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Abstract

LASER PHOTOIONIZATION SENSOR OF THE SEPARATING HEAVY ISOTOPES AND
NUCLEAR ISOMERS: SELECTIVE IONIZATION BY DC ELECTRIC AND LASER FIELD (U, Tm)

S. V. Ambrosov

It is proposed and studied a new optimal theoretical scheme for the laser photoionization
sensor of the separating heavy isotopes and nuclear isomers, which is based on the selective laser
excitation of the isotopes atoms into excited Rydberg states and further DC electric field ioniza-
tion. The operator relativistic perturbation theory method, optimal laser action model and den-
sity matrices formalism are used for numeric calculation of the optimal scheme parameters for
the Tm, U isotopes (ions, nuclei) sensing.
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AHHOTAIUA

JA3EPHUU ®OTOIOHIBALIIMHUI CEHCOP IMMOJIUVIEHHS BAYXKKHUX 130TOITIB
TA AJEPHUX I3OMEPIB: CEJIEKTUBHA IOHIBALIISA CTAJIUM EJIEKTPUYHUM
1 IABEPHUWM ITOJIEM (U, Tm)

C. B. Ambpocos

3ampoIIOHOBAHO HOBY ONTHUMAJIBHY CXEMY CEIICKTUBHOT'O (POTOIOHI3ALIHHOIO CEHCOPY MOi-
JICHHSI Ba)KKUX 130TOINB U SACPHUX 130MepiB, KA 0a3yeThbCs Ha JIa3epHOMY 30YJIKEHHI aTOMIB
130TOMIB y pimOeproBi CTaHU Ta IMOMAIBININ 10HI3allll 30BHIIIHIM CTaJIUM €JICKTPUYHUM ITOJIEM.
MeTo pelasaTUBICTCHKOI Teopii 30ypeHb, MOACIb ONITUMAJIBHOI JJ1a3epHOI Aii Ta (hopMalti3M Mat-
PUIIi TYCTHHH BUKOPUCTAHI /TSI YUCEITBHOTO MOJICTIOBAHHS MTApaMETPIiB ONITUMAIbHOI CXEeMH Jie-
TEKTYBaHHS Ba)KKMX 130TOIIB ypaHa H TyJUIis.

KurouoBi cioBa: nasepHuii poTOI0OHI3AMIMHII CEHCOP, 130TOIH, 10HI3AIlis CTAIUM €JIeKTpUY-
HUM T10JIEM
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AHoTauis

JA3EPHBIV ®OTOMOHU3ALIMOHHBIN CEHCOP PA3JIEJTEHUS TAXKEJIBIX N30TOIOB
N AAEPHBIX U3OMEPOB: CEIEKTUBHAS NOHU3ALIMA ITIOCTOAHHBIM
SJEKTPUYECKUM U JIABEPHBIM ITOJIEM (U, Tm)

C. B. Amopocos

[TpenoxkeHa HOBast ONTUMAJTbHAS CXeMa CEJICKTUBHOTO (POTOMOHHM3AIMOHHOTO CEHCOopa Jia-
3epHOTO pa3/CICHUs TSKETBIX W30TOMOB U SJIEPHBIX M30MEPOB, 0a3MPYIOIIAsCA Ha JIa3epPHOM
BO30YXKIEHUN aTOMOB U30TOIMOB B PU0EPTOBBI COCTOSHUS U TaTbHEUIIeH HOHNU3AITUY BHEIITHUM
MMOCTOSTHHBIM 3JIEKTPUYECKUM TI0JIeM. MeTo ] pelSITUBUCTCKONH TEOPUH BO3MYIIEHUH, MOJIEIb
OTNITUMAJILHOTO JIa3¢PHOTO BO3ICHCTBHS M (DOpMAJIN3M MaTPHIILI ITIOTHOCTH UCITOJIB30BAHbI JIJTSI
YUCIIEHHOTO MOJIEIUPOBAHUS MapaMeTPOB ONTUMAILHONW CXEMBbI JETEKTUPOBAHUS TSKEITBIX

HU30TOINOB ypaHa U TYJUIUS.

KiroueBrnie ciioBa: na3eprH71 (bOTOI/IOHI/ISaI_II/IOHHHﬁ CCHCOP, U30TOIIbI, MOHHU3allus ITOCTOSAH-

HBIM JJICKTPHUYCCKHM I10JIEM

1. Introduction

Now it is well known that the laser photoioniza-
tion method is one of the most perspective methods
for the sensing single atomic particles, separating
isotopes, nuclear isomers and nuclear reactions
products (c. f. [1-15]). The standard laser ionization
sensor scheme may be realized with using a scheme
of the multi-step excitement and ionization of atoms
by laser pulse. The scheme of selective ionization of
atoms, based on the selective resonance excitation of
atoms by laser radiation into states near ionization
boundary and further photo-ionization of the excited
states by additional laser radiation, has been at first
proposed and realized by Letokhov et al (c. f. ref.
[1,2]). This scheme represents a great interest for la-
ser separation of isotopes and nuclear isomers. How-
ever, a significant disadvantage of the two-step se-
lective ionization of atoms by laser radiation method
is a great difference between cross-sections of reso-
nant excitement 6__ and photo-ionization G
([, /0, ]>10*+10%). It requires the using very inten-
sive 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 autoioni-
zation resonance characteristics. An account of com-
plex relativistic and correlation effects (continuum
states, self-energy diagrams contributions etc.) by
means of the traditional quantum-mechanical meth-
ods is not possible hitherto (c. f. refs. [16-24]).

In a number of papers (c. f. [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 bounda-
ry and further ionization decay of excited atoms by
external electric field, has been considered. Electric
field changes the electron spectra so that the part of
discrete spectra levels (near the ionization bounda-
ry) part moves into continuum and other levels be-
come by the autoionization ones. The probability of
their autoionization decay quickly increases with
growth of the main quantum number. The most opti-
mal situation is when atom is excited to state, which
has the autoionization probability more than the ra-
diation decay one. To receive an accurate informa-
tion about optimal laser photoionization sensor
scheme, it is necessary to carry the accurate calcula-
tion of the process of sequent atomic excitement by
laser field (it is trivial task) and probability of ioni-
zation of the atoms in the highly excited states (au-
toionization levels) by electric field. Now the accu-
rate 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 prob-
lem must be based on the relativistic models
[11,19,23,24,26], as the most interesting elements
for laser isotope separation are heavy ones and a role
of relativistic corrections is often very dramatic. Be-
low 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 opti-
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mal schemes for the laser photoionization sensors of
separating heavy isotopes and nuclear isomers. We
propose and make modelling a new, optimized
scheme for the laser photoionization sensor. It is
based on the selective laser excitation of the isotope
atoms into excited Rydberg states and further DC
electric field ionization mechanism. The matter is in
a fact that the velocity of ionization is significantly
higher than one in the usual regime (c. f.
[1,5,11,22]). A result, the effectiveness of the laser
photoionization sensor scheme is significantly in-
creased. The numeral data for the autoionization res-
onance characteristics for U and Tm atoms in an
electric field are presented. Two autoionization reso-
nances decay channels (traditional Beutler-Fano
channel and new Letokhov-Ivanov channel) are ex-
amined. An appreciable dependence of the reorien-
tation decay velocity of the autoionization resonanc-
es 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 Tm iso-
topes (nuclei) sensing, we use the optimal laser ac-
tion model and density matrices formalism [11-
16,24-26].

2. Laser photoionization sensor scheme. Calcu-
lation model of the laser and DC electric field
ionization

Let us consider a process of the uranium U and
thulium 7m isotopes separation (c. f. [1,26]). The
first ionization step: excitation of the uranium and
thulium atoms into the rydberg states: 5f7s’np,
5f6d7sns (U: electron external shell configuration)
and 4f"6sns, 4f76snp (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 cross-sec-
tions of ground and low excited state for these atoms
by laser pulse are as follows: the excitation cross-
section 6, =6, ~10"°-10"" cm? ionization cross-sec-
tion from excited state: 6, =6,~10"%-10""cm?, from
ground state 6,~10""cm? [1]. For selective photoion-
ization 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-sec-
tion values are as follows: 6,~-10"°"">cm’. It means
that the selective photoionization scheme with using
the Rydberg states (autoionization resonances) and
ionization by external electric field is quite effective
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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 sepa-
rates 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 symmetry axis z. For the bi-spinor

(S
I

the Dirac equation has the following form:
cGpé =(E-V+c”)m,
copé =(E-V —=c*)E. 2)

Inserting first equation of the system (2) into sec-
ond one and using substitution

é — (W+)l/2 (I),
W =E-V%c’
we obtain the second-order equation

AD+K2D=0),

(€)

:h21c2 [(E-v) =¢']-

_A_V_E vv + l 6[VV,V:| (4)
2w 4l w w*

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

F(z, p)exp[i(m—1/2)p]
o= . . (5)
F,(z, p)exp[i(m+1/2)p]

K2
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Substituting (5) into (4) gives the matrix equa-
tion:

-2 2 E
(A+d)F =(h"q” +y)F, F:{F ] (6)

q= %[c“ ~E-vy]",
s (o avaYo -
Wildpodz odzodp 1 O

| Y12 b2
o
m-1/2 Gm1/2

= 2
2 Vv
p- Wilpop 2 4 W'
JT1%
b,(z,p)=— _—.
u(2P) pW"* 0z

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

W (nlm) =Y (@)W (mnym) (7)

Here W(n n,m) is the state decay probability; a
are the coefficients of expansion of the y(n/m) func-
tions 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 ener-
gies in an electric field, one needs to carry out the
diagonalization of energy matrice, calculated be-
tween states with the same n [7-9,28]. The diagonal-
ization of the complex energy matrix leads to com-
plex energy correction: ReFE -i/7/2, where Re E is the
level shift and I is the level width, including the ra-
diation and autoionization widths simultaneously. If
the effects of the autoionization resonance decay are
included in the matrix M, then I presents only the
autoionization width of the state. Only Re M is diag-
onalized. The imaginary part is converted by means
of the matrix of eigen-vectors {C } The eigen vec-
tors are obtained by diagonalization of ReM:

Im M, = ZC*W M,C,,.
ij

The other details of calculation procedure are
given in refs. [7-9,23,24].

3. Results of numerical calculating the ioniza-
tion 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 cal-
culating the ionization characteristics for heavy iso-
tope of the uranium and thulium and modelling the
optimal scheme parameters of the laser photoioniza-
tion 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~ 1/16n* 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 [1]; dashed line is corresponding to
our relativistic results). It is stressed that the hydro-
gen-like approximation gives an inaccuracy 15-20%
[1]. At the same time consistent relativistic calcula-
tion 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 con-
nected with an effect of electric field on the autoioni-
zation resonances in the heavy isotopes (the last step
of the laser photoionization scheme).
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Fig. 1. Critical electric field strength in dependence
upon effective quantum number 7"
for the uranium atom

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 au-
toionization resonances in many processes in plasma
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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 be-
haviour 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 vacan-
cy states 4f7'/2 and 4/5'/2) in the thulium atom pro-
vides two main types of the autoionization reso-
nance decay [4,5,17]:

(BED) 4f", , 651/2 (J12) nl
—4f1 65172 [J12'] Tim* + leje,
n>7,J12=2; 3, J12'=3; 4

(ROD) 4f'j6s1/2(J12)nl —
— 4f1j6s1/2[J12' Tm*+leje,
n>25, J12=3, J12'=2:4 j=5/2,7/2.

Here the ROD means the reorientation autoioni-
zation resonance decay, and the BFD means the tra-
ditional Beutler-Fano autoionization resonance one.
The states 4f"', 6s ,(/12=3)nl undergo simultane-
ously both BFD and ROD. Remember that contrary
to the BFD, the ROD is a low energy process pre-
serving all the single electron quantum numbers of
atomic residue: 4f'j and 65, ,. The ROD can be of the

monopole or quadruple character. We mean here the
multi-polarity of the inter-quasi-particle interaction
causing the autoionization resonance decay. The
states with J12=2;4 do not undergo the ROD. Never-
theless, 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 exter-
nal electric field. The mixing leads to redistribution
of the autoionization widths. In the case of degener-
ate or near-degenerate resonances this effect be-
comes observable even at a moderately weak field.
In the case of the thulium we deal with reorientation-
ally 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 I', differ-
ing by several orders.

We consider the f‘w2 65(3)255[5/2] state, decay-
ing due to the quadruple interaction and f'
6s5(3)25p,,[5/2] undergoing to the monopole ROD.
In table 1 we present the calculated values of the en-
ergy E, autoionization width I for the
4f7-1/26s(3)ns,np Tm states (n=25) for different val-
ues of the DC electric field strength €. A strong
change of the autoionization resonance width occurs
at a moderately weak electric field and this effect is
found more drastic (~10-15%) than it is discovered
in paper [5].

Table 1

Calculated values of the energy £ (cm-l) and autoionization width I” (cm-l) for the 4f7-1/2_16s(3)ns, np Tm states
(n=25) for different values of the DC electric field strength e. (VYcm )

S 411372 651/2 (3) 255 [5/2] 411372 651/2 (3) 255 [5/2] | 4f1372651/2 (3) 25p112 [5/2]
tate
Ref. [5] Present paper Present paper
E,e=0 49854,7 cm! 49854,7 cm! 49865,3 cm'!
I,e=0 1,80D — 05 1,861D — 05 1,196D - 01
I,e=50 1,16D — 04 1,847D — 04 1,194D — 01
I, e=100 4,27D — 04 7,130D — 04 1,189D — 01
I,e=150 9,340D -04 1,330D —03 1,182D - 01

The same effect is at first discovered for the ura-
nium isotopes. We have calculated the energies and
widths for higher members of the uranium Rydberg
series (members accessed from 32. 899,79 cm™! lev-
el). Excitation sequence: 6056,81+6098,10+(5880-
5890) A. For 5F7s’np (n=40-44) levels the follow-
ing results are obtained: i). For €=0 V-cm’!, configu-
ration 5f7s*42p, E=49877,49 (experimental value
[7]1:  49877,5); I'(5f7s5°42p)=1,794D-01;
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I'(5f75%425)=2,702D-05; ii). For € = 100 V-cm™;
I'(5f75°42p)=1,675D-01; I'(5°75°425)=5,913D-04.
So, we have here a strong change of the autoioniza-
tion resonance width at a moderately weak electric
field too.

Detailed spectroscopic information about au-
toionization resonances is needed to optimize the ex-
citation and ionization of the atom. An optimal
scheme presumes a compromise between high exci-
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tation probability and high decay rate that deter-
mines the lower and upper boundaries for the au-
toionization resonances decay rate. The use of the
ROD channel essentially increases the possibilities
of such a compromise. It is very important for carry-
ing out the optimized scheme of the selective pho-
toionization sensor.

Further we present the results of numerical mod-
elling the optimal scheme parameters of the laser
photoionization sensor. As usually [10,26], the opti-
mization procedure of the laser photoionization sen-
sor scheme is in a searching the optimal form of the
laser pulse to provide a maximum of excited parti-
cles 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. . [12,13]). We considered a scheme for the laser
separation and sensing the uranium and thulium iso-
topes. All necessary excitation and ionization con-
stants for solution of the density matrice equations
system are calculated within above described model
and methods [7-9,23,24]. The laser photoionization
scheme for U isotopes included the following steps:
i). Laser excitement of the #3U isotopes from the
ground 5f°6d7s°-°L ’ state and low lying metastable
5°6d7s° K ”state with energy 620,32 cm™; ii). Tran-
sition into the autoionization state with doubly excit-
ed external shell and then ionization by the DC elec-
tric field. In figure 2 we present the results of numer-
ical modelling the optimal form of laser pulse in the
laser photoionization sensor scheme for the uranium
isotopes. The following notations are used: & 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
relation obtained data are similar to data for other
Na, Rb and Tm isotopes [13-15]. At the first step of
the laser photoionization scheme the & -pulse pro-
vides 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 re-
charging etc. [1]) begin to destroy and change an
achieved excitement level of atoms. Using the DC
electric filed ionization mechanism significantly in-
creases the output of charged particles, improve in
whole the energetics of the laser photoionization
sensor scheme and its optimality. It is possible to
accept the special measures to provide very high ion-
ization output (approaching to 100%) that requires
using specially separated autoionization levels. Gen-
eral analysis shows that creation of the laser pho-

toionization sensor on the basis of considered
scheme is more perspective in comparison to tradi-
tional two- and three-step laser photoionization
schemes with ionization by laser pulse at the final
step [1].
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Figure 2. Results of numerical modelling for the
optimal form of laser pulse in the laser

photoionization sensor scheme for the uranium

isotopes: & pulse + dotted line is the optimal form of

the laser pulse; curves (1) x,and (2) x,are the
populations of the ground (6s) and excited (np)
states.
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