considered here.

So, the laser photo ionization scheme with auto-
ionization of the highly excited atoms (with optimal
set of energetic and radiative parameters: pulse form,
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duration, energetic for laser and electric field pulses
etc.) could provide significantly more high yield and
effectiveness of the whole process of the isotope sepa-
ration. It is especially worth for implementation to the
possible principal scheme of y -laser on quickly de-
cayed nuclear isomers with autoionization sorting the
excited atoms.

Fig.1. Possible scheme y — laser on quickly decayed nuclear
isomers with using laser photoionization sorting excited nuclei
M’ ,, with electric field and auto- and electric field ionization
mechanisms: 1 — target of atoms M,; 2- flux of slow neutrons;
3 — laser ray for evaporation of target; 4 — laser ray for the first
step excitation of atoms with excited nucleus A(M",,,); 5 — la-
ser ray for second-step excitation to highly excited atomic states
and Rydberg autoionization by electromagnetic field; 6 — collec-
tor system; 7 — atoms with excited nucleus A(M",, ) ; 8 — flux of
evaporated atoms;
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Abstract

Optimal scheme of the laser photo-ionization heavy isotopes (isomers) separation technology and the new possible principal scheme
of y -laser on quickly decayed nuclear isomers with autoionization sorting the highly excited heavy atoms are presented.
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JABEPHO-®OTONOHU3ALIMOHHAA TEXHOJIOTHA PASTEJTEHNS N30TOIIOB 1 HOBAS ITPUHIINITHNAIBHASA
CXEMA vy -JIA3BEPA HA BBICTPOPACIIATAIOIIUXCA ATEPHBIX U3OMEPAX C ABTOMOHU3AITMOHHOU
COPTHUPOBKOU BbICOKO BO3BYKIEHHBIX ATOMOB

Pe3iome

IpemtoxeHsl HOBast cxeMa Jla3epHO-(OTOMOHM3AIMOHHON TEXHOJIOTUH Pa3IesIeHUS TSDKEJTbIX M30TOTIOB (M30MEPOB) M HOBast
BO3MOXHasl IPUHIIMITMAIbHAS CXeMa Y -Jla3epa Ha ObICTpopacaJatoIuXCs SIIEPHBIX M30MEPax ¢ aBTOMOHU3AILIMOHHON COPTUPOBKOM
BBICOKO BO30YXICHHBIX TSKETBIX aTOMOB.

KioueBble ciioBa: nasepHast GOTOMOHU3ALIMS, pa3/ie/IeHe U30TOIOB, Y-Jla3ep Ha ObICTPO paciagarolluXcs AEPHBIX M30Mepax

VYK 535.42
C. B. Ambpocos, O. I0. Xeueniyc, 10. M. Jlonamkin, A. A. Ceéunaperko

JIA3EPHO-®OTOIOHI3AIIITHA TEXHOJIOTIA PO3IOALTY I30TOIIIB I HOBA INPUHIMAITIAJTIbBHA
CXEMA v -JIABEPA HA ATIEPHUX I3OMEPAX, 1110 IIBUJIKO PO3ITATAIOTBCA, 13 ABTOIOHI3ALIIMHOIO
COPTUPOBKOIO BUCOKO 3bYIXKEHUX ATOMIB

Pesiome

3anpornoHoBaHi HOBa cxeMa Jia3epHo-(hOTOIOHI3aiiTHOT TEXHOJIOTi PO3MOAiTy BaxKUX i30TOIIB (i30MepiB) Ta HOBA MPUHLIMITI-
ajbHa cXema y — Jla3epa Ha SiIEepHMX i30Mepax, 110 IIBUAKO PO3MaJaloThCs, i3 aBTO i0OHI3allilHUM COPTYBAaHHSIM BUCOKO 30yIKEHUX
BaXXKUX aTOMIB.

Kumouosi ciioBa: nazepHa ¢hoToiOHi3allisl, pO3MOiT i30TOMIB, Y- Ja3ep Ha SAepHUX i30Mepax, 110 UIBUAKO PO3MaJaloThCs
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