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Abstract. We present review of the models for key laser photoionization processes and propose
the corresponding new optimal schemes of the separating heavy isotopes and nuclear isomers, substances cleaning at atomic level, which are based on the selective laser excitation of the isotopes
atoms into excited Rydberg states and further DC electric field ionizationThe operator relativistic
perturbation theory method, optimal laser action model and density matrices formalism are used for
numeric calculation of the optimal scheme parameters for the U and other isotopes.
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ÔÈÇÈÊÀ ËÀÇÅÐÍÎ-ÔÎÒÎÈÎÍÈÇÀÖÈÎÍÍÛÕ ÀÒÎÌÍÛÕ ÏÐÎÖÅÑÑÎÂ Â ÓÑÒÀÍÎÂÊÀÕ
ÄËß ÐÀÇÄÅËÅÍÈß ÈÇÎÒÎÏÎÂ È ÃÀÇÎÂ: ÍÎÂÛÅ ÎÏÒÈÌÀËÜÍÛÅ ÑÕÅÌÛ

À. Â. Ãëóøêîâ, ß. È. Ëåïèõ, Ã. Ï. Ïðåïåëèöà, Ñ. Â. Àìáðîñîâ,
Î. Â. Áàêóíèíà, À. À. Ñâèíàðåíêî, À. Â. Ëîáîäà
Àííîòàöèÿ. Ïðåäñòàâëåí îáçîð ìîäåëåé êëþ÷åâûõ ëàçåðíî-ôîòîèîíèçàöèîííûõ ïðîöåññîâ è ïðåäëîæåíû ñîîòâåòñòâóþùèå íîâûå ñõåìû ëàçåðíîãî ðàçäåëåíèÿ èçîòîïîâ, ÿäåðíûõ
èçîìåðîâ, ãàçîâ, î÷èñòêè âåùåñòâà íà àòîìíîì óðîâíå, áàçèðóþùèåñÿ íà ëàçåðíîì âîçáóæäåíèè àòîìîâ èçîòîïîâ â ðèäáåðãîâû ñîñòîÿíèÿ è äàëüíåéøåé èîíèçàöèè âíåøíèì ïîñòîÿííûì ýëåêòðè÷åñêèì ïîëåì. Óñîâåðøåíñòâîâàííûå ìåòîä ðåëÿòèâèñòñêîé òåîðèè âîçìóùåíèé, ìîäåëü îïòèìàëüíîãî ëàçåðíîãî âîçäåéñòâèÿ è ôîðìàëèçì ìàòðèöû ïëîòíîñòè
èñïîëüçîâàíû äëÿ ÷èñëåííîãî ìîäåëèðîâàíèÿ ïàðàìåòðîâ îïòèìàëüíîé ñõåìû äåòåêòèðîâàíèÿ è ðàçäåëåíèÿ èçîòîïîâ óðàíà è äðóãèõ ýëåìåíòîâ.
Êëþ÷åâûå ñëîâà: ëàçåðíûé ôîòîèîíèçàöèîííûé ìåòîä, ðàçäåëåíèå èçîòîïîâ è ãàçîâ, íîâûå îïòèìàëüíûå ñõåìû

1. Introduction
For the last 30 years, the investigations and developments aimed at creation of new highly efficient, alternative methods for separating isotopes of
chemical elements were actively performed in some
countries and attempts were made for their industrial employment [1–5]. Among those methods, isotope separation with the help of laser radiation is of
particular interest. The methods of atomic (AVLIS
process–photoionization method) and molecular
(MLIS process) isotope separation are well known
and developed. Since the early 1980s, the further
development of AVLIS process was additionally
stimulated and brought up to a qualitatively new
level due to achievements in laser spectroscopy, and
plasma physics and technique. The acceleration in
this period is mainly explained by the fact that in
the USA the photoionization method of isotope
separation was chosen after thorough study and
comparison of the abovementioned methods from
the point of view of the highest accessible efficiency
for uranium isotope separation. Throughout 1980s,
Lawrence Livermore National Laboratory (USA)
in cooperation with some large companies extensively developed, updated, and demonstrated the
elementary basis of AVLIS. Up to the late 1980s,
the noticeable success in all directions of the program was achieved. In 1989, it became possible to
start with specifying the date of the development of
AVLIS technology for full-scale industrial production.
Now it is well known that the laser photoionization method is one of the most perspective methods
for the sensing single atomic particles, separating
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isotopes, nuclear isomers and nuclear reactions
products (see Refs. [1–20]). The standard laser ionization sensor scheme may be realized with using
a scheme of the multi-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 photoionization of the excited states by additional laser
radiation, has been at first proposed and realized by
Letokhov et al (see Refs. [1,2]). This scheme represents a great interest for laser separation of isotopes
and nuclear isomers. However, a significant disadvantage of the two-step selective ionization of atoms by laser radiation method is a great difference
between cross-sections of resonant excitement σexc
and photo-ionization σion ([σexc/σion]>104÷108). It
requires the using very intensive laser radiation for
the excited atom ionization. The situation is more
simplified for autoionization resonances in the
atomic spectra, but detailed data about characteristics of these levels are often absent. Main problems
here are connected with difficulties of theoretical
studying and calculating the autoionization resonance characteristics. An account of complex relativistic and correlation effects (continuum states,
self-energy diagrams contributions etc.) by means
of the traditional quantum-mechanical methods is
not possible hitherto (see Refs. [16–24]).
In a number of papers (see Refs. [1,10,11,19,25])
a possibility of the selective ionization of atoms,
based on the selective resonance excitation of atoms
by laser radiation into states near ionization boundary and further ionization decay of excited atoms by
external electric field, has been considered. Electric
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field changes the electron spectra so that the part of
discrete spectra levels (near the ionization boundary) moves into continuum and other levels become
the autoionization ones. The probability of their
autoionization decay quickly increases with growth
of the main quantum number. The most optimal
situation is when atom is excited to state, which has
the autoionization probability more than the radiation decay one. To receive an accurate information
about optimal laser photoionization sensor scheme,
it is necessary to carry the accurate calculation of
the process of sequent atomic excitement by laser
field (it is trivial task) and probability of ionization
of the atoms in the highly excited states (autoionization levels) by electric field. Now the accurate
calculations of elementary atomic processes in different calculation schemes are intensively carried
out, including calculation of characteristics of decay of the autoionization resonances [8–26]. As a
rule, non-relativistic approximation has been used
[1]. More consistent approach to solution of such
a problem must be based on the relativistic models
[11,19,23–30], as the most interesting elements for
laser isotope separation are heavy ones and a role
of relativistic corrections is often very dramatic.
Below we use a new consistent relativistic quantum
mechanical approach for numeral calculation of
the autoionization resonances decay in the external
DC electric field [11,23,24].
This paper goes our research on carrying out optimal schemes for the laser photoionization sensors
of separating heavy isotopes and nuclear isomers.
We present review of the models for key laser photoionization processes and propose the corresponding new optimal schemes of the separating heavy
isotopes and nuclear isomers, substances cleaning
at atomic level. It is based on the selective laser excitation of the isotope atoms into excited Rydberg
states and further DC electric field ionization and
laser pulse autoionization mechanisms. The matter is in a fact that the velocity of ionization is significantly higher than one in the usual regime (see
Refs. [1,5,11,22]). A result, the effectiveness of the
laser photoionization sensor scheme is significantly
increased. The précised data for the autoionization
resonance characteristics for Cs, Ga, U, Tm atoms
in an electric field are presented. Two autoionization resonances decay channels (traditional Beutler-Fano channel and new Letokhov-Ivanov channel) are examined. An appreciable dependence of
the reorientation decay velocity of the autoionization resonances at an electric field is analyzed. An

effect of the giant autoionization resonance width
broadening in the relatively weak DC electric field
is found more drastic than it is discovered in paper
[5]. To carry out modelling the optimal scheme of
the U and other isotopes (nuclei) sensing, we use
the advanced optimal laser action models and density matrices formalism [11–16,24–26].
2. Laser photoionization isotope separation
scheme. Calculation model of the laser and DC
electric field ionization
Let us consider a process of the uranium U and
thulium Tm isotopes separation (c.f. [1,26]). The
first ionization step: excitation of the uranium and
thulium atoms into the rydberg states: 5f37s2np,
5f36d7sns (U: electron external shell configuration)
and 4f136sns, 4f136snp (Tm). Principal quantum
number n may be equal 10–50. The further step is
ionization by external DC electric field. It should
be noted that the excitation and ionization crosssections of ground and low excited state for these
atoms by laser pulse are as follows: the excitation
cross-section σexc=σ1 ~10–13–10–11 cm2, ionization
cross-section from excited state: σion=σ2~10–18–
10–17cm2, from ground state σ2~10–19cm2 [1]. For
selective photoionization scheme with excitation
to Rydberg ns, np states with n=10–50 and further ionization by the DC electric field (see below)
the calculated cross-section values are as follows:
σ2~⋅10–15÷12 cm2. It means that the selective photoionization scheme with using the Rydberg states
(autoionization resonances) and ionization by
external electric field is quite effective for studied
isotopes from the energetic point of view. But it is
arisen a problem with the ionization output (here it
may be less than 100 %, so it is necessary to search
the optimal levels). Further to carry out a modelling
the optimal scheme of the U, Tm isotope (nuclei)
sensing we need data about probabilities of ionization by external DC electric field. To get these data,
we use a new consistent relativistic quantum mechanical approach for numeral calculation of the
autoionization resonance decay in the external DC
electric field [11,23,24]. Let us describe it in brief.
Probability of the ionization (autoionization
width) for highly excited atoms by electric field
is given by the full flow of probability through the
plane, which is perpendicular to z-axe. Calculation
of the probability requires a solution of the axially
symmetrical problem, when a potential barrier separates two classically allowed regions. The examples
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of the application of such problem are an atom in a
uniform electric field, the two-centre problem etc.
Let us find the wave function in the below-barrier
region. In this case, the wave function is localized
in the vicinity of the most probable tunnelling way,
that is the potential symmetry axis z. For the bispinor

A solution for system (6) is found numerically
on the basis of the finite differences numerical algorithm [27]. In a case of atomic ionization by the
pulsed field, probability of process is defined by the
following expression:

⎛ξ⎞
ψ=⎜ ⎟,
⎝ η⎠

Here, as usually nlm are the quantum number of
electron state; W(n1n2m) is the state decay probability; a are the coefficients of expansion of the ψ(nlm)
functions on the parabolic functions ψ(n1n2m). In
real multi-electron atom it is necessary to account
for the influence of the electron shells, which results in the changing the potential barrier and wave
functions. To define the wave functions and electron
state energies in an electric field, one needs to carry
out the diagonalization of energy matrice, calculated between states with the same n [7–9,28]. The diagonalization of the complex energy matrix leads to
complex energy correction: ReE -iÃ/2 , where Re E
is the level shift and Ã is the level width, including
the radiation and autoionization widths simultaneously. If the effects of the autoionization resonance
decay are included in the standard energy secular
matrix M, then Ã presents only the autoionization
width of the state. Only Re M is diagonalized. The
imaginary part is converted by means of the matrix
of eigen-vectors {Cmk} The eigen vectors are obtained by diagonalization of ReM:

(1)

the Dirac equation has the following form:
K
cσρξ = (E − V + c2 )η,
K
cσρη = (E − V − c2 )ξ,

(2)

where ρ and σ, as usually, denote the momentum
and Pauli operators.
Inserting first equation of the system (2) into
second one and using substitution
ξ = (W + )1/2 Φ,

(3)

W ± = E − V ± c2 ,

we obtain the second-order equation
ΔΦ+K2Ô=0,
1 ⎡
ΔV
2
(E − V ) − c4 ⎤⎦ − + −
⎣
=c
2W
3 ⎛ ∇V ⎞
i K G K
− ⎜ + ⎟ + + σ ⎡⎣∇V ,∇ ⎤⎦ .
4 ⎝W ⎠ W

K2 =

2 2

(4)

Since the potential is axially symmetrical, we
seek a solution to' this equation in the cylinder system of co-ordinates (z, p) as follows:
⎛ F ( z, p)exp[i(m − 1 / 2)φ]⎞
Φ = ⎜⎜ 1
⎟⎟ .
⎝ F2 ( z, p)exp[i(m + 1 / 2)φ]⎠

(5)

Substituting (5) into (4) gives the matrix equation:
(Δ + ∂)F = (= −2 q 2 + γ)F ,

⎛F ⎞
F = ⎜ 1 ⎟,
⎝ F2 ⎠

1/2
1
q = ⎡⎣c4 − (E − V )2 ⎤⎦ ,
c
1 ⎛ ∂V ∂ ∂V ∂ ⎞ ⎛ 0 −1 ⎞
∂= +⎜
−
⎜
⎟,
W ⎝ ∂p ∂z ∂z ∂p ⎟⎠⎝ 1 0 ⎠
⎛ am−1/2 bm+1/2 ⎞
γ=⎜
⎟,
⎝ bm−1/2 a− m−1/2 ⎠
K 2⎤
⎡
1 ⎢ μ ∂V ΔV 3 (∇V ) ⎥
μ2
aμ ( z, p) = 2 + +
,
+
+
p W ⎢ ρ ∂p
2
4 W+ ⎥
⎣
⎦
μ ∂V
bμ ( z, p) = −
.
pW + ∂z
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(6)

2
W (nlm) = ∑ (annlm
1 n 2 ) W (n1 n2 m) .

(7)

n2

Im Mik =

∑C *

mi

M ij C jk .

ij

The other details of calculation procedure are
given in refs. [10,11,21,25–30].
3. Results of numerical calculating the ionization
characteristics for heavy isotope atoms
and modelling the parameters for optimal scheme
of the laser photoionization sensor
Here we present some key results of numerical
calculating the ionization characteristics for heavy
isotope of the uranium and thulium and modelling
the optimal scheme parameters of the laser photoionization sensor. In fig.1 we present our calculation results on the critical electric field strength in
dependence upon effective quantum number n* for
atom of U (dots- experimental data; line 1 is theoretical estimate from classical relation E~ 1/16n4
without account of the Stark shift and electron
tunnelling effect [1]; line 2 is calculation result on
the basis of the H-like non-relativistic model [2];
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dashed line is corresponding to our relativistic results). It is stressed that the hydrogen-like approximation gives an inaccuracy 15–20 % [2].

Fig. 1. Critical electric field strength in dependence upon
effective quantum number n* for the uranium atom

At the same time consistent relativistic calculation has given the results in an excellent agreement with experiment. The same situation takes a
place with the thulium isotope. The most interesting feature of the ionization in an external electric
field is connected with an effect of electric field
on the autoionization resonances in the heavy isotopes (the last step of the laser photoionization
scheme).
Let us consider the thulium isotope. It should be
noted that studying the autoionization in an external DC electric field represents an undoubted interest for experimental laser spectroscopy, in controlling the population and decay kinetics of excited
states or the selective ionization under laser radiation action [1]. Study of such processes is very important for development of the multistage ionization method schemes. One can mention a great role
of the autoionization resonances in many processes
in plasma and gases. Especially interesting effects
occur in the complex heavy atom when its broad
AR mix with much narrower resonances of opposite
parity by means the external electric field. Authors
of paper [5] have predicted new effects, connected
with behaviour of the Tm autoionization resonances
in an external electric field and discovered a drastic
broadening of the reorientation type autoionization
resonances already in a weak electric field. We have
carried out the same calculation, but with the use of
the relativistic approach. Note that the availability
of two pairs of near-lying ionization limits (with vacancy states 4f71/2 and 4f51/2) in the thulium atom
provides two main types of the autoionization resonance decay:

(BFD) 4f-15/2 6s1/2 (J12) nl – 4f-17/2 6s1/2 [J12'] Tm+ +
+ leje, n>7, J12=2; 3, J12'=3; 4,
(ROD) 4f-1j6s1/2(J12)nl-4f-1j6s1/2[J12']Tm++
+leje, n>25, J12=3, J12'=2;4 j=5/2,7/2.
Here the ROD means the reorientation autoionization resonance decay, and the BFD means
the traditional Beutler-Fano autoionization resonance one. The states 4f-15/26s1/2(J12=3)nl undergo
simultaneously both BFD and ROD. Remember
that contrary to the BFD, the ROD is a low energy
process preserving all the single electron quantum
numbers of atomic residue: 4f-1j and 6s1/2 . The ROD
can be of the monopole or quadruple character. We
mean here the multi-polarity of the inter-quasiparticle interaction causing the autoionization resonance decay. The states with J12=2;4 do not undergo the ROD. Nevertheless, their admixing with
states undergoing the ROD can significantly amplify the monopole ROD. For Rydberg series, the
only possible autoionization resonance decay is the
reorientation one. Any two states of different parity can be mixed by the external electric field. The
mixing leads to redistribution of the autoionization
widths. In the case of degenerate or near-degenerate
resonances this effect becomes observable even at a
moderately weak field. In the case of the thulium
we deal with reorientationally decaying ns and np
series, converging to the same ionization limit, i.e.
they are nearly degenerate states of different parity.
Among them one can find some pairs of ns and np
states with widths Ã, differing by several orders.
We consider the f-17/2 6s(3)25s[5/2] state, decaying due to the quadruple interaction and f-17/2
6s(3)25p1/2[5/2] undergoing to the monopole
ROD. In table 1 we present the calculated values
of the energy E, autoionization width Ã for the
4f7-1/26s(3)ns,np Tm states (n=25) for different values of the DC electric field strength ε.
A strong change of the autoionization resonance
width occurs at a moderately weak electric field and
this effect is found more drastic (~10 %) than it is
discovered in paper [5]. The same effect is at first
discovered for the uranium isotopes. We have calculated the energies and widths for higher members
of the uranium Rydberg series (members accessed
from 32.899,79 cm-1 level). Excitation sequence:
6056,81+6098,10+(5880–5890) Å. For 5f37s2np
(n=40–44) levels the following results are obtained: i). For ε=0 V⋅cm-1, configuration 5f37s242p,
E=49877,49 (experimental value [7]: 49877,5);
Ã(5f37s242p)=1,794D-01; Ã(5f37s242s)=2,702D-05;
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ii). For ε = 100 V⋅cm-1; Ã(5f37s242p)=1,675D-01;
Ã(5f37s242s)=5,913D-04. So, we have here a strong

change of the autoionization resonance width at a
moderately weak electric field too.

Table 1
Calculated values of the energy E (cm-1) and autoionization width Ã (cm-1) for the 4f7–1/26s(3)ns,np Tm states
(n=25) for different values of the DC electric field strength ε. (V⋅cm-1)
State
E, ε = 0
Ã, ε = 0
Ã, ε = 50
Ã, ε = 100
Ã, ε = 150

4f137/2 6s1/2 (3) 25s [5/2]
Ref. [5]
49854,7 cm-1
1,80D — 05
1,16D — 04
4,27D — 04
9,340D –04

4f137/2 6s1/2 (3) 25s [5/2]
Present paper
49854,7 cm-1
1,861D — 05
1,847D — 04
7,130D — 04
1,330D –03

Detailed spectroscopic information about autoionization resonances is needed to optimize the
excitation and ionization of the atom. An optimal
scheme presumes a compromise between high excitation probability and high decay rate that determines the lower and upper boundaries for the autoionization resonances decay rate. The use of the
ROD channel essentially increases the possibilities
of such a compromise. It is very important for carrying out the optimized scheme of the selective
photoionization sensor.
Further we present the results of numerical modelling the optimal scheme parameters of the laser
photoionization sensor. As usually [16–21], the optimization procedure of the laser photoionization
sensor scheme is in a searching the optimal form
of the laser pulse to provide a maximum of excited
particles in the gases separation scheme (naturally
this is one of the possible versions). The separation
process is described by the density matrice equations system (c.f. [12,13]). We considered a scheme
for the laser separation and sensing the uranium
and thulium isotopes. All necessary excitation and
ionization constants for solution of the density matrice equations system are calculated within above
described model and methods [16–21,23–30].
The laser photoionization scheme for U isotopes
included the following steps: i). Laser excitement of
the 235U isotopes from the ground 5f36d7s2–5L6o state
and low lying metastable 5f36d7s2–5K5o state with
energy 620,32 ñì-1; ii). Transition into the autoionization state with doubly excited external shell and
then ionization by the DC electric field.
In figure 2 we present the results of numerical
modelling the optimal form of laser pulse in the laser photoionization sensor scheme for the uranium
isotopes. The following notations are used: δ pulse
32

4f137/2 6s1/2 (3) 25p1/2 [5/2]
Present paper
49865,3 cm-1
1,196D — 01
1,194D — 01
1,189D — 01
1,182D — 01

+ dotted line is the optimal form of the laser pulse;
curves (1) x1 and (2) x2 are the populations of the
ground and excited (n=42) states. In the qualitative
relation obtained data are similar to data for other
Na, Rb and Tm isotopes [16]. At the first step of the
laser photoionization scheme the δ -pulse provides
a maximally possible level of excitation for the up
state. At the last step an external DC electric field
ionization must be realized earlier than the parasitic spontaneous relaxation processes (resonant recharging etc. [1]) begin to destroy and change an
achieved excitement level of atoms.

Fig. 2. Results of numerical modelling for the optimal
form of laser pulse in the laser photoionization sensor
scheme for the uranium isotopes: δ pulse + dotted line
is the optimal form of the laser pulse; curves (1) x1 and
(2) x2 are the populations of the ground (6s) and excited
(np) states

Using the DC electric filed ionization mechanism significantly increases the output of charged
particles, improve in whole the energetics of the
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laser photoionization sensor scheme and its optimality. It is possible to accept the special measures
to provide very high ionization output (approaching to 100 %) that requires using specially separated
autoionization levels. General analysis shows that
creation of the laser photoionization scheme on the
basis of considered scheme is more perspective in
comparison to traditional two- and three-step laser
photoionization schemes with ionization by laser
pulse at the final step [1,2].
4. Laser-photoionization method for preparing
the films of pure composition at atomic level
The laser-photoionization method could be very
effective for creation of new optimal schemes for
preparing the films of pure composition at atomic
level. The first possible schemes for preparing the
films of pure composition by means of the twostepped selective ionization of atoms has been
proposed by Letokhov [2]. As easily understood
from above text, such scheme was not experimentally checked, however it is obvious that the twostepped laser ionization scheme is not optimal one.
The main feature and innovation of our scheme is
connected with using the electric field on the last
ionization step and using decay of autoionization
resonances in a laser pulse (i.e. autoionization at
the last step). Such an optimal scheme can be used
as basis for devices for preparing the films of super
pure composition during sedimentation of ions of
the A+ kind, which are obtained by optimal method
of selective photo-ionization of the A kind atoms
in the beam in mixture with other atoms. In fig. 3
we propose the possible construction of scheme
for preparing the films of super pure composition
during sedimentation of ions. In fact our scheme
generalizes the known Letokhov and GlushkovLepikh-Ambrosov scheme [2,21], but it looks more
effective.
The wide spread method for getting complex
hetero-structures of super lattices type is a method
of molecular epytaxy. At the same time one can
note that it allows creating only 1D super lattices
(the known example is layers Ga1-xAlxas of the width
10Å and GaAs of the width 60 Å with full number of
layers around 100. The 3D hetero-structure super
lattices can be created with using the photo-ionic
beams of Ga+, Al+, As+ with help of the electromagnetic focusing and deflecting systems.
As it had been at first underlined in ref.[2], this
opportunity of spatial control of the sedimentation

of ions is of a great importance for semiconductor
atomic technology of the materials in future. But
the key topic is creation of the effective technology
(profitable from commercial point of view).
Let us consider further laser photo-ionization
method of obtaining the Ga+ ions and optimal
scheme for preparing the films of pure composition.
We consider the ionization scheme of obtaining
the Ga+ ions, following to ref.[12]. The transition
scheme is as follows; 4p2P3/2→(λ1=417,2 nm)→
5s2S1/2→ (λ1=420–440 nm)→np2P1/2 .(n=14–70).
Modelling the optimal parameters for last process,
i.e. ionization of the Rydberg states by electric field,
can be carried out on the basis of methodise [9–12].
In figure 4 the results of the numerical modelling
the Ga atoms separation process from the mixture
on the basis of the laser photoionization method are
presented.

Fig. 3. Possible scheme for preparing the films of super
pure composition during sedimentation of ions of A+
kind, which are obtained by optimal method of selective
photo-ionization of the A atoms in a beam in mixture
with other atoms: 1 — source of atomic beam; 2- vacuum
box; 3 — collector of non-selective ions; 4 — diaphragm;
5 — laser ray for the first step excitation; 6 — laser ray
for second-step excitation to Rydberg states and further
autoionization in a laser pulse and ionization by external
electric field; 7 — deflecting electrodes; 8 — sublayer;
9 – cold sublayers for freezing atoms; 10 — laser ray for
vaporising the substance

The following definitions are used: δ+dashed
line is corresponding to optimal form of laser pulse,
curves 1 and 2 are corresponding to populations of
the ground and excited states of Ga. The δ -pulse
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provides maximum possible level of excitation (the
excitation degree is about ~0,25; in experiment [2]
with rectangular pulse this degree was ~ 0,1). In
further the parasite processes such as spontaneous
relaxation, resonant re- exchange can’t change the
achieved excitation level during a little time. The
last step of the process is an ionization of excited atoms by the electric field pulse [9] (the field strength
is 8,8 kV/cm). To get a high level of the optimality
an electric field has to be switched on during the
time, which is less than the excited state radiative
decay time.

Fig. 4. Results of modelling Ga separation process
from Ga-X mixture by the photo-ionization method (
δ+dashed — laser pulse optimal form; curves x1, x2 are
corresponding to populations of the ground and excited
states)

The decay of Ga atoms and ions in the highexcited state demonstrates the properties of the
H-like systems at the qualitative level. But, there
is quite significant quantitative difference. We
have found that the ionization velocity for states
with n>14 is more than the radiative decay velocity in electric field with strength Å less than 15
kV/cm. Our estimate for the Ga atom ionization
cross section is 1,5⋅10–13cm2 that is higher than the
corresponding cross section of ionization process
by laser pulse in the two- stepped photo ionization [2] scheme (~10–17cm2). Using δ-pulse provides a quick ionization, but the ionization yield
will be less than 100 % because of the sticking on
intermediate levels. Experimentally obtained dependence of the critical ionization field strength E
upon the effective quantum number n* is usually
approximated by simple theoretical dependence
Ecr=(2n*)-4. Our calculation results show that this
is very approximate estimate and only consistent
quantum calculation (c.f.[21,26,29] provides an
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acceptable agreement with experiment. In any
case, the laser photo ionization scheme with ionization by electric field (with optimal set of energetic and radiative parameters: pulse form, duration, energetic for laser and electric field pulses
etc.) could provide significantly more high yield
and effectiveness of the whole process than the
other known schemes.
5. Conclusions
So, we presented a brief review of the models
for key laser photoionization processes and propose the corresponding new optimal schemes of
the separating heavy isotopes and nuclear isomers,
which are based on the selective laser excitation of
the isotopes atoms into excited Rydberg states and
further DC electric field ionization or autoionization (decay of autoionization resonances in a laser
pulse). The operator relativistic perturbation theory method, optimal laser action model and density matrices formalism are used for numeric calculation of the optimal scheme parameters for the
U and other isotopes. Besides, we considered the
advances optimal scheme for preparing the films
of super pure composition during sedimentation
of ions of A+ kind, which are obtained by optimal
method of selective photo-ionization of the A atoms in a beam in mixture with other atoms. The
key innovation is linked with using the new physical (effects) mechanisms of the ionization (autoionization resonances in a laser or electric pulses)
at the last step of the whole scheme.
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