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Optimized laser photoionization scheme of separation of complex isotopes
in the separator devices

An effective approach to determining parameters of optimal schemes of the method of laser
selective photoionization of heavy isotopes, in particular, lanthanides (Gd atoms as the exam-
ple) with ionization at the final stage by a pulsed electric field, autoionization through the
narrow autoionization resonances and due to collisions is developed for separation of heavy
isotopes in the separator devices. On the basis of the theory of optimal control and previously
developed theoretical quantum approaches (the energy formalism and the relativistic many-
body perturbation theory with the Dirac-Kohn-Sham-Sturm zeroth approximation for compu-
ting the parameters of elementary atomic processes such as excitation, ionization amplitudes,
cross-sections, energies, widths of autoionization resonances etc.) an optimized scheme for
the separation of Gd isotopes by the method of 3-stage laser photoionization with ionization
at the final stage by a pulsed electric field, ionization through narrow autoionization reso-
nances is presented. For the first time, there are theoretically calculated parameters of the
narrow autoionization resonances for Gd in a sufficiently weak electric field, which are in
physically reasonable agreement with data of the known experiment by Letokhov et al. Nar-
row-width autoionization resonances in Gd (in general in spectra of any lanthanide & acti-
nide atom) have a relatively long lifetime, correspondingly, their excitation, ionization cross
sections have the same order as the excitation one at the initial stage of separation scheme.
Therefore, the use of these long-lived states can ensure the optimal implementation of a laser
scheme for the separation of heavy isotopes. The obtained results for Gd with using models of
optimal governing confirm the perspective of construction of the optimized schemes of the la-
ser photoionization method with ionization at the final stage by a pulsed electric field,
autoionization and allow determining the optimal parameters of the separation scheme, in-
cluding diagram of atomic transitions, shape of laser pulses, etc. It is hoped that this work
will also provide new opportunities for further development of laser chemistry of lanthanides,
as well as actinides, taking into account new physics of autoionization resonances in their
spectra.

Keywords: separation of heavy isotopes, method of selective laser photoionization of at-
oms, theoretical quantum models of elementary atomic processes of excitation and ionization,
narrow autoionization resonances, models of optimal governing, gadolinium isotopes

Introduction. Studying of physical and chemical processes with participamce of
atomic systems (gases) in the istopes and gases separator devices is of a great interest
for many applied topics, relating to physics of atoms (molecules), laser physics and
quantum electronics, plasma and gases physics. The intensive theoretical and experi-
mental investigations are carried out in a field of studying and constructiong the op-
timal laser photoionization schemes of separation of different atomic elements (iso-
topes) in the vapour state in the gas separator devices (e.g. [1-19]). The problem of
developing, improving, and finding new optimal implementations of methods of non-
linear selective photoionization of atoms and molecules by laser radiation is one of
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the most urgent, complex, and far from definitive solutions. Their great importance is
due to the unique and high efficiency of their potential application in solving many
problems of quantum electronics, laser, nuclear physics, chemistry, and related tech-
nologies.

Laser methods are characterized by much lower energy consumption than tradi-
tional methods, in addition, they have exceptional selectivity and provide the possi-
bility of non-contact control and manipulation atoms using electromagnetic fields
(e.g. [1-5]). This is what determines their extremely promising use in solving the
problems of distribution of isotopes, isomers, processing of radioactive waste of nu-
clear energy and nuclear technologies. Although the first successful experiments on
the laboratory implementation of the laser method (classical two-stage schemes of se-
lective photoionization of atoms, photodissociation of molecules) of isotope separa-
tion (V. Letokhov et al., B. Moore et al) were carried out relatively long ago (e.g. [1-
4, 10]), and, moreover, their basic feasibility and prospects for further industrial im-
plementation were successfully demonstrated on a laboratory scale, but the sought
selective photoionization schemes do not have sufficient efficiency and optimality. In
this light, schemes of selective photoionization of atoms by a laser field with ioniza-
tion by a pulsed electric field (including through Rydberg states), autoionization
(through narrow autoionization resonances), ionization due to collisions (associative
ionization, etc.) can be considered more promising (e.g. [20-26]). Until now, their
consideration has been carried out mostly only at the qualitative level. There is prac-
tically no information about main characteristics of the mentioned schemes, the pos-
sibilities of their optimal implementation. There is also no adequate understanding of
the role of collisional 1onization processes. Though a great progress has been reached
in the last two decads, however the principal problems remain, and it has a critical
character for heavy isotopes such as the lanthhaniodes and actinides elements etc.

In this work we go on our search and study of the effective schemes of the laser-
photoionzation separation of the complex isotopes, based on selective resonant
excitation of complex isotopes (neutral atoms) by laser radiation into quantum states
near the ionization limit and subsequent autoionization decay under the action of an
external electric field, autoionization or collision, The methods of an optimal control
theory (e.g.[5-10]) and previously developed theoretical quantum approaches (the en-
ergy formalism and the relativistic many-body perturbation theory with the Dirac-
Kohn-Sham-Sturm zeroth approximation) [26-33] are used. The element of novelty is
connected with discovery of the optimized laser photoionization of atoms due to the
autioionization, or ionization by pulsed electric field. Besides, the optimal control
models could provide an effective way to determine the optimal shape of the laser
pulse to get the maximum of ionized particles in the scheme of selective atomic
photoionization and whoke laser separation device. Gadolinium has seven naturally
occurring isotopes °Gd (0.20%), *'Gd (2.18%), °Gd (14.80%), °°Gd (20.47%),
P7Gd (15.65%), '*Gd (24.84%) and '°Gd (21.86%). Among these isotopic compo-
nents °'Gd has the highest thermal neutron cross-section (254x10° b). An atomic va-
pour laser photoionization allows to have the process to get the highly enriched prod-
uct with a content greater than 90% in ~"’Gd from natural gadolinium, and many
improvements will be achieved (e.g. [14,15]). The possible optimal laser separation
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scheme for the Gd isotopes is experimentally earlier studied (e.g., [1, 14. 15]), how-
ever, the principal problems remain, and have a critical character.

Theoretical model of optimal control of the atomic laser photoionization. As
the description of the models has been presented earlier, here we will focus only on
the key points. The optimal control problem is formulated as [16] (e.g. [5, 6]):

Tr
J=-[R()xdt—min; dx/dt=x,-(x-x,), x0)=1 (1)

0
dx, / dt=—{R(t)+1]x, +u(x, —x,), x,(0)=0,
dx,/dt=u, x(0)=0, x(t,)=E,, 0<t<1,, u(1)20;

where x; is the normalized population of the ground state of an atom; & = u/y is a
dimensionless rate of induced emission and absorption processes of the resonant ra-
diation; y is the probability of spontaneous decay per unit time; 7 = ¢-y is a dimen-
sionless time; R = R'/y is a dimensionless ionization rate from the excited state;
u(ty=01,1, (t) /hw,, is the rate of induced transitions (1—2 transition); @,; 1s the ra-
diation frequency corresponding to the 1—2 transition; gy, is the absorption cross
section for the 12 transition; R'(t) = o,,l,(t)/hw,, is the photoionization rate;
wpy, 1s the radiation frequency for photoionization; o, is the photoionization cross
section; I, I, are the intensities of the laser pulses for the excitation from the ground
state and for the ionization from the excited level respectively; E¢ and t¢are the en-
ergy and the duration of the pulse of resonant radiation, respectively. The transition to
the derivative problem 1is carried out using the formulas: s, = x; +x,
s, =(x, —x,)exp(2x;) (new control governing function w(t)=exp(—2x;). Hamiltonian
and equations for conjugate variables A;, A:

H=(s;,—s,W)[-R(t)/2-L, +{R(t)/ 2+ 1}A, / W], (2)

dh, /dt=R(OM —(R(1)/2+ DA, /w, ri(z,)=-1
dh, /dt==wR(DA —(R(1)/2+ DA, /w], A,(t,)=0
The condition for existence of optimal laser single pulse has the form [9, 24]:
p = exp(— 2Ep){1 + 2/Ro + exp[ — (Ro + D171}/

(1+2/Ro){1 —exp[— (Ro + Drflhp 21 3)
where the parameter p has an expression similar to the analogous parameter in the
Krasnov-Shaparev-Shkedov scheme [5]. The optimal resonant laser pulse is given by:

Ed(t)+u'(1), te[0,7, ]| p<1
ii(t)=| 0, telT,.1, |l p<l|. (4)
E/»S(r), re[O,rf]|p21
where §(7) is the Dirac delta-function, £; (E,< E)) is the amplitude of the §-pulse; 7,

1s the time parameter, which is matched numerically (7,< 7); R 1s the 1onization rate
from the ground state of atom. More details of the model can be found in [16-19].
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From theoretical viewpoint, computing spectra, radiative transition and
autoionization parameters of the rare-earth elements is very complicated task because
of the necessity of the correct accounting for the exchange-correlation (including po-
larization and screening effects, a continuum pressure etc) and relativistic corrections
(and also radiative and nuclear effects in a case of the super heavy atomic systems).
The necessary data about of the characteristics of the elementary atomic processes
(excitation, ionization amplitudes and cross-sections, autoionization states energies,
widths, constants etc) as well as the corresponding atomic spectra have been obtained
on the basis of computing within the combined approach of the relativistic energy ap-
proach and gauge-invariant relativistic many-body perturbation theory (RMBPT)
formalism with the optimized ab initio density-functional zeroth approximation with
correct gauge-invariance principle fulfilling and precise accounting for the complex
multibody exchange-correlation effects (both for energy spectra, as well as ampli-
tudes, excitation and ionization probabilities and cross sectopns), as the RMBPT se-
cond and higher orders ones, including exchange-polarization and shielding inter-
quasiparticle interaction, effects of rapid “smearing” of the initial state over a non-
sharp set of configurations and significantly non-Coulomb grouping of levels in Ry-
dberg spectra, “pressure” of the Rydberg and continuum states within the effective
relativistic Dirac-Sturm expansion method {e.g. [26-33]). The optimal RMBPT
zeroth approximation is based on an accurate treating the lowest order multielectron
effects, in particular, the gauge dependent contribution into the atomic levels radia-
tion widths for the certain class of the photon propagator (i.e., the Coulomb, Feyn-
man, Babushkin) gauge [26,29]. The dynamics of the autoionization resonance in DC
& AC electric field is studied within the operator perturbation theory (e.g. [25,29]).

As the detailed description of the method is listed earlier, here we only give the
key definitions. A width G=I" of an autoioinizating resonance is determined by a link
with continuum states and is given as follows [29, 32]:

2me

l_‘(nl .]1 ’ 2.]2 ’J) _?ZZCJ(B BZ)CJ(B BZ)Z ﬁle BBK BKB Ble (5)
0 BB BB,
c’ (B1B2) =C’ (”1]1”1 ]1 a”z]z”z]z )A(]1m19]2m29JM) (6)
o J
A(LnaLAneJWf)=(—1yfh”4[’1’2 jJ2J>+1, (7
m,m,—

CJ(”1J1”10].10;712]2712]2) N(n, jlo,ngjg)[fi(nloj]o 1j1)6(n§j§”2j2) +
+H(=D) Sy i nzjz)S(nzjz mj)] (8a)
1
— nPjP = nyj;
N(nijPin3j3) = {‘/E g :
1 niji #nyjp
The matrix elements of the relativistic interelectron interaction potential
V(i;rj) = exp(ioal.jrlj) (I-o,0) / 1, are determined as follows (e.g. [27, 29]):

’Mmm:J@L+D@L+D@L+DQA+DGDMMMmm%x

Jy oa\Jj, J. a ; ' / '
xz /3 2 4 xQ, (I/l111]1nzlz]z sl jumsls g ) ©)
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(8b)
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where O, =02 +0™ . 0%, O™ are corresponding to the Coulomb and Breit parts

of the potential V. In Refs. [20, 24, 25] it has been discovered a principally new spec-
troscopic effect of a giant broadening autoionization resonances of the complex
heavy atoms (Gd, Tm, Yb etc) in sufficiently weak electric (laser) field. This new ef-
fect is of a great importance for problem of laser separation of heavy isotopes and nu-
clear isomers, spectroscopy and photochemistry, green chemistry [1, 6, 16-18, 29].

Modelling results and conclusions. Here we consider a laser photoionization
scheme of the Gd usotopes. Some useful results on laser separation of the Gd isotopes
are listed in Ref. [1, 14, 15] with using the magnetic field effect. The rich physics of
the autoionization resonances in spectra of the lanthanides atoms opens new perspec-
tives in different applications [20, 23-25, 32]. These perspectives seem undoubtedly
promising from the point of view of considering new possibilities for optimizing the
laser ionization scheme. We mean the lanthanides isotope separation schemes with
excitation by a laser radiation in the first stage, the further transition to a narrow
autoionization states near the ionization threshold and final autoionization or
ionization by an electric (laser) pulse field. The cited effect was firstly discovered for
Gd in experiment [20]. In the known experiment by Letokhov et al it had been real-
ized the three-stage scheme of the Gd excitation and was firstly observed very inter-
esting autoionization state. In Fig. 1 the diagram of the Gd energy levels involved in
the 3-step excitation and ionization is shown, as well as the quantum transitions used
in the experiment [20]. The dye laser at 1* excitation stage (5618A) transferred the

Gd atoms from the ground state 4/7546s*°D) to the state 4/7546s6p°Dy. At the ond

stage laser pulse (6351.7A) transferred the atoms to the state 4/75d6s7s°Dj . To ensure

excitation of Rydberg states lying above the ionization limit by 300 cm™, the wave-
length of the 3™ laser was tuned in the range 6300-6100A. In Fig.2 there is listed the
dependence of ion current for Gd upon laser wavelength at the 3™ stage in the region
of 6110-6240A and the same dependence in the vicinity of autoionization resonance
at Ay = 6133,5 cm™ (laser spectrum width Av;=0.03 cm™): G; is the resonance width
(without field; Letokhov experiment); Gs-resonance width in the field 100V/cm from
the Letokhov et al experiment; G, is our RMBPT calculation result for the width. De-
tailed study of this dependence in the wavelength range 6220-6225A made it possible
to find the ionization potential E=(49588+5) cm™', which is in good agreement with
the NBS experimental data (e.g., [1]). According to the data [20], the autoionization
resonance width (without a field) G; =0.07 cm™. Our theoretical value (scheme of
computing is above) for this width in a field 100V/cm: G,=0.31 cm™ is in the physi-
cally reasonable agreement with the experimental value [20]: G=0.34 cm™. The nar-
row autoionization resonances have a relatively long lifetime, and their excitation
cross-sections are comparable to the excitation ones of low-lying states. So, long-
lived autoionization states can be effectively used in the method of laser photoioniza-
tion of atoms due to the radical increase in the photoionization cross-section at the
final step. The aim of optimization of the laser photoionization separation model is to
find the optimal shape of the laser pulse of resonant radiation, which provides max of
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Fig.1. The diagram of the Gd energy levels involved in the 3-step excitation and ioniza-
tion is shown, as well as the quantum transitions used in the experiment [20].

Fig.2. Dependence of ion current for Gd upon laser wavelength at 3" excitation stage in
the region of 6110-6240 A; The block in a circle presents the same dependence in the vi-
cinity of resonance at A; = 6133.5 cm™ (laser spectrum width Avs=0.03 cm™): G, is the
resonance width (without field; Letokhov et al experiment [20]); G; is the resonance
width in the field from experiment [20]; G, is our RMBPT calculation result of the
autoinization resonance width; (as the resonances with widths G, and G; merge in the
figure, so they are depicted with a slight spacing)

ionized atoms in the isotope separation device. Above presented optimal control
model has been applied to the Gd isotopes separation. Fig. 3 shows the results of
simulation of the optimal shape of the laser pulse for the Gd isotopes separation.

The physical analysis shows that the initially 6-pulse could provide the
maximum possible level of excitation of the upper state, and the elementary parasitic
processes (first of all, spontaneous relaxation, resonant excitation transmission and
resonant recharging in a short time) can not significantly change the degree of
excitation. As a result, the efficiency and optimality of the entire scheme increases.
The optimal mode of laser exposure will include at the end the so-called passive
control section, first predicted for the classical photoionization scheme in the models
[5,16]. Its appearance is connected with the final rate of ionization and the
consequent efficient input of energy into the resonant channel at the end of the
process. The redistribution of the energy makes it possible to eliminate the harmful
role of parasitic processes.

Conclusions. The main result of the work is that the presented approach with el-
ements of the optimal governing and control allows to choose the optimized
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Fig. 3. The results of modeling of the optimal laser photoionization separation scheme for

the Gd: 6+ dotted line—optimal shape of the laser pulse, curves 1 and 2 — the corresponding
behavior of population of the ground and excited states (see text)

parameters of the laser separation scheme with ionization by a pulsed electric field,
autoionization etc and ensure the efficiency of the isotopes separation process and
technology. It should be noted that the presented approach can be also effectively
used in searching for optimal schemes of a gamma-laser on rapidly decaying nuclear
isomers and other similar problems [34-37].
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O.B. I'nywkoe, O.H. Cogpponkos, 10.B. /lyopoecvka, T.0. Daopxo

OnrumaJbHa Ja3epHo-(OTOiOHI3alIiiHA cXeMa PO3ALICHHS CKIATHNX
i30TOmIB B cenmapaTopHUX NMPUJIAAax

AHOTAIA

3anpononosano eghpekmusHull niOXio 00 BUHAYUEHHS NAPAMEMPIE ONMUMAILHUX CXeM 1a-
3epHoi homoionizayii eaxckux izomonis (K npuxiao posenaHymo amomu Gd) 3 ionizayiero
HA OCMAHHIU cmaoii IMAYIbCHUM eNeKMPUUHUM NOJleM, A8MOIOHI3AYIcI0 yepe3 8Y3bKi agmo-
IOHI3aYIlIHI pe30HaHcu, abo 3a PaXyHOK 3iMKHEeHb 051 NOOLIEHHS [30MONi6 8 CenapamopHux
npucmposx. Ha ocnosi meopii onmumanvno2o ynpasiinHs i po3pooaeHux paniuie meopemuy-
HUX KBAHMOBUX NIOX00i8 (eHepeemuuHull popmanizm, persmuicmcbka 6a2amo4acmuHKo8d
meopis 30ypensv 3 0-6um Habauxcenuam /lipaxka-Kona-Lllema-Il1Imypmy) ons obuucienns xa-
PAKMEPUCUK e/leMEHMAPHUX AMOMHUX Npoyecié (amniimyo, nepepizieé 30y0xuceHHs, [0HI3aA-
yii, emepeuil, WUPUH ABMOIOHIZAYIUHUX DE3OHAHCI8, MOWO0) NPONOHYEMbCI ONMUMI308AHA
cxema nodinenns izomonie Gd memooom 3-cmynenuamoi nazeproi ghomoionizayii' 3 ionizayi-
€10 Ha QiHanbHit cmadii IMNYIbCHUM eleKmPUYHUM NOJleM, I0HI3ayiclo yepe3 8Y3bKi aemoio-
HI3ayitiHi pe3onancu. Bnepuie meopemuuno obuucieni napamempu 8y3oKux aemoioHizayii-
Hux pesonancie ona Gd 6 docmamnbo ci1adOKOMY enleKmpuyHoOMy nOJi Y 8iOMIHHIN 32001 3 0a-
HUMU 8i00M020 ekcnepumenmy Jlemoxosa ma inw. Bysvki asmopesonancu ¢ Gd (ouesuoHno,
83aeaini 05l 0YOb-AK020 AMOMY NAHMAHIOI8 aO0 aKMuUHiOi8) MArOMb NOPIGHHO GEIUKULL YAC
Jrcummsi, 8ION0GIOHO iX nepepizu 30y0JiceHHs, OHI3AYIl YUCEIbHO MAOMb MAKUL JHC CAMULL
NOpA0OK 5K Ui nepepizu 30y0JiceHHs Ha noyamxosil cmadii cxemu. Tomy eukopucmanHs yux
cmawuie modxce 3abesneuumu ONMUMANbHY peanizayilo 1a3epHoi cxemu NOOILNeHHs BANCKUX
i3omonis. Ompumani pezyromamu ona Gd niomeepoicyroms nepcnekmuericms nobyoosu 3
BUKOPUCTNAHHAM MoOeell ONMUMAIbHO20 KePYBAHHA eheKMUBHUX cXeM Memoody Na3epHoi
gomoionizayii 3 ionizayieto Ha inanvuit cmaodii IMRYILCHUM eeKMPUYHUM NOJeM, d8MOoio-
HI3aYi€l0 ma 00360JAI0Mb GUSHAYUMU ONMUMATbLHI napamempu cxemu, y m.4., oiazpamu
AmMoMHUX nepexoois, opmy nazepuux imnyrvcie mowjo. € cnodieanus, wo oana poboma 3a-
be3neyums makoMdC HOBI MONCIUBOCHI NOOANLULO20 PO3GUMKY JIA3EPHOI XIMii 1aHmaniois, a
MaKod*c akMuHiois 3 ypaxy8anHam HO8O0I Qi3uKu aemoiHi3ayiliHuUX pe30HAaHCI8 8 iX cneKmpax.

Knrouosi cnosa: noodinenus 6axckux i3omonie, Memoo celeKmueHoi 1a3epHoi pomoioHiza-
yii. amomie, K6AHMOBI MOOeli eleMeHMAPHUX AMOMHUX NPoYecié 30V0diuceHHss ma ioHi3ayil,
8Y3bKi A8MOIOHI3AYIUHI PE3OHAHCU, MOOEl ONMUMATILHO20 KEePYBAHHS, I30MONU 2A00NIHII0



