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An effective approach to determining the parameters of the optimal schemes of the meth-
od of laser selective photoionization of atoms (elements and isotopes) with finite ionization
due to collisions, ionization by a pulsed electric field, ionization through high (Rydberg)
states and narrow autoionization resonances for the separation of heavy isotopes has been
proposed. in gas separator devices. On the basis of the theory of optimal control and previ-
ously developed quantum models for calculating the characteristics of elementary atomic
processes, optimization models of isotope separation are numerically implemented in the
scheme of selective laser photoionization with ionization due to collisions in gas mixtures,
ionization by a pulsed electric field, autoionization, etc. etc. The data obtained quantitatively
confirm the promise of the method of laser photoionization with finite ionization due to colli-
sions, ionization by a pulsed electric field, ionization through high-lying (Rydberg) states and
narrow autoionization resonances and give a set of parameters for the desired optimal
schemes, in particular, the laser pulse optimal shape for rubidium and uranium isotopes.

Keywords: gas separator, isotope separation, laser photoionization method, optimal con-
trol theory

Introduction. Studying of physical and chemical processes with participamce
of atomic systems (gases) in the istopes and gases separator devices is of a great in-
terest for many gas-dynamical topics, relating to physics of atoms (moleculesm gas-
esO interactions in presenvce of external electromagnetic fields. The intensive
thepretical and experimental investigatians are carried out in a field of studying and
constructiong the optimal laser—photoioniation schemes of separation of different
atomic elements (isotopes) in the vapour state in the gases separator devices (e.g. [1-
16]).

In this paper, we present an effective theoretical approach to the calculation of
optimal schemes of the atomic systems laser-photoionzation method (based on
selective resonant excitation of atoms by laser radiation into quantum states near the
ionization limit and subsequent autoionization decay due to so-called gas-separators,
or under the action of an external electric field, etc.) on the basis of methods of an
optimal control theory as well as the theory of corresponding quantum models of
elementary atomic processes [17-30]). The desired methods have previously been
used in solving various problems of optimal laser effects (c.g., [11, 12]). The element
of novelty is the implementation of the optimization model of selective
photoionization of atoms with finite ionization by means of electric field (or
autoionization or collisional mionization) (e.g.[9-17, 30-36]). The generalized
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Krasnov-Shaparev-Shkedov optimization model for classical two-stage selective
photoionization is used as the starting one, summarizing it in the case of electric field
ionization, autoionization, and collision ionization. Using the calculated data obtained
for these ionization scenarios (the last step of the scheme), one could numerically
calculate the optimal schemes of the method of laser photoionization of atoms in a
vapour state. The solution of the optimal control problem for multi-stage selective
photoionization can be based on the model of balance relations arising from the
equations for the density matrix [12-17]. The problem is formulated as a way to find
the optimal shape of the laser pulse of resonant radiation, which provides the
maximum of ionized particles in the scheme of selective photoionization with pulsed
electric field 1onization and through autoionization resonances, as well as through the
collision ionization mechanism.

Theoretical quantum model of optimal control. In general, the desired task

of optimal control, taking into account spontaneous relaxation can be written in the
form [11, 12]:

Yy
J =— [R(t)xpdt — min; (1)

0
dx,/dt=x,—u(x, —x,),x,(0)=1 (2)
dx,/dt=—[R(t)+1]x, +u(x, — x,),x,(0)=0; 3)
dx, / dt=u,x,(0)=0,x,(t,)=E; 4)
0<t<t,u(1)20; (5)

where x,,x, — normalized populations of the ground and excited states of the atom;
u =u/y— dimensionless speed of induced processes of emission and absorption of

resonant radiation; y — the probability of spontaneous decay per unit time; u(t) =
c,,1,(t)/ hw,, — rate of induced transitions (transition 1-2); ©,, — radiation frequency

corresponding to the transition 1-2; o, — absorption cross section at the transition 1-
2; R=R'/y—- dimensionless ionization rate from the excited state;
R'(t)=0,1l,()/ o, — photoionization rate; @, — radiation frequency (~
photoionization); ¢, — cross section of photoionization; T = #, — dimensionless time;
1,,1, — intensity of laser pulses, respectively, for excitation from the ground state
and ionization from the excited level, E,,7, — the energy of the pulse of resonant

radiation and its duration. According to the standard approach of the theory of
optimal control, the transition to the derivative problem is carried out by relations
[11, 12]:

S =X +X, .
8, = (% —X,)expex;). (6)

The new function is the governing function:
(1) = exp(—2x3). (7)

The task of optimal control takes the following form:
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J =s,(7,)—> min, (8)
ds,/dt=—-R/2(s; —s,w),s,;(0)=1, 9)
ds, /dt=1/w[R/2+1](s, — s,w),s,(0)=1. (10)

The control entered satisfies the following obvious conditions:
wy Sw<Lwy, =exp(-2E,). (11)
The Hamiltonian and the equations for the related variables A ,A, are written in

the form:

H=(s;—s;W)[-R(t) /21, +{R(1)/2+1}\, /W], (12)
dh, /dt=R(DA —(R(1)/ 2+ DA, / w,h (t,)=—1, (13)
dh, /dt=—WR(DA, —(R(1)/ 2+ DA, / w],A,(t,) =0, (14)

Then the problem can be reduced to the corresponding nonlinear two-point
boundary of the maximum principle. Optimal modes of qualitatively different types
can be separated on the basis of the KSSH condition. Condition:

argmax H = w, (15)

wy<w<l
is the solution of the derivative problem at a given time interval. The condition for
the existence of optimal laser exposure in the form of a single pulse has the form:

p=exp(-2E){1+2/ R, +exp[—(R, + D)t ,]}/

(1+2/R){1—exp[—(R, +D1,]}, p21 (16)
A formal expression for optimal control in the general case:
Ed(t)+iu'(r),t<€[0,7,]| p<l
u(t)={0,creeeeennnnns [relr,t ]lp<l] . (17)

E (), te(0,t, ][ p=1
The process of isotope separation is described by the following system of

equations (see [12, 17]):

dp, [ dt ==W,(p, —p) +p,T; + Kipyp,,

dp,/dt=-W(p,—p,)—p1 - Rp, _Kl(p:)pl _p;po)

dpy / dt = =W, (py —pp) + T} + Kipopy

dpy /dt==W(py =p) =Py T = Rpy = K, (popy = P15 »

dn/dt = Rp, — n1(K2(0)p;) _Kz(l)p;) + ”’(Kz(O)po - Kz(l)p1) - nlt,

dn’/dt = Rpj— n (K,'p,— K,p)) + n (K, — K,p}) —n/t,
ne Tt =y+¢ — dimensionless time; y — the probability of spontaneous decay per unit
time; py, P, — the concentration of atoms of matter and impurities in the ground

(17)

state; p;, P; — the concentration of atoms of matter and impurities in an excited state;

n, ' — the concentration of their ions; coefficients K, K, — accordingly determine
the speed of the process of resonant transfer of excitation energy: K,;=oc, v, G, —
Weiskopf cross section; v — the speed of atoms; K, — the speed of the recharging
process: K,= o.,(v;) vi; o.(v;) — cross section of resonant recharging; v; — the relative
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velocity of ions relative to neutral atoms; W, W, — probabilities of radiation
transitions. Probabilities of radiation transitions W, W, are determined by
expressions:

W, =1Ic,(w)/ ho, = 1,161/ cT,) (1, / 20) [/ T,)* + (00—, )’ T,

W' =Ic'(0)/ ho, = 1,167/ cT, )y, / 28) -1/ T,)’ +(0-0',,)*]". (18)
where I;— the intensity of the resonant radiation field; 7, — transverse relaxation
time; other designations are standard.

The above optimization model was implemented by us to determine the optimal
scheme of selective ionization of radioactive isotopes by laser radiation with
ionization by a pulsed electric field and through autoionization resonances, as well as
ionization due to collisions. Note that in the future in the case of the implementation
of the scheme of selective ionization by laser radiation with ionization by a pulsed
electric field (and ionization through autoionization resonances) as R substituted
values: R — W/y, where W — the ionization rate of excited atoms by a pulsed electric
field. In the case of the ) )
implementation of the scheme of —
selective 1onization by laser radiation
with the mechanism of ionization -— -
due to collisions under R means the
value: R — S/y, where S — the = Al
ionization rate of excited atoms due
to the collision mechanism (e.g. [12,

17]). ﬁ”
Modelling results and

conclussions. In the practical

implementation of selective '

photoionization schemes by laser 5%

radiation, as a rule, a mixture of P —;:—': <=

buffer and fissile gases (isotopes) 3

moves across the zone of electric
discharge, and the discharge zone is
irradiated by an electromagnetic  Fig. 1. Possible scheme for separation of isotopes
field resonant with one of the 1n gas separator (atoms A in a beam in mixture
selected isotopes. (see Fig. 1, and [9, with other atoms B): 1 — source of atomic beam; 2
10, 12-16]). — 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
. T : laser pulse or ionization by external electric field
concentration ). The. 10nlzathn time or the collisional ionization; 7 — deflecting elec-
corresponds to the time of flight of trodes; 8 — sublayer; 9 — cold sublayers for freez-
the atom through the zone of ing atoms; 10 — laser ray for vaporising the sub-
electromagnetic  fields:?,=  L/v, stance

27

A buffer gas determines the
characteristics of the discharge
(temperature T, particle

where L — the size of the irradiated
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area; v — particle flow rate. If the radiation saturates the resonant transition and the
tonization mechanism i1s realized due to collisions of excited atoms, then the
ionization condition of the resonant component has the form: 1/nS(7) > 1/v = ¢,,

where S — the ionization coefficient of excited atoms in the collision. These
parameters satisfy the following value: L =1 cm, v=10*cm/s, n = (10" =10")cm™.

Then it is convenient to make replacements: R — S'nfy, © — yzl/v, E, =
c,,Ww, / vdhw, , where z — spatial coordinate along the flow, d — transverse
dimensions of the irradiated area. Typical parameter values: S'n = 10*c™, y = 10*c™,
t,=4- 10, E, =2.5. Consider the scheme for Rb. Stage 1 uses laser radiation with

a wavelength of 7950A (excited to the state Sp”P, »»); laser pulse ionization (quantum
energy 2.62 eV). For Rb vapors at 100°C (pressure 10 torr) Doppler absorption

. 9 1 . o —11 2 .
width Aw, =4-10"c™, cross-section of excitation o, =10 cm”, cross section of

2

photoionization from the excited state o,=10"°cm’. In the case of the

photoionization scheme with excitation of Rydberg S and D states ¢ n = 12—-18 and
ionization by an electric field (~30kV/cm) the calculation (c.g.[17,33]) gives

transition 5°P,, —16°D,, cross-section of excitation — ¢, =0.88-10"“cm®. This is

10 (+5) more than the cross section of ionization from the ground state and 10 (+4) —
from the low excited state. For the classical scheme of photoionization of Rb atoms,

the energy density for saturation of resonant absorption: ®iw, =1,2-10"°J/cm® and
to saturate the photoionization transition: ®>#Aw, =0,42J/cm’. Parameter (16)

sat

depends in a complex way on all physical parameters of the optimal control problem:
relaxation rates, photoexcitation and photoionization, energy and duration of the laser
pulse, electric field pulse (e.g. [11-17, 32-36]). With moderate requirements for the
parameters of the laser pulse by appropriate selection of pulse durations and quantum
transitions, it is possible to achieve a maximum of up to 100% ionization yield. This
implies a fairly short exposure time exp[-(R+1)z,]~1 in formula (16) at a

sufficiently economical value of the energy of the laser radiation E,. In the laser

photoionization scheme with different final ionization scenarios, the optimal scheme
will be if the atom is excited by laser radiation to a state that has a probability of
decay in an electric field (autoionization decay) greater than the probability of
radiation decay. Fig. 2 illustates the results of modeling the optimal shape of a laser
pulse in the problems of selective photoionization of the Rb isotopes (rubidium
vapuor by laser radiation with ionization by a pulsed electric field (autoionization
resonances), as well as typical behavior of populations of for the ground (curve 1)
and excited states (curve 2).

Analysis shows that, as in the problem of classical two-stage photoionization,
depending on the physical parameter p (16), two qualitatively different modes are
realized from the point of view of the theory of optimal control: p>1,p<l. For
Rydberg levels, the cross section of photoionization (due to electric field-induced
autoionization resonances) increased sharply in comparison with ionization from the
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low-excited state. In this case, the 6-pulse provides the maximum possible level of
excitation of the upper state and then parasitic processes such as spontaneous
relaxation and the corresponding collision processes in a short time can not
significantly change the degree of excitation achieved. If the pulse of the electric field
is turned on after the end of the laser pulse, it provides a high degree of ionization
(100% 10nization occurs only from the last highly excited state). In the case of using
a continuous electric field that devastates the final state of the atom during laser
pulses, the scheme will not be optimal due to the strong Stark shift of the highly
excited levels. Although the advantage, as already mentioned, is that, acting on the
atom by an external electric field, it is possible to control the structure of the levels of
highly excited states and the optical properties of atoms. The strong Stark effect
allows you to adjust the absorption spectra at the last stage of excitation to the
generation frequency of a narrowband unconstructed laser (gas discharge type). As a
result, the efficiency of the whole process of photoionization of atoms increases if the
parameter p<l (formula (15)), i.e. one should talk about large values of a given
energy of the pulse of resonant radiation £, >>1 and not very low energy and pulse

duration (Rt, 21,7, ~1) ionizing radiation. The optimal mode of laser exposure will

include at the end of the so-called passive control area (see formula (16), for the first
time it is provided for the scheme of classical photoionization in the KSSH model
[11]. In our case, its appearance is associated with the final ionization rate and the
subsequent inefficiency of the energy input into the resonant channel of the
optimization process. The dispersion of part of the energy in the time interval of finite
length will reduce the negative role of the reverse forced spontaneous radiation
processes and reduce the equalization of populations of all levels used, which is
especially important for the circuit with ionization by electric field. In our case, its
appearance is associated with the final ionization rate and the subsequent inefficiency
of the energy input into the resonant channel of the optimization process. The
dispersion of part of the energy in the time interval of finite length will reduce the
negative role of the reverse forced spontaneous radiation processes and reduce the
equalization of populations of all levels used (e.g. [12-17]).

Further let us consider a laser photoionization scheme of the uranium isotopes.
Iot is worth to remind that a detailed account of the experiments on laser fission of
uranium isotopes in the framework of the “Exxon Nuclear” and “Avco Everett”
programs is given in [6,7,12,31] (and refs therein). According to Ref. [17], the
possibnle scheme of selective photoionization of uranium isotopes could include an
excitation of atoms **°U from the main (5£6d7s’-’L¢°) and low-lying metastable state
(5£6d7s>-"K<° with energy 620,32 cm™ ) by a laser radiation in the first stage, the fur-
ther transition to a narrow autoionization state with a double-excited outer shell and
then ionization by an electromagnetic field. To remove atoms *°U from the ground
and low-lying metastable state (with energy 620 cm™ ) dual-frequency radiation is
used in the first place. The required uranium vapor pressure (about 1 torr) is created
by heating liquid uranium to 2500°C using an electron beam. Uranium vapors emitted
by a hot source pass through parallel plates, between which the atoms are irradiated
with 4-frequency laser radiation, photoions formed *°U gather on the collector
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Fig. 2. The results of numerical
simulation of the problem of
photoionization of Rb atoms by laser
radiation with ionization by a pulsed
electric field: 6+ dotted line — the
optimal shape of the laser pulse,
curves 1 and 2 — the corresponding
behavior of the populations of the
ground and excited states
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Fig. 3. The results of numerical
modeling of the optimal shape of the
laser pulse 1in the problem of
photoionization separation of uranium
isotopes: 0+ dotted line — optimal
shape of the laser pulse, curves 1 and 2
— the corresponding behavior of the
population of the ground and excited
states

plates, and neutral atoms U pass by. The collision of ions with U atoms

significantly limits the selectivity of separation [12]. The ionization time corresponds
to the time of flight of the atom through the zone of electromagnetic fields: 1= ¢, =
L/v (L — the size of the irradiated area; v — particle flow rate). If the radiation
saturates the resonant transition and the scheme of highly excited atoms is realized by
pulsed laser radiation, then the ionization condition of the resonant component has
the form: 1/nS'(T) > 1/v = t;, where §” — the 1onization coefficient of excited atoms.
The stage of optimization of the laser separation model is to find the optimal shape of
the electromagnetic pulse of resonant radiation, which provides max of ionized atoms
in the gas isotope separation scheme (one of the possible formulations). Fig. 3 shows
the results of simulation of the optimal shape of the laser pulse in a problem of the
uranium isotopes separation.

The 6-pulse could provide the maximum possible level of excitation of the upper
state and then parasitic processes such as spontaneous relaxation, resonant excitation
transmission and resonant recharging in a short time, which can not significantly
change the degree of excitation. As a result, the efficiency and optimality of the entire
separation scheme could increase. If the above conditions are not met, the optimal
mode of laser exposure will contain at the end of the so-called passive control area,
first provided for the scheme of classical photoionization (e.g. [11, 12]). Its
appearance is associated with the final ionization rate and the subsequent inefficient
input of energy into the resonant channel at the end of the process. The redistribution
of radiation energy eliminates the harmful role of reverse forced and spontaneous
radiation transitions for the process of photoionization separation. The main result of
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the calculations 1s that the described method of modeling optimal schemes of laser
photoionization separation of isotopes allows to choose optimized values of key
physical parameters, the most optimal variant of the scheme as a whole, which can
ensure the efficiency of isotope and nuclear isomer separation technology.
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I'nywkoe O.B., Xeueniyc O.10., Ky3ueyoea I'.O.,
Ceunapenko A.A., Tepnoecvkuit B.b..

OnrumasibHa JiazepHo-GoToiOHI3aliiiHA cXeMa PO3ALICHHSA BaKKHUX
i30TOMmIB B ra30BMX CeNapaTOPHUX NMPUIATAX

AHOTAIIA

3anpononosano eghexkmugHuil NiOXio 00 8U3HAUEHHS NAPAMEMPIE ONMUMATbHUX CXeM Me-
Mmooy 1a3epHoi celekmuenoi pomoionizayii amomis (eremenmis i i30monis) 3 KiHYegow ioHi-
3ayiero 3a paxyHoK 3iMKHEHb, IOHI3AYIEI0 IMNYIbCHUM eNeKMPUYHUM NOJEeM, IOHI3aYiel0 Yepes
BUCOKO Jiexcadl (piobepeiscbKi) cmaHu i 8y3bKi a8MOIOHI3aYIUHI Pe30HAHCU Ol NOOLIEeHHS
BADICKUX 130MONI8 6 2A308UX cenapamopHux npucmposx. Ha ocnosi meopii onmumanbno2o
VIPAGNIHHA 1 po3pOONeHUX paHiue KGaHMOBUX MoOenell 0OYUCTEeHHS XapaKmepucmux eneme-
HMAPHUX AMOMHUX NPOYECi8 YUCENbHO Peaniz08ani ONMUMI3ayitiHi Mooeni nooiieHHs i30Mo-
nig 6 cxemi ceneKmugHoi 1azeprnoi pomoionizayii 3 iOHI3aYicl0 3a PaxyHOK 3IMKHEHb 8 2A30-
BUX CYMIWLAX, IOHI3AYIEIO IMNYIbCHUM eIeKMPUYHUM noJiem, asmoionizayieio i m.i. Ompumani
0aui KiIbKICHO NIOMEepONCYIomb NepPCneKMuUGHIiCms Memooy a3epHoi ¢homoionizayii 3 Kin-
Yeeoi 10HI3ayiero 3a paxyHoK 3IMKHEHb, I0OHI3AYIEI0 IMNYIbCHUM eIeKMPUYHUM NOJIeM, 10HI3a-
yicro uepes piobepeiscbKi cmanu ma 8y3vKi a8mMoIioHI3ayitiHi pe3oHancu i 0aroms HAOIp napa-
Mempig WYKAHUX ONMUMANbHUX CXeM, 30Kpemd, ONMuMAalbHoi ¢hopmu 1a3epHo2o iMnyaiscy
onsi i30monie pyoidito ma ypamy.

Knrouosi cnosa: cazosuil cenapamop, nooiienHs i30monie, mMemoo 1a3eproi ¢homoioniza-
Yii, meopis ONMUMANILHO20 YNPAGIIHHS
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Onmumanvnasn J1a3epuo-¢omououu3auuouuble cxema pa30eflemm ma:aoicesiblx
JJIEMEHMO6 6 2A306bIX cenapamopHblX ycmpoﬁcmeax

AHHOTALIUA

Ilpeonoocen s3¢hghekmusHviii NOOX00 K ONpedeseHur0 napamempos OnMmuMAaibHbIX CXem
Memooa 1a3epHoll ceneKmuHol (homouoHU3ayuY amomos (J1eMeHmos u u30monos) ¢ Ko-
HEeYHOU UOHU3AYUell 3a cuem CMOJIKHOBEHUU, UOHU3AYUel UMNYIbCHIM JJIeKMPU4ecKum no-
Jlem, UoHU3ayuell yepes 8blCOKO aedxcaujue (puodepeo8cKux) cOCMoanUs U Y3Kue aemouoHU3a-
YuliHble Pe30HAHCHL 0I5l pa30eleHUsl MANCENbIX U30MONO08 6 2A308bIX CENAPaAmMOPHbIX YCMpPOll-
cmeax. Ha ocnose meopuu onmumanvnoeo ynpasienus u pa3pabomaHuslx paree K6aHMmMoBbIxX
Mooenell 8bIMUCIEHUsL XAPAKMEPUCTIUK ITIEMEHMAPHBIX AMOMHBIX NPOYECCO8 YUCIEHHO ped-
JIU308AHBL ONMUMUZAYUOHHBLE MOOENU PA30eNeHUsl U30MON08 6 cXeme CeleKMUBHOU a3ep-
HOU (homouoHus3ayuy ¢ uoHu3ayuel 3a cuem CMoOJKHOBEHUl 8 2A308blX CMeCsX, UOHU3ayuel
UMNYTIbCHBIM JNIEKMPUYeCKUM nojiem, agmouonuzayuei u m.o. Ionyuennvle 0annvie KoIuye-
CMBEHHO NOOMBEPAHCOAIOM NEePCNEeKMUBHOCHb Memood 1A3epHOU (hOMOUOHU3AYUU C KOHEY-
HOU UOHU3AYUel 3a Cuem CMOIKHOBEHUL, UOHU3AYUET UMNYIbCHBIM dNeKMPUYECKUM NOTEM,
UOHU3aYUell Yepe3 8blCOKO excauyue (PuobepeoscKuUx) coOCmosHUs U y3Kue demouoHu3ayuli-
Hble Pe30HAHCHL U 0am HAOOp Napamempos UCKOMbIX ONMUMATbHBIX CXeM, 8 YaACMHOCHU,
ONMUMANBLHOU hOPMbL N1A3EPHO20 UMNYIbCA Ol UB0MONO08 PYOUOUS U YPAHA.

Knrwuesvie cnosa: casosviii cenapamop, pazoeieHus U30monos, Memoo J1a3epHoi Gomo-
UOHU3AYUU, ONMUMATIbHOE YNPaBleHUe.
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