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Within a consistent quantum mechanical approach we have studied the selective
resonance excitation of atoms by laser radiation into the states near ionization limit
and further autoionizing decay of the excited states under external electric field. We
have carried out the accurate numeric calculation of the atom autoionizing under
external electric field. The numeric data for the Rb atom autoionization states with
n=7-12 in the 10* V/cm electric field are presented. We have carried out the theo-
retical study of the autoionizing resonances (AR) in the multielectron heavy atoms
(rare earth atoms: Yb, Tm etc.) in the external electric and laser fields. An unusual
behavior of AR in the field was predicted. The effect of giant AR widths broadening
at relatively weak external field is found. Two AR decay channels (a traditional
Beutler-Fano channel and a new reorientation decay channel) are examined. An ap-
preciable dependence of the reorientation decay velocity at the moderately weak
(~100 V/cm ) electric field is analyzed. Detailed information about AR is required to
optimize the excitation and ionization of atom. The optimal scheme presumes the
compromise between high excitation probability and high decay rate that determines
lower and upper limits for the AR decay rate.

1. The method of selective ionization of
atoms, based on the selective resonance ex-
citation of atoms by laser radiation into the
states near the ionization limit and further
photo-ionization of the excited states by ad-
ditional laser radiation, was been first pro-
posed and realized by Letokhov {1, 2]. This
method is of great interest for laser separa-
tion of isotopes and nuclear isomers [3, 4].
The significant disadvantage of the two-step
selective ionization of atoms by laser radia-
tion method is a great difference between
cross-sections of resonant excitation and
photo-ionization (Gexe/Cphion > 10+4"'8). The
application of very intense laser radiation
for the excited atom ionization is required.
The situation is more simplified for the
autoionizing levels, but detailed data re-
garding these levels are often absent. The
authors of ref. [5] have considered the pos-
sibility of selective ionization of atoms,
based on selective resonance excitation of
atoms by laser radiation into the states near
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the ionization limit and further ionization
decay of excited atoms by external electric
field. Electric field changes the electron
spectra so that the part of discrete spectral
levels (near the ionization limit) moves into
continuum and other levels become
autoionizing. The probability of their
autoionizing decay quickly increases with
the growth of the principal quantum num-
ber. The most optimal situation is when the
atom is excited to a state, which has higher
autoionizing probability than the radiation
decay probability. To obtain the exact in-
formation about the optimal scheme for se-
lective ionization of atom by the light and
electric field, it is necessary to carry out the
accurate calculation of the process of se-
quential excitation of atoms by laser field (it
is a trivial task) and the probability of ioni-
zation of the highly excited atoms by the
electric field. Epy robability of ionization
for highly excited atoms by electric field is
given by the known expression [5]
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W =1/n (4] en®)™ "1 n2(n2+ | m ) exp{-2/3en* + 3(nl —n2)} .

In the case of atomic ionization by the
pulsed field, the probability of the process is
determined by the following expression:

W (nlm) =3 (a7, )* W (nln2m)
n2

W(niln2m) is the probability of
states decay; a are the coefficients of

where
b4

nin2m
expansion of the w(nlm) functions on the
parabolic functions y(ni/n2m). To achieve
the effective optimal situation, it is necessary
to switch on the field for the time which is
small in comparison with the excited state
radiation decay time. In order to find the ex-
pansion coefficients, we have elaborated the
numerical procedure for the calculation of

the corresponding matrix elements and the
matrix diagonalization. In a real multi-
electron atom it is necessary to take into ac-
count the influence of the electron shells
which results in the change of the potential
barrier and wave functions. To determine the
wave functions and the electron state ener-
gies in the external electric field one should
diagonalize the energy matrix, calculated
between the states with the same n. The ex-
act procedure is given by the operator per-
turbation theory method, developed in [7—
10]. In Table 1 we present the calculated
values for the characteristics of the most
rapidly decaying states for the Rb atom (the
field strength 3 10" V/em; n=7-12).

Table 1. The characteristics of the most rapidly decaying states for the Rb atom
(the field strength 3 10™ V/em; n=7-12).

n 7 8 9 10 11 12
E, cm(-1) 31405 31904 32229 32456 32614 32761
" 4.7 5.8 7.0 8.0 8.9 9.0

a 0.26 0.25 0.13 0.13 0.011 0.13
a’ <107 <107 <107 <107 6107 0.028
o <107° 8107° 25107 0.0002 0.0026 0.16
a’ 0.00028 | 0.0009 0.0036 0.015 0.045 0.008

With the growth of the number », all the
characteristics increase. The influence of the
electron shells leads to more sharp depend-
ence of the decay probability upon the num-
ber n. Thus, one can realize a scheme of the
selective photoionization of atoms by means
of the resonance excitation into the states
near the ionization limit (the optimal scheme
requires the accurate estimates of the atomic
characteristics); then these states undergo
autoionizing decay in a weak electric field
(<30 kV/cm). The problem of calculation of
the autoionizing resonances and their char-
acteristics in external field requires separate
consideration.
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2. The effect of electric field on the
autoionizing states (AS) is interesting from
several points of view (see [2, 5-8, 11]).
Study of decay processes for Rydberg states
(RS), in particular, multistage ionization
method [1, 2] and its applications, is very
important for laser spectroscopy. A great
role is played by AS in many processes in
plasma and gases. Their account is important
for correct determination of the rates of ex-
citation and de-excitation of ions in dense
plasma and in the examination of dielectron
recombination in plasma [2]. Especially in-
teresting effects occur in a complex heavy
atom when its broad autoionizing resonances
mix with much narrower resonances of op-
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posite parity by means of the external elec-
tric field. Such effects are of great impor-
tance for laser spectroscopy. The interest to
the problem of the AR decay of complex at-
oms is recently enhanced due to new proper-
ties which appear under the resonant or non-
resonant interaction of an autoionizing level
with strong laser field. Here we consider Tm
atom, which represents an undoubted interest
for experimental spectroscopy, in controlling
the population and decay kinetics of excited
states or the selective ionization under
laser radiation [5-9]. The authors of [11}
have studied new effects related to the be-
haviour of the Tm AS in a weak electric field
and predicted an effect of drastical broaden-
ing of the reorientation type AR already in a
weak electric field. Here we obtain more
accurate numeric data. The main autoioniz-
ing decay channels for Tm states are illus-
trated in Fig.1. The availability of two pairs
of close-lying ionization limits (with va-
cancy states 4f7 '/2 and 4/5'12) provides two
main types of AD :

(BFD) 41 s, 65172 (J12) nl -
4f'5 651/2 [J12'] Tm" + leje,
nw>7, J12=2:3, J12'=3;4

(ROD) 41 651/2 (J12) nl —
47Y 651/2 [J12] Tm* + leje,

nw>25 J12=3, J12'=2:4
Jj=5/12,7/2,
em” EL 415 65[3)
187 P — ROD
= ‘¥ ’ ‘ - 4f'5265(2)
8533~ S BFD
A4 \\ \
! “w \ / . 415 65[3)
>—
273} ROD 2= \
—___ 4f'sn 6s(4]

——

41, 65(Ji2] nliglJ] Tm

Fig 1. Position of the near lying first ionization limits
4f'6snl Tm and scheme of the autoionizing decay of
4f°6snl Tm autoionizing Rydberg states.
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These AR decay channels are discussed in
detail in [5-8, 11]. ROD means the reorienta-
tion AR decay, and BFD means Beutler-Fano
AR decay. The 4f'sp 6s12(J12=3)nl states
undergo simultaneously both BFD and ROD.
Remember that contrary to BFD, ROD is a
low-energy process preserving all the single
electron quantum numbers of atomic core:
4fY; and 6s1/2. ROD can be of monopole or
quadruple character. We mean here the mul-
tipolarity of the inter-quasi-particle interac-
tion causing AD. The states with J12=2;4 do
not undergo ROD. Nevertheless, their ad-
mixing with states undergoing ROD can sig-
nificantly enhance the monopole ROD. In
Table 2 we present the calculated values of
the energy E, autoionizing width of the 4/7°
1126s(3)ns,np Tm states (#=25). For Rydberg
series, the only possible AS decay is the
reorientation one. Any two states of different
parity can be mixed by the external electric
field. The mixing leads to the redistribution
of the autoionizing widths. In the case of de-
generate or near-degenerate resonances this
effect becomes observable even at a moder-
ately weak field. In the case of Tm we deal
with reorientationally decaying ns and np
series, converging to the same ionization
limit, i.e. they are nearly degenerate states of
different parity. Among them one can find
some pairs of ns and np states with widths I,
differing by several orders. We consider the
f Ln 6s(3)25s[5/2] state, decaying due to
the quadruple interaction and lan
65(3)25p12[5/2] undergoing the monopole
ROD. Regarding the calculation procedure,
we note that the general approach to the cal-
culation of atomic characteristics of multi-
electron systems in electric field is presented
earlier [11, 12]. Here we only note that the
diagonalization of the complex energy ma-
trix leads to the complex energy correction:
Re E - il'/2, where Re E is the level shift, I’
is the level width, including the radiation and
autoionizing widths simultaneously. If the
effects of AR decay are included only into
the matrix M, then I' presents only the
autoionizating width of the state. Only Re
M is diagonalized. The imaginary part is
converted by means of the matrix of eigen-
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vectors {C,x} The eigenvectors are obtained
by the diagonalization of ReM:

Im Mk:lz C *mi M]CJ/C :
-

This procedure is correct to terms of the
order of Im M / Re M. The field matrix ele-
ment is

Via=e(msip | r | npin).

This matrix element for the highly ex-
cited states under investigation can be ap-
proximated with the acceptable degree of ac-
curacy by the following expression: Vi, fem’
=10 n? ¢ [V cm™], where ¢ is the field

strength. The results of calculation of the
widths of the states under investigation are
presented in Table 2 for different values of
the field strength. One can see that even at
weak electric field, a strong change of the
width of the autoionization resonance occurs.
Detailed spectroscopic information about the
RS levels is required to optimize the excita-
tion 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 limits for
the AD rate. The use of the ROD channel,
investigated here, essentially increases the
possibilities of such a compromise.

Table 2. Autoionization widths T', energies E for some values of the field strength & (V-cm™).

State 42, 651/2 (3) 255 [5/2] 4151 651/2 (3) 25p1 [5/2]
E =0 49854.7 cm™ 49865.3 cm™
ILe=0 1.10D - 05 1.204D - 01
T,e=50 1.20D - 04 1.207D - 01

T, e=100 4.30D - 04 1.22D - 01
I, e=150 9.200D — 04 1.30D - 01
References

1. R.V.Ambartzsumian, V.S.Letokhov, /IEEE
J.Quantum  Electronics, QE-7, 305
(1971),

2. V.S.Letochov, Science 180, 451 (1973);
Opt.Comm. 7, 59 (1973); Nonlinear Se-
lective Photoprocesses in Atoms and
Molecules (Nauka, Moscow,1983) [in
Russian].

3. V.S.Letochov, V.I.Mishin, V.Puretzky,
Prog. Quant. Electr. 5, 139 (1977).

4. LN.Ivanov, V.S.Letochov, Quant. Electr.
2,585 (1975).

5.GI.Bekov, L.N.Ivanov, V.S.Letochov,
E.Vidolova, Opt. Comm. 35, 194 (1980).

6. E.Vidolova, L.N.Ivanov, D.Angelov, J
Phys. B: At. Mol. Phys. 21, 3877 (1988).

7. E.Vidolova, L.N.Ivanov, J. Phys. B: At.
Mol. Phys. 24 , 4147 (1991).

8. A.V.Glushkov, L.N.Ivanov, Abstr. 3th
Symp. on Atom. Spectr. Chernogolovka,
(1992).

9. E.Vidolova, L.N.Ivanov, E.P.Ivanova,
D.Angelov, J. Phys. B: At. Mol. Phys.
19, 2053 (1986).

10. A.V.Glushkov , L.N. Ivanov, J. Phys. B:
At. Mol. Phys. 26, L376 (1993).

11. A.V.Glushkov, S.V.Ambrosov, S.V.Ma-
linovskaya, J.Techn Phys. 38, 211
(1997).

12. S.V.Ambrosov, Proc.25"  EUCMOS,
Caimbra, (2000); Proc.5™ ICAP, Firenze,
(2000).

311



HaykoBuii BicHuK Y3kropojicekoro yHiBepcuteTy. Cepis ®izuka. Bunyck 8. Yactuna 2. — 2000

CEJIEKTUBHA TIOHI3AIIISA ATOMIB TA MOJIEKVYJI
EJEKTPUYHUM TA CBITJIOBUM ITOJIEM.
ABTOIOHI3AILIINHI PIABEPTOBI PE3OHAHCHU ¥
BAKKHUX ATOMAX

C.B.AmGpocor

IeHTp aTOMHOI, MOJIEKYNIIPHO]I Ta JIa3epHOI CHEKTPOCKONil,
OnecpKuil TiAPOMETEOPOIOTIUHAMN IHCTUTYT
a/c 108, Oxneca-9, 65009, Ykpaina

Ha ocHOBI IIOCTiZOBHOrO KBaHTOBO-MEXAHIYHOIO MiXOXY pPO3MISHYTO HpOLEC
CEJIEKTHBHOTO PE30HAHCHOTO 30YMKEHHSA aTOMIB NA3epHUM BUIPOMIHIOBaHHAM Y
craHy 6ing Mexi ioHizaluii Ta MOAANLIIOTO aBTOIOHI3AIIHHOrO po3nany 36ymKeHNX
CTaHiB M Ji€l0 30BHIMIHBOIO EIeKTPHYHOTO NoJMt. BHKOHaHO uMCENBHUH
pO3paxyHOK aBTOIOHI3aUiMHMX XapakTepMCTHK AaToMa B 3OBHIIUHLOMY IIOJI,
IIpexncTaBieHO YMCENbHI AaRi I aBTOiOHI3ALIMHMX cTaHIB atoMa Rb 3 rosioBHEM

KBAaHTOBUM 4YHCJIOM »=7-12 B eJEKTPMYHOMY IIOni ~10*  Blem. IIposeneno
PO3PaXYHOK XapaKTepHCTHK ABTOIOHI3ALIHHUX PE30HAHCIB y 6araToeneKTPOHHMX
aromax (pigkozemenbHi aToMd Yb, Tm) y 30BHIIHbOMY €NEKTPUYHOMY IIOMI.
IlepenGaveno HesBudailHy MOBefiHKy aBTOIOHI3ALUMHMX pe3oHaHCIB y Mo,
30KpeMa, e(eKT TiraHTChKOro 30inbIUeHHS iX IMMPHH Yy BiJHOCHO cnaGxoMy
eNneKTprYHOMY Toyni. PO3MIAHYTO [Ba OCHOBHMX KaHaiM aBTOiOHi3auiiiHOTO
posnamy: TpamuuiliHui tumy Belrnepa-Pano Ta HOBHil peopieHTauifiHMP xapan.
[poaHanizoBaHO 3ajekKHICTE HIBMAKOCTI peopieHTauiftHOro posnamy y HOCTaTHbO
cnabxomy enextpuumomy moni (~100 B/cm). Jloxnamsa indopmauis crocosHo
ABTOlOHI3aNiMHUX pezoHaHCIB HeoOXifHa ANA ONTHMIi3aWli nponeciB 30ymKeHHT Ta
ioHizamii aromiB. 30xpema, onTHManeHa cXeMa Tependayae KOMIpoMic Mix
BHCOKOIQ iMOBipHicTIO 30y/keHHA Ta BUCOKOXO MIBUIKICTIO po3Nafy, sKa BU3HAUAE
HEDKHIO Ta BEPXHIO Me>Ki IIBUAKOCTI po3Maxy aBTOIOH{3aiMHIX pe3oHaHCiB.
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