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Abstract. We present an advanced, optimal laser-photoionization scheme of separating heavy
radioactive isotopes and nuclear isomers, in particular, the uranium isotopes and the transuranium
elements. The advanced scheme is based on the selective laser excitation of the isotope atom into
the highly-excited Rydberg states and further electric field ionization mechanism. Some preliminary
data for the autoionization resonance characteristics for U and transuranium isotopes are obtained.
An appreciable dependence of the reorientation decay velocity of the autoionization resonances at
an electric field is analyzed. Two autoionization resonances decay channels are predicted as well as
the effect of the giant autoionization resonance width broadening in the relatively weak electric field
for uranium and transuranium elements. Using the optimal laser action model and density matrices
formalism it has been carried out modelling the optimal scheme of the U isotopes separation. It
is presented The optimal scheme y— laser on quickly decayed nuclear isomers with using laser
photoionization sorting excited nuclei with autoionization and electric field ionization mechanisms.

Keywords: laser photoionization method, highly radioactive isotopes, new spectroscopy of
autoionization resonances for uranium, optimal scheme of isotope laser separation
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VIOCKOHAJIEHA JIABEPHO-®OTOIOHIZAIIMHA CXEMA ITOALIEHHA
PAIIOAKTAUBHUX I130TOIIIB TA ITPOJAYKTIB ATOMHOI EHEPTETUKM:
YPAH TA TPAHCYPAHOBI EJIEMEHTHU

B. B. Tepnoscovkuiti, O. B. [ywkos, A. B. Cmipnos, I A. Kysneyosa, O. FO. Xeyeniyc, B. B. Bysoacu

AHoTauis. 3anporoHoBaHa HOBA, ONTUMAaJIbHA CXeMa JIa3epHO-()OTOI0HI3AI[IOHHOTO MOIJICHHS BaX-
KHX PaJIi0aKTUBHUX 130TOIIIB 1 SACPHHUX 130MEPiB, 30KpeMa 130TOIIB ypaHy 1 TPAaHCYpaHOBUX CIIEMCHTIB.
[Tokpamiena cxema 3aCHOBaHA Ha CEJICKTUBHOMY JIa3epHOMY 30y/KEHHI aTOMIB Pa/Il0aKTHBHOTO 130TOITY
y BUCOKO30y/IKeH1 piiOepriBChbKi CTaHH 1 aBTO10HI3aLiHOHOMY MeXaHi3Mi 10Hi3a1li1 B IPUCYTHOCTI ci1ad-
KOTO eJIeKTpHYHOro nosst. OTpuMaHi IesiKi mornepe/Hi JaHi 1jsi eHepriid aBTOI0HI3aiHHIX PE30HAHCIB
s U 1 TpancypanoBux i3otomiB. [IpeacraBiiena 3aleXHICTh MBUIAKOCTI PO3Iaay pe30HAHCIB B
CJIA0KOMY MOCTIHHOMY €JIEKTPUYHOMY IT0JIi. [IpOrHO3YIOThCS IBa KaHATHU PO3Iaay aBTOI0HI3alIHHIX
CTaHiB 1 mepeadayeHnii ePeKT riraHTChKOTO PO3LIMPEHHS aBTOIOHI3AIMHUX PE30HAHCIB B CHEKTPI
ypaHy y BITHOCHO CITAOKOMY €JIEKTPUYHOMY ITOJIi, 1[0 BKA3y€ Ha MPUHIIMIIOBO HOBY CIIEKTPOCKOIIIIO
aBTOIOHI3alIOHHKX CTaHIB JJIs ypaHy 1 TPAaHCYpPaHOBHX €JIEMEHTIB. BUKOPHCTOBYIOUM ONTHMAIbHY
MOJIEITb JIa3epHOT0 BIUIMBY 1 (hopMalti3M MaTpuilb TYCTUHH, MPOBEICHO MOJACITIOBAHHS ONTUMAIBHOT
cxemu noiry i3otomiB U. [Ipencrariiena onTruManbHa cxeMa raMmma-jia3epa Ha sepHUX i30Mepax, 1o
IIBHUJIKO PO3TIAIAI0THCS, 3 BAKOPHCTAHHSM JIa3epHO-()OTOI0HI3aLIHHOT CXeMH MOAUICHHS (COPTYBAaHHS)
30y/DKEHUX SIAEp 1 MOJAIBIIOT aBTO10HI3aIil B MPUCYTHOCTI €NEKTPUIHOTO OIS,

KurouoBi cioBa: jtazepuuii poToioHI3amMIHII METO], BHCOKO Pa/Ii0aKTUBHI 130TOIH,

HOBa CIIEKTPOCKOITISl aBTOI0OHI3AMINHUX PEe30HAHCIB I ypaHa, ONTUMAJIbHA CXeMa JIa3epHOTO
MOICHHS 130TOMIB

YCOBEPHIEHCTBOBAHHAS JIABEPHO-®OTONOHMU3AIINOHHASA CXEMA
PA3JEJIEHUS PAJIMOAKTUBHBIX U30TOIOB, TIPOAYKTOB ATOMHOM
SHEPI'ETUKU: YPAH U TPAHCYPAHOBBIE 3JIEMEHTbBI

B. B. Tepnosckuii, A. B. Inywkos, A. B. Cuupnos, A. A. Ky3ueyosa, O. IO. Xeyenuyc, B. B. Bysoacu

AnnHoranus. [IpeayoxeHa HOBasi, ONITUMAIILHAS CXeMa J1a3epHO-(OTOMOHU3AIMOHHOTO PA3ICIICHUS
TSDKEJIBIX PAAMOAKTUBHBIX H30TOTIOB U SIZIEPHBIX U30MEPOB, B YACTHOCTU U30TOIIOB YpaHa U TpaHCypa-
HOBBIX 3JIEMEHTOB. YIIydllleHHasl CXeMa OCHOBaHA Ha CEJIEKTUBHOM JIa3€pHOM BO30YXIEHUU aTOMOB
M30TONAa B BHICOKOBO30YKJICHHBIC PUIOCPTOBCKUE COCTOSIHUSI U aBTOMOHHM3AIIMOHHOM MEXaHU3ME
MOHH3AIIMU B IPUCYTCTBUU CJIA00TO AIeKTprudeckoro mojisi. [lomydeHsl HEKOTOpBIE MTPeIBAPUTEIbHbBIC
JTAHHBIE JIJIsl PHEPTrUi aBTOMOHU3AIMOHHBIX pe30HaHCOoB /it U u TpaHcypaHoBbIX n3otonos. [Ipen-
CTaBJIEHA 3aBUCUMOCTb CKOPOCTHU pacla/ia aBTOMOHU3ALMOHHBIX PE30HAHCOB B CJIA0OM IOCTOSHHOM
ANIeKTpUUecKoM mose. [IporHo3upyroTcs ABa KaHajla pacnaja aBTOMOHU3ALMOHHBIX COCTOSIHUN U
npencka3ad 3QpPEeKT ruraHTCKOro yIMpeHUsl aTBOMOHU3AIMOHHBIX PE30HAHCOB B CIICKTPE ypaHa B
OTHOCHUTEJILHO CJ1a00M JIEKTPUYECKOM T0JIe, UTO YKa3bIBAET HA MPUHIIUITUAIEHO HOBYIO CIIEKTPOCKO-
M0 ABTOMOHU3AIIMOHHBIX PE30HAHCOB YpaHa U TPAHCYPAHOBBIX 3JIEMEHTOB. Vcronb3ys onTumaib-
HYI0 MOJIEJIb JIa3€PHOTO BO3AEHCTBUS U (POPMAIN3M MaTPULl IUIOTHOCTHU, IPOBEIEHO MOAEIUPOBAHUE
ONTHMAaJbHOU cXeMbl pa3zaeneHus usoronos U. [Ipeacrasnena ontumanbHas cxeMa raMMa-ja3epa Ha
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6BICTpO pacnaiaromuxcs AACPHbIX U30MEpax € UCIIOJIb30BaAHUCM J'IaSepHO-(pOTOI/IOHI/IE»aI_II/IOHHOﬁ CXCMbI
pa3aciICHUA (COpTI/IpOBKI/I) B036Y)KI[6HHLIX AACP U nocneﬂyfomeﬁ ABTOMOHU3alIUU B MPUCYTCTBUU

SJICKTPUYICCKOI'O IOJIA.

KiioueBnble ciioBa: J'Ia3eprIfI (I)OTOI/IOHI/BaLII/IOHHLIe MCTO/, BBICOKO PaIUOAKTUBHbBIC U30TOIIbI,
HOBasl CIHCKTPOCKOIIHA ABTOMOHHU3AIUMHUX PC30HAHCOB JIA ypaHa, OITUMAJIbHAs CXEMa JIa3CPHOI'O

pa3aciicHuss n30TOIOB»

1. Introduction

Search of the effective, optimal methods and
technologies for the radioactive isotopes and nu-
clear isomers (products of the atomic energetics)
detection and separation and also obtaining espe-
cially pure substances at atomic level remains one
of the very actual problem of modern atomic and
nuclear physics, nuclear technologies and atomic
energetics [1-4]. These topic is of a great impor-
tance because of the increasing development of
the modern nuclear energetics. Nuclear power
currently despite the known progress is potential-
ly extremely dangerous area, especially in emer-
gency situations like the Chernobyl accident or
accident at Japanese NPP “Fukushima. Obvious-
ly, the problem of radiation and ecological safety
of nuclear power are generated spontaneously
formed structure currently used nuclear power
cycle (look Figure 1 [1]), according to which in
its final stage of waste nuclear fuel to stand for 50
years in storage, encapsulate, disposed on or after
10 years of aging in nuclear storage facilities sent
for recycling [1-4]. The latest comes usually only
to radiochemical regeneration of spent U, when:
(1) from it is extracted Pu, isolated minor ac-
tinides (Np, Am, Cm) and fission products, clas-
sifying them as high-level waste, (ii) high-level
waste is immobilized, (ii1) retain for 50 years in
ground conditions and (iv) disposed in geologi-
cal formations [1-4]. Then extracted (energy) Pu
and U regenerated are sent for storage for future
use for the production of mixed U-Pu-fuels. One
of the schemes of such open nuclear fuel cycle is
analyzed in detail in review [2]. It should be
recalled that the use of power Pu as dividing com-
ponents in the U-Pu-fuel complicates number of
reasons, including the danger of his treatment in
the clear and the threat of uncontrolled prolifera-
tion, and certainly sub-optimal isotopic compo-
sition, the need of accumulation and long-term
storage of Pu etc. Because of these circumstances,

now generally in enterprises processed only 10-
15% of spent nuclear fuel, which is discharged,
and the rest are sent to long-term storage and
direct burial that according to various estimates
(see [1]), annually output increases the amount of
circulation U to 10-12 thousand tons.
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Figure 1. Scheme of open nuclear power cycle. For

the U concentration specified isotope U . For Pu

and high-level waste were given their content in the
spent nuclear fuel from WWER-1000.

One of the most promising ways to reduce ra-
diation hazards, in particular, the so-called nuclear
transmutation [1-4]. This is the transmutation of
radioactive waste transmutation of long-lived fis-
sion products, transmutation of actinides, which
can be done either in reactors of various types
and, in principle, the so-called subcritical power
and nuclear plants that have increased compared
to conventional reactors nuclear safety. These
questions are being continued studied intensively.
This issue is being dedicated to a great number of
works, because, obviously, the fundamental solu-
tion to the problem of destruction of long-lived
radioactive waste fission products from spent nu-
clear fuel will undoubtedly contribute to further
development of safe nuclear energy. In a light of
saying, the effective technologies of detection
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and separation of the heavy radioactive isotopes
are critically important [1-10]. 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) [2,3]. The standard laser photo-ioniza-
tion 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 excita-
tion 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 Letok-
hov et al (Letokhov, 1969, 1977) [2]. It represents
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 ex-
citation 6__and photo-ionization ¢ __ . 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 y -laser on quick-
ly decayed nuclear isomers. Originally, Goldan-
sky and Letokhov (1974) (see also [2]) have con-
sidered a possibility of creating a y -laser, based
on a recoilless transition between lower nuclear
levels and shown that a y -laser of this type in the
20-60 keV region is feasible. These authors has
estimated the minimal number of excited nuclei
required for obtaining appreciable amplification
and possibility of producing sufficient amounts
of excited nuclei by irradiation of the target with
a thermal neutron beam or by resonant y -radia-
tion. 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 lasers is principally possible. But, it is obvi-
ous that here there is a problem of significant dis-
advantage of the two-step selective ionization of
atoms by laser radiation method. The situation is
more simplified for autoionization resonance’s in
the atomic spectra, but detailed data about char-
acteristics of these levels are often absent (Letok-
hov, 1977, 1983; Glushkov & Ivanov, 1986, 1992)
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[2-7]. The key problems here are connected with
difficulties of theoretical studying and calculating
the autoionization resonance characteristics. Sev-
eral new optimal schemes for the laser photo-ioni-
zation sensors of separating heavy isotopes and nu-
clear isomers are proposed [2-7]. These schemes
are is based on the selective laser excitation of the
isotope atoms into excited Rydberg states and fur-
ther AC, DC electric field ionization or collision
mechanisms with using the models [8-16].

In this paper we present an advanced, optimal
laser-photoionization scheme of separating heavy
radioactive isotopes and nuclear isomers, in par-
ticular, the uranium isotopes and the transurani-
um elements. The advanced scheme is based on
the selective laser excitation of the isotope atom
into the highly-excited Rydberg states and further
electric field ionization mechanism. Some pre-
liminary data for the autoionization resonance
characteristics for U and transuranium isotopes
are obtained. An appreciable dependence of the
reorientation decay velocity of the autoionization
resonances at an electric field is analyzed. Two
autoionization resonances decay channels (tradi-
tional Beutler-Fano channel and new Letokhov-
Ivanov channel) are predicted as well as the ef-
fect of the giant autoionization resonance width
broadening in the relatively weak electric field for
uranium and transuranium elements. Using the
optimal laser action model and density matrices
formalism [7-12], it has been carried out model-
ling the optimal scheme of the U and Np and Pu
isotopes (nuclei) separation.

2. Laser photoionization separation of
heavy radioactive isotopes (uranium and
transuranium elements): Qualitative aspects

Let us remind that in a classic scheme the laser
excitation of the isotopes and nuclear isomers sep-
aration is usually realized at several steps: atoms
are resonantly excited by laser radiation and then
it is realized photo ionization of excited atoms. In
this case photo ionization process is characterized
by relatively low cross section 6, =10""-10"*cm?
and one could use the powerful laser radiation on
the ionization step. This is not acceptable from
the energetics point of view [2].

The alternative mechanism is a transition of at-
oms into Rydberg states and further ionization by
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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 elec-
tric filed. The laser pulse ionization through the
auto ionized states decay channel has the advan-
tages (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 ef-
fective. This idea is a key one in the realization
of sorting the definite excited atoms with neces-
sary 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 modeling laser photoionization sepa-
ration technology are the radioactive isotopes of
Cs, I, U and the long-lived transuranium elements
etc. These isotopes are the most dangerous espe-
cially in the light of emergency situations like the
Chernobyl accident or accident at Japanese NPP
“Fukushima. We considered a scheme for the la-
ser separation and sensing the uranium and thuli-
um isotopes. All necessary excitation and ioniza-
tion constants for solution of the density matrice
equations system are calculated within above de-
scribed model and methods [5-10]. The laser pho-
toionization scheme for U isotopes included the
following steps: i). Laser excitement of the #°U
isotopes from the ground 3/°6d7s’-°L’° state and
low lying metastable 5/°6d7s’-’K ’ state with en-
ergy 620,32 cm'; The final step is the autoioniza-
tion 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 optimal if an
atom is excited by laser radiation to state, which
has the decay probability due to the autoioniza-
tion (pulse ionization) higher than the radiation
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
perturbation theory formalism and corresponding
advanced relativistic version [5-16].

3. Relativistic model of autoionization
decay of heavy atoms in a DC electric field

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. Calcula-
tion of the probability requires a solution of the
axially symmetrical problem, when a potential
barrier separates two classically allowed regions.
The examples 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 sym-
metry axis z. For the bi-spinor

=

(1
the Dirac equation has the following form:
cGp&=(E~V +c“)m,
copt=(E~V - | @

Inserting first equation of the system (2) into

second one and using substitution
E_, — (W+)l/ ZCD’
WE=E-v+c?

)

we obtain the second-order equation
AD+K* D=0

ST PP VAR T/ TR
K= (E-V)P-c - 4[W+J+W+0[VV,V]_(4)

Since the potential is axially symmetrical, we
seek a solution to’ this equation in the cylinder
system of co-ordinates as follows:

® :(Fl(z, pexpli(m- 1/2)<p])

P (7 p)expli(m+1/2)o] )

Substituting (5) into (4) gives the matrix equa-

tion:
(A+QF =(2g% +pF,  F- (Fl j
F

(6)

/2

=kt -],
c
1

oV o oV o (o —1)
o=—| —————
wt\opoz oazop )\l O
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y:(am—l/2 bm+1/2)

bu-172 a-m-1/2)>
w2 1 fpov av 3(Ev)
ay(z,p)="—5+——| -t
2 wtipdp 2 4wt

ov

bu(z.p)=——-= .

pW 62

A solution for system (6) is found numerically
on the basis of the finite differences numerical al-
gorithm [5]. In a case of atomic ionization by the
pulsed field, probability of process is defined by
the following expression:

W (nim) = S (aniny) > W(mmm) —(7)
n2

Here W(n n,m) is the state decay probability;
a are the coefficients of expansion of the y(nlm)
functions on the parabolic functions y(n,n,m). 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 [5-8]. The diagonalization of the complex en-
ergy matrix leads to complex energy correction:
ReFE -i/72, where Re E is the level shift and /is
the level width, including the radiation and auto-
ionization widths simultaneously. If the effects of
the autoionization resonance decay are included
in the matrix M, then /" presents only the autoioni-
zation width of the state. Only Re M is diagonal-
ized. The imaginary part is converted by means
of the matrix of eigen-vectors {C } The eigen
vectors are obtained by diagonalization of ReM:

Im ]Mik: Zc*mlMl]C]k
i

(8)

The other details of calculation procedure are
given in refs. [7-16].

4. Some numerical results and concussions

Here we present some key results of numeri-
cal calculating the ionization characteristics for
heavy isotope of the uranium and thulium and
modelling the optimal scheme parameters of the
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laser photoionization sensor. In figure 2 we pre-
sent our calculation results on the critical electric
field strength in dependence upon effective quan-
tum number " for atom of U. The points in the
figure correspond to the experimental data, solid
line 1 is a theoretical estimate based on the classi-
cal relation (E~ 1/16 ' ; Stark shift of the level
and tunneling of the electron are not taken into
account) , solid line 2 - calculation by formula [2]
for a pulsed electric field; the dotted line is the
results of this calculation. It is stressed that the
hydrogen-like approximation gives an inaccuracy
15-20% (see [5-8]). At the same time consistent
relativistic calculation has given the results in an
excellent agreement with experiment. The same
situation takes a place for the transuranium iso-
topes of Np and Pu. 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).

b
xVem

a2 |
of |

| BAALL BB

005 F
082}
0ol |

L3

Figure 2. Dependence of the critical electric field
strength on the effective principal number for U:
points - experiment; solid line 1 - theoretical evalu-
ation based on classical considerations; solid line
2 - calculation on the basis of Letokhov-Ivanov for-
mula; the dotted line is the present work [2,5-8].

Table 1 illustrates the calculated energies
(in cm™) of the levels of the higher members of
the Rydberg series of uranium, counted from
the level of 32899.790 cm™'; excitation sequence:
6056.81+6098.10+(5880-5890)A 5£7s’np. (ex-
perimental data from [17]).
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Table 1

The calculated energies (in cm™) of the levels of
the higher members of the Rydberg series of ura-
nium, counted from the level of 32899.790 cm™';

excitation sequence: 6056.81+6098.10+(5880-
5890)A 5f*7s*np (5£*7snf)
Eey [9] Our data n:xp n:hm
49878.5 49878.3 37.13 42
49882.5 49882.2 38.10 43
49886.6 49886.2 39.18 44
49890.2 49889.8 40.20 45
49893.6 49893.1 41.25 46
49896.6 49896.1 42.24 47
49899.4 49899.1 43.24 48
49901.8 44.23 49
49904.2 45.25 50
49906.7 46.25 51
49908.8 47.23 52

Note: n*={R/[limit-(level value)]}"?

It is very much important to note that one of
the most detailed papers on the uranium Rydberg
spectra contains data to be reconsidered. This top-
ic will be presented in the separate paper. Further
we have calculated the energies and widths for
higher members of the uranium Rydberg series
(members accessed from 32.899,79 cm’ level).
Excitation sequence: 6056,81+6098,10+(5880-
5890) A. For 5£7s’np (n=40-44) levels the follow-
ing results are obtained: i). For e=0 Vxcm™, con-
figuration 5 7s’42p, E=49877,49 (experimental
value [17]: 49877,5); I'(5£7s°42p)=1,794D-01;
I'(5F7s°42s)=2,702D-05; ii). For & =
100 Vxem; I'(5F7s°42p)=1,675D-01;
I'(5F7s°425)=5,913D-04. So, we have here a
strong change of the autoionization resonance
width at a moderately weak electric field too. At
first this new spectroscopic effect has been discov-
ered for the lanthanides atoms (see [5]). 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 autoioni-
zation resonances decay rate. The use of the ROD
channel essentially increases the possibilities of
such a compromise. It is very important for car-
rying 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, the op-
timization procedure of the laser photoioniza-
tion 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. [5-8]). In figure 3
we present the results of numerical modelling the
optimal form of laser pulse in the laser photoioni-
zation sensor scheme for the uranium isotopes.
The following notations are used: 6 pulse + dotted
line is the optimal form of the laser pulse; curves
(1) x,and (2) x, are the populations of the ground
and excited (n=42) states. In the qualitative rela-
tion obtained data are similar to data for other Na,
Rb and Tm isotopes (see [5-10] and Refs. therein).

X1,X

1.0 k OF

0,5 r

—

0-0 1 1 1 L
1 2 3 4

Figure 3. Results of modelling the U isotopes sepa-
ration process by the laser photo-ionization meth-
od ( 0+dashed —laser pulse optimal form; see text).

The 6-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). Using d-pulse in-
deed provides a quick ionization, but the ioniza-
tion yield will be less than 100% because of the
sticking on intermediate levels. So, from energetic
point of view, this type of ionization can be very
perspective alternative to earlier proposed classical
two-step and more complicated photoionization
schemes (Letokhov, 1983) [2]. The similar situa-
tion and analogous conclusions are obtained for
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the Tm and YD isotope separation with the corre-
sponding difference in the energetic and radiative
characteristics data. So, one can say here about suf-
ficiently optimal scheme of the separating highly
radioactive isotopes and products of atomics ener-
getics such as U and others. The key features of
the corresponding scheme (technology) are based
on the selective laser excitation of the isotopes at-
oms to the excited Rydberg autoionization states
and further autoionization decay in a presence of a
weak DC electric pulse ionization. This scheme is
supposed to be very effective in solving the mod-
ern actual problems of the transmutation of radio-
active elements and decreasing the energy loses
in the modern atomic energetics cycles [1-6]. One
should also note that the considered scheme can
be easily implemented to the possible advanced
scheme of the v - laser on quickly decayed nuclear
isomers with using laser photoionization sorting
excited nuclei M" | with autoionization mecha-
nism through the Rydberg states [5-7]. Figure 4
illustrates the principal moments of this scheme.
It generalizes the known Goldansky-Letokhov
(Goldansky & Letokhov, 1974) and other (Bald-
win et al, 1981; Glushkov et al 2010) schemes and
has to be more efficient especially from energetics
point of view.

Figure 4. The optimal scheme vy - laser on quickly
decayed nuclear isomers with using laser photoion-
ization sorting excited nuclei M", . with laser exci-
tation, autoionization 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 — laser ray for second-
step excitation to highly excited atomic states and
Rydberg autoionization by electromagnetic field; 6
— collector system; 7 - atoms with excited nucleus
AM’, ); 8 — flux of evaporated atoms.

k+1

90

The laser photo ionization scheme with au-
toionization of the highly excited atoms (with
optimal set of energetic and radiative param-
eters: pulse form, duration, energetic for laser
and electric field pulses etc.) could provide sig-
nificantly more high yield and effectiveness of
the whole process of the isotope separation. It is
especially worth for implementation to the pos-
sible principal scheme of y -laser on quickly de-
cayed nuclear isomers with autoionization sort-
ing the excited atoms.
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AN ADVANCED LASER PHOTOIONIZATION SEPARATION SCHEME FOR
RADIOACTIVE ISOTOPES AND PRODUCTS OF ATOMIC ENERGETICS:
URANIUM AND THE TRANSURANIUM ELEMENTS
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Summary

The aim of the work is to develop and present a new effective approach to problem of detection
and separation radioactive isotopes (radionuclides), which is based on a new physical principles and
to carry put computing of spectroscopic parameters and modelling the optimal separation scheme for
the U and transuranium isotopes.

We present an advanced, optimal laser-photoionization scheme of separating heavy radioactive
isotopes and nuclear isomers, in particular, the uranium isotopes and the transuranium elements. The
advanced scheme is based on the selective laser excitation of the isotope atom into the highly-excited
Rydberg states and further electric field ionization mechanism. Some preliminary data for the auto-
ionization resonance characteristics for U and transuranium isotopes are obtained. An appreciable
dependence of the reorientation decay velocity of the autoionization resonances at an electric field
is analyzed. Two autoionization resonances decay channels are predicted as well as the effect of the
giant autoionization resonance width broadening in the relatively weak electric field for uranium and
transuranium elements. Using the optimal laser action model and density matrices formalism it has
been carried out modelling the optimal scheme of the U isotopes separation. It is presented The op-
timal scheme v - laser on quickly decayed nuclear isomers with using laser photoionization sorting
excited nuclei with autoionization and electric field ionization mechanisms.

Keywords: laser photoionization method, highly radioactive isotopes, new spectroscopy of auto-
ionization resonances for uranium, optimal scheme of isotope laser separation
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VIOCKOHAJIEHA JIABEPHO-®OTOIOHIBAIIMHA CXEMA MOALIEHHS
PAIIOAKTUBHUX I130TOIIIB TA ITPOJAYKTIB ATOMHOI EHEPTETUKMU:
YPAH TA TPAHCYPAHOBI EJIEMEHTH
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Pedepar

MerToto poOoTH € po3poOKa Ta MpeICcTaBICHHS HOBOTO €(heKTUBHOTO ITiIXOy JI0 IPOOJIEMU JIETEK-
TyBaHHS Ta PO3AUICHHS pal0aKTUBHHX 130TOMIB (paliOHYKIIiiB), 0 Oa3yeThCsl HA HOBUX (DI3UUHUX
NPUHIUIAX, Ta TPOBEJCHHI O0YMCICHb CIIEKTPOCKOMIYHHUX [TapaMEeTPiB Ta MOJICTIOBAHHS [TapaMeTpiB
ONITUMAJIFHOI CXEMU TIOIUICHHS /IS ypaHa Ta TPAHCYPaHOBHX 130TOIIIB.

3anpornoHoBaHa HOBA, ONITUMaJIbHA CXeMa JIa3epHO-(OTOI0HI3aI[IOHHOTO MTOIUICHHS BAXKKUX pai-
OAKTUBHUX 130TOIIB 1 SIIEPHUX 130MEPIB, 30KpeMa 130TOMIB ypaHy 1 TpaHCYpaHOBUX esieMeHTiB. [lo-
KpallleHa cxeMa 3aCHOBaHa Ha CEJIEKTUBHOMY JIa3epHOMY 30y/KEHHI aTOMIB Pali0aKTUBHOTO 130TOITY
y BUCOKO30y/KeH1 pi0epriBChKi CTaHM 1 aBTOIOHI3AIIHOHOMY MEXaHi3Mi 10HI3aIii B MPUCYTHOCTI
cy1abKoro enekTpuyHoro nosist. OTpuMaHi AesKi monepeaHi JaHi Juis eHeprii aBToioHI3aliiHUX pe3o-
HauciB 1 U 1 TpaHcypaHoBHX i30TomiB. [IpeicTaBneHa 3a/Ie)HICTh MIBUIKOCTI PO3IAly PE30HAHCIB
B C1aOKOMY TOCTIHHOMY eJeKTpuIHOMY 1oJi. [IporHO3yI0ThCs 1Ba KaHAIW PO3Iaay aBTOI0HI3aIliM-
HUX CTaHiB 1 nepebadeHuii e(heKT riraHTChbKOro pO3LIMPEHHS aBTO10HI3aI[ITHUX PE30HAHCIB B CIIEKTPI
ypaHy y BiTHOCHO CJIaOKOMY €JIEKTPHYHOMY TIOJI, III0 BKa3y€ Ha MPUHIIMIIOBO HOBY CHEKTPOCKOIMIIO
ABTOIOHI3AI[IOHHUX CTaHIB JUIs ypaHy 1 TPAaHCYpPaHOBHUX €JIEMEHTIB. BUKOPUCTOBYIOUYH ONTUMAJIbHY
MOJIEJIb JIa3epHOro BIUIUBY 1 (hopMai3M MaTpullb TYCTUHH, MPOBEICHO MOJAEIIOBAHHS ONTUMAIbHOT
cxemu noziny i3otomniB U. Ilpencrapiena ontumanbHa cxeMa ramMma-jiasepa Ha SACpHHX 130Mepax,
10 MIBUAKO PO3IMAIAI0ThCs, 3 BUKOPUCTAHHIM JIa3epHO-(POTOI0HI3AIIIHOT CXeMHU MOAUICHHS (COpTY-
BaHHsI) 30y/DKEHUX SAep 1 MOJAIbIIOT aBTO10HI3allil B IPUCYTHOCTI €IEKTPUYHOTO MOJIS.

KurouoBi cioBa: tazepuuii GoToioHI3aMIHII METO]], BHCOKO Pa/Ii0aKTUBHI 130TOIH,

HOBA CIIEKTPOCKOIIisl aBTO10HI3alIMHIX PE30HAHCIB Ui ypaHa, ONITUMAaJIbHA CXeMa JIa3€pPHOTO T0-
NIJIEHHS 130TOIIIB

93



