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Kinetics of multiple ionization of rare-gas atoms in a circularly polarized laser field
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The multielectron tunneling ionization probabilities have been calculated for Ar and Kr atoms in circularly
polarized laser fields with the pulse durations of 50 fs and 5 fs. The channels of sequential, nonsequential
ionization, and ionization with ionic core excitatigmelastic tunneling have been taken into account. The
calculated results demonstrate that many-body effects in tunneling, connected mostly with ionic core excita-
tion, are very important for creation of Ar, Ar®", Kr**, and KP" ions.
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[. INTRODUCTION ing effect for the case of nonsequential emission of several
electrons caused by laser radiation was developed by Zon
The multielectron ionization of atoms by laser radiation[28]. Formulas in the theories of Ref27] and[28] differ in
was first observed by Suran and Zapesochhyin alkaline- @ number of significant aspects. For example, thd@8j
earth-metal atomsfor review of relevant papers see Ref. contains dependence of residual ion on the charge, whereas
[2]). At present such investigations have become one of th#n Ref. [27] this parameter is not incorporated in explicit
basic areas in physics of atom interaction with strong laseform. However, the formula obtained in R¢28] cannot be
radiation[3,4]. applied to experiment directly since along with the direct
The experimental data for linearly polarized laser fieldN-charged ion formation, there exist numerous cascade chan-
conprise the rescattering modg,6], in which the multi-  nels, namely, tunneling ionization accompanied by the
charged ion formation is a result of inelastic collisions ofatomic core excitation. In Ref29] the generalized ADK
previously emitted electrons with the parental isee recent model with core excitation for creation of the doubly-
paperd7,8] and review[9]). However, it is well known that charged ions for the atoms with tweoelectrons in the outer
rescattaring processes are negligible for laser field with cirshell was described. This generalized model is based on the
cular polarizatiof10—12. This fact has an evident explana- Carlson[30] approach to the one-photon two-electron tran-
tion in quantum electrodynamics. Circularly polarized lasersitions in atoms. Shake-off model follows from RE29] as
beam is a coherent superposition of photons with definitdimiting case.
helicity, e.g.,+ 1. In absorption of every photon the projec-  In the present paper the role of core excitation accompa-
tion of the electron orbital momentum onto the beam propafying the tunneling multicharged ion formation is considered
gation direction increases by 1. Since the tunneling ion- for an atom withN equivalent electrons in the outer shell.
ization according to Keldysfi3] corresponds to absorption Also we present a set of kinetic equations, describing the
of a great number of photons, the continuum electron willdynamics of multicharged ion formation as a result of laser
have very large orbital momentum projection and hence #ulse impact on gas targets. The equations are derived and
large orbital momentum. As a result, the centrifugal repul-solved numerically for ionization of Ar and Kr up to Af
sion will not allow the free electron to come close to theand K°°*, respectively. We also take into account the follow-
residual ion. Therefore, the interaction of the free electroring channels of ion creation: sequential ionization, nonse-
with the bound electrons may be neglected. quential tunneling of several electrons, and ionization with
So, for describing the multicharged ion formation by cir- atomic core excitation. The influence of laser pulse duration
cular polarized laser radiation the theoretical models shoul@n the yield of multiply charged ions is discussed in detail.
be used taking into consideration the straightforward action
of the laser field on atoms. Several theoretical models based Il. ADK THEORY
on direct impact of laser radiation on atomic electrons were
proposed(see, e.g., Refd14-23), in which the shake-off
model[16] is the most widely known. The rate of single-electron tunneling with quantum num-
At the same time it is known that creation of singley bersnim is defined by ADK equatiofi24—2§:
charged ions in a laser field by tunneling is described well by
the Ammosov-Delon&rainov (ADK) model [24—26. In (nlm)_\/ﬁhzz 2 (21+1)(1+|m|)!
Ref.[27] the empirical generalization of the ADK equations Wiiin~ = a2mu? 2\m\|m||(| —|ml)!
was proposed by Eichmanet al. to describe creation of € ' '

A. Linearly polarized field

multicharged ions. The existing theory of the atomic tunnel- 2F | 2vImi=32 2F,
= exp — : ey
F 3F
*Electronic address: a-kornev@yandex.ru wherem, is electron massa=#%2/m.e? is Bohr radiusZ is
"Electronic address: tulenko@mail.ru residual ion chargeF is amplitude of light wave electric
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3 In the dipole approximation this field is now determined by

z
(2)  the equation

14

e

a= 5
a2

F(t)=F(ecosot+ ngsinwt). @)
is electric field of the atomic core, is absolute value of the
electron charge, and s effective principal quantum number ~ Heree, , are unit vectors along respective axess +1
defined by the binding energy of the emitted electigy  for the right (left) circular polarization. The electron-field

according to the following formula: interaction may be expressed as
v=(Z%e’/2aE, )" €)) V=erF=erFsindcog ¢p— pot), (8)
ConstantC,, defines the behavior of asymptotic electronwhered, ¢ are the polar and azimuthal angles of the vector
wave function ar —oo. In WKB approximation it is given Then, the unitary transformation of the electron wave
by the following expressioh28]: functions is
1—¢g\ (1202 =exp(—ipwtL,) ¢ 9
CV|:(27TV)_1/2(2/V)V(1+8) (1—82)_V/2. (4) ¢ F( nw z)¢r ( )

where £, is the operator ok projection of the orbital mo-
Here e =(I+1/2)/v corresponds to the eccentricity of the mentum. Transformatio(®) in classical physics corresponds
classical elliptic orbit of the electron. Expressiot) is ob-  to the transition to the coordinate frame rotating aroundzthe
tained fore<1. Fore>1, WKB approximation appears to axis with a frequencyu. This transformation leads to a cor-
be invalid and numerical methods are required to calculatéesponding transformation of the one-electron Hamiltonian,
constantC,, . in accordance with the well-known gquantum mechanics
Q in Eq. (1) is the overlap integral between wave func- €quations:
tions of core electrons and their wave functions in initial

state of the neutral atom or the parental isee Appendix H=expi nwtL,)(Ho+V)exp —inwtLl,) — noL,. 10
B).
The validity of Eq.(1) is restricted to a small value of the . ) ) .
Keldysh parametefl3] The Iast_ term in Eq(lO) is due to the differentiation of
wave function(9) with time, and corresponds to the known
m ITarmor t'heorem gssuming that_ the tr'ansition to the noningr-
y= Tw< 1, (5) tial rotating coordinate system is equivalent to the magnetic-

field inclusion in an inertial coordinate system.

In the absence of the laser field, the one-electron Hamil-
onian Hy commutates withl,. Therefore, it is not trans-
ormed by unitary transformatior9). Calculation of the
transformed expression fof could be easily performed by
F<F,. 6) using the well-known operator relation

where w is the laser field frequency, which corresponds to
the tunneling regime, and by small strength of the externai
field as compared to the atomic field:

— 1
Condition (6) corresponds to the WKB approximation exp(A)exp(B) =expA+B+;[A,B]),

which was used in Ref$§13,24] for the derivation of Eq(1). S . .
Note that for highly excited states, such as Rydberg state%\fl?r'sgéf La;'gé;’\/hen the commutator of operatp/sB] is ¢
characterized by high values of condition(6) may be re- ' ’
placed with a stronger condition due to occurrence of the

above-threshold ionizatiosee Ref[28] for more details V=exF (11)

is time independent.
B. Circularly polarized field Thus, in the rotating coordinate frame the electrical field

The absolute value of electric field is time independent inis directed along the axis, and the electron wave functions
case of circular polarization. Therefore, in RE25] it was  have the definite projection of the angular momentum onto
concluded that in the circularly polarized field the rate ofthe z axis. Therefore, these functions should be expanded
tunneling is the same as in the dc field. This conclusionover other functions, for which the projection of the momen-
however, is not quite Correégl], since the rate of tunne”ng tum onto thex axis is the integral of motion. This expanSion
depends on magnetic quantum number of the tunneling eleds based on Wigner angular matrices:
tron. Then, in the circularly polarized field the projection of
electron angular momentum is conserved only in the direc- ~ [ ~
tion of the light wave propagation, and not in the direction of Prim, = % Din,m,(0:77/2,0) i, (12
the electric field. The latter in this case is time dependent.

Considering this fact, we should define the electrical fieldwhere m,, m, are orbital momentum projections onto re-
of the circularly polarized wave propagating along #exis.  spective axes.
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The energy of stated2) depends on the valuge, due to  defined in the linearly polarized field by the formula
Larmorian term in Eq(10). Since the energy remains un-
changed at tunneling, an electron must have the same value

J3mh MI(21+1)NC3N [ 7z\3N-1
. e . e nlm) _ "2l £
of m, in both initial and final statep44]. Hence, similar to Nlin a2m. 2M-3yM+32 (,,)
Eqg. (12) we have to expand function$mmZ oVer ¢nim . ©
Therefore this problem resembles a process of passing of the N (1+|m;])! 2F | AN -M+172
wave packet through the potential barrigg]. =1 (Jmy[1H)2(1— | mi|)! (?)
The resulting expression connecting the rates of the tun- =1 (gl nr-
neling effect at linear and circular field polarizations is the 2NF,
following: Xex;{ T ) (15
(U0 = (mFof3F) Y2 Dy 0m/2,0) WA Here
; (13 v=(NZ%€2/2aEMV) 12 (16)
m=m,, m'=m,. is the effective principal quantum number for each of the
Formula(13) is identical to the one derived in R¢R25] if tunneling electrons.
D function is replaced by the Kronecker symt#®|,, in the Comparison with formula(3) shows that for the one-
right-hand side of Eq(13). electron tunneling effecy~ (E{}) %2, for N-electron tun-
neling v~ (E\\"/N)~*2. In other words, formula15) as-
Il INELASTIC TUNNELING sumes that all tunneling electrons have equal energies in both

initial and final states.
Index{m} in Eq. (15) means the set of magnetic quantum
numbers of tunneling electroms; ,m,, ... ,my, so that

The ADK model could be easily modified to allow to take
into account the possibility of formation of excited atoms
after tunneling of one of the electrons. Unlike ion formation

in the ground state, a process like this indeed occurs at much N

slower rates. However, with regard to the possibility of sub- M=> Imj|.

sequent electron tunneling, a process like this appears to be =1

important for the reaction as a whdl29]. Similar to inelas- The validity of formula(15) is determined by the inequal-

tic scattering, the problem under consideration may béty (6), in which the parameter is calculated by Eq(16),

termed “inelastic tunneling.” and inequality(5) where the one-electron Keldysh parameter
Let Ay, k=1,2, ..., be the iorexcitation energy. Then, is replaced by théN-electron one:

the rate of tunneling ionization with simultaneous ion exci-

tation into a state is defined by the ADK formulagl) and \/2meEn(’}'5/N

(13), in which W= <L

v—n=[2%2a(En—A01"% Q—Qx, (14) It is obvious, that foN=1 Eg.(15) turns into Eq.(1).

The connection between rates KHelectron tunneling in
linearly and circularly polarized fields is determined by the
formula analogous to Eq13):

whereQ, is the overlap integral of the electron wave func-
tion in the initial states of an atom or of an ion with the wave
function in the ionick state.

In expressior(14), the Carlson formul&30], defining the
one-photon two-electron process, when both electrons are W™ = (7F /3F)Y2 > |D|m1m1(o’77/2’0) .

removed or one of them is removed and another one is ex- my,- My
cited, is generalized over the case of tunneling ionization. | PR,
ForA,<E,, (E, /e is the corresponding ionization potential X Dm&mN(O,Tr/Z,OH Whiin "7 - (17

for an atom or an iop v,=v and both formula(14) and
Carlson formula are proceeded assuming the sudden approxpur model will also be valid for the case witld-electron
mation[33]. This approximation to be used to describe tun-tunneling when the ion remains in an excited state. However,
neling effects(shake-up and shake-off processess first now in Egs.(15) and(17) parametew shall be obtained with
proposed in Ref16], and numerical estimation of the given the following expression instead of E.6):
approximation was made in Rd8] for He atom.
v—1=[NZ%e?2a(E\)— A )12 (18)
IV. MULTIELECTRON TUNNELING

The ADK model could be generalized over the case of V- KINETIC EQUATIONS

nonsequentiaffor one half cycle of the light fieldtunneling The kinetics of multicharged ion formation was consid-
of several equivalent electrofi2g]. If E\V/e,E(?/e, ... are  ered as multichannel multi-cascaded reactions, incorporating
the first, the second, and so on ionization potentials of amoth single-electron and multielectron cascading transitions,

atom or an ion, then nonsequentidlelectron tunneling is and ionization processes accompanied by excitation of
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TABLE I. lonization and excitation energies of At and K** A AP AP AfT AR AST
ions according to the data published by the NIST. o

Energies of ionizatioritalicized)

(AT )n
2

Outer and excitatiofi46] (cm™1) 16
X subshell Ar Kr . ‘ . . B
pb 15, 0.0 0.0 14 145 15 155 16 logyl [Wiem?]
5 2
1 P 2:23/2 114???112:51 15132?01‘;; FIG. 1. Concentration of multiply charged Ar iomgAr*"),
4 a2 : ' defined according to Eq20), up to Af*, as a function of an

2 P 3P2 222848.2 196475.4 intensity of a circularly polarized laser field for a pulse duration of
3P1 1112.175 4548.4 T=50 fs in a spatially uniform laser beam with infinitely large
Po 1570.229 5312.9 focus diametern,y, is the initial concentration of neutral atoms.
'D, 14010.004 14644.3 Solid lines: all channels involved. Dotted lines: the “pure” ADK
s, 33265.724 33079.6 model.

3 p® 4S50 328550.0 298020.0
Dy 21090.4 17036.8 QuantitiesW;,_,; are calculated using Eq15) or (17), and
2Dy 21219.3 18699.9 overlap integrals are derived analytically in Appendixdge
2p,, 34855.5 31055.2 Eq. (B3)].
2p,, 35032.6 33404.9 We would like to emphasize that the use of quantities

4 p2 3p, 481400.0 423400.0 W;,_,; in kinetic equationg19) assumes that the laser pulse
3p, 765.23 3742.86 contains at .Iegst Fhree optical cyclgg]. This condition. is
3p, 2028.80 7595.34 not fully satisfied in the data below for the pulse duration of
1D, 16298.9 19722.93 5 fs in the case of Ti:sapphire lasex 800 nm)_. Obta_lned
15, 37912.0 39203.92 results are Va:|l.d for shorter wavelengths, which satisfy the

5 ol 2P, 606000.0 521800.0 Keldysh condition(5).
*Py 2207.1 8108.0

6 p° s, 734000.0 633100.0 VI. RESULTS AND DISCUSSION

The current section presents results obtained from the in-
atomic and ionic cores. It is essential that the number ofédration of the kinetic equationd9), defining the process

cascading channels of the process dramatically rises asQ.;GTUItiCharged Ar- and Kr-ion formation, up to AT and
function of multiplicity of the output ion. Besides, emitted K~ - The analysis was performed for circularly polarized

electrons may have various values of magnetic quanturh"‘ser field. We deliberately left aside the case of linear polar-
numberm,, which, in turn, results in a further increase of Ization as this type of polarization is likely to be affected by

the number of various ways for the multiple atomic ioniza- € rescattering processes. The envelope of the laser pulse
tion procesg{or, in branching of Cascading Chanr)e|s was assumed to be Gaussian? a . All rates of Cascading
The set of kinetic equations, defining the formation oftransitions were calculated with Eqd5), (17), and(19) at

N-charged ions, in our case looks that in like Ré¢f65,19:  the moment=+T [in Eq.(19) t,= —T] as a function of the
laser intensityl. In our calculations we have taken into ac-

dc, -1 Frot count all valid transitions between ionic states as defined in
o > Wi Co— > Wi Cy, (19  Table I.
f'=0 fr=f+1 In the course of analysis the yield of multiply charged
_ ions of argon as a function of the laser radiation intenisigy
f=0.1,... fror. obtained for a pulse durations of 50 fs and 5 fs, respectively.
Cylty) =1 Cy(ty)=0 Let us introduce the concentration of ioA$™ in all states:
ollo) =1, o) =0U.
. . Ar** Ar* A
Here indicesf, f’ enumerate ionic statejp*(LS)IM), 04 12 VT _———— ] o4
_ ) B i - L —"3p
wheref=0 defines a neutral inert gas atdpP(00)00); f o3 | S R Y s 03B ]
is the total number of all ionic states involvedk, _; is the L I | I 213/2 3P1’
- o , . £ 02— 15| 021 —25, | 021 s
ionic transition rate from staté’ to statef in accordance p B ) I B
with the tunneling mechanism; anglis the moment of laser g %! ) 0.11 7 0.1 n7 o
pulse deliveryC; can be treated as a ratio of theéype-ion 0 : o+—12 0 2
concentratiom; to the initial concentration of neutral atoms 154 1545 155 1575 158 1585 16 1605 161
Niot - log, o/ [W/em?]

FIG. 2. Populations of ground and excited states of ions
Ar2*—Ar**  as a function of the intensity of a circularly polarized
laser field for a pulse duration @=50 fs.

ftOl
Cr=ni/Met,  Nior= on Ng.
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A AP

AP(Ar*HY(n2n g, 1)

14 14.5 15 15.5 16 logol, [Wiem?]

FIG. 3. Spatially averaged integral yield of multiply charged Ar
ions P(Ar**), up to A", in a focused Gaussian beggi), as a
function of the absolute intensitly, of a circularly polarized laser
field for a pulse duration of =50 fs. A is the wavelengtty, is the
radius of the beam waishy, is the initial concentration of neutral
atoms. Solid lines: all channels involved. Dotted lines: the “pure”
ADK model.

n(AX+)=Z n;. (20

The yield curves of multiply charged Ar ions, up to®Ar, as

PHYSICAL REVIEW A 68, 043414 (2003

At Ar”* A
03 : 04 04
- D 'S,
2
& R 03 |32 03 NIB
= 0.2 4 P, N —_—ZBDSQ
"3 1 2 /2
& Bl 02] .. 0, 02{3p
AR T PPN ol D
o .1 .17
= R e
0 ; 0 : 0 0=
155 1555 156 159 1595 16 1625 163 1635

log,od [W/em?]

FIG. 5. Same as Fig. 2 but for a pulse durationlef5 fs.
ro(2)=ro[ 1+ (2/2)*1"?,
In(2)=1lo[1+(2/20)°] "%,

ro is the beam waist radiugg is the intensity of the beam
axis in the waist(the absolute intensiiyz, is the Rayleigh

range given by,= wrgl)\, and\ is the laser wavelength. If
we integrateC:(l) over the beam volume, we will obtain the
following integral spatially averaged ionic yield which is

a function of the laser radiation intensity for a pulse durationmore convenient for comparison with experimental data:
of 50 fs are presented in Fig. 1. We compared two groups of
results obtained in calculations for the yield of multiply
charged Ar ions: first, considering all valid channels, de-
scribed above, and second, considering only sequential
single-electron cascade reactions with inclusion of ionic
ground stategpure ADK mode]. Figure 1 demonstrates that
results obtained for both models differ significantly, espe-
cially for ions AP —Arc*.

The populations of ground and excited states of ions B . :
Ar2* —Ar** are presented in detail in Fig. 2 as a function ofvyhereg—iazo. Letxu+s also introduce the spatially averaged
intensity. Apparently, the population g\f ionic e>:30ited states is{é%l)d P(A™") of A" ions in all states by analogy of Eq.
comparable with the population of Af and AP* ground ' . o
state and is larger than the former for some*‘Arstates. The depe’?denc.e of the mtegral_ lonic y'd""!AT”) on
Therefore, the examination of the obtained curves undoublt—he ab;olute intensit, is prgsented n F'g: 3. Slmllar to F'g.'
edly demonstrates the necessity of taking into account th&’ again the results obtayned by con§|der|_ng all possible
excited states of ionic corémelastic tunnelingin studies of channels are compared with those obtained in the pure ADK
tunneling atomic ionization. mod_el. o .

However, the obtained results are correct only if the lase Figures 46 present results for argon similar to Figs. 1-3

beam is spatially uniform and has an infinitely large focus; ut for a pulse duratio_n Qf 5 fs. The obtained resglts explic-
diameter. Now let us consider a focused beam with th tly demonstrate the distinct dependence of the yield curves

Gaussian intensity distribution over the diameter or multiply charged ion creation on the duration of laser
pulse.

Pf(lo):ntotJ Ce[I(r)]dr

o + |
=gy [z [ e T
A 0 0 |

(22)

2

ri(z)

: (21)

I(r)=|b(z)exp{—

Figure 3 demonstrates that curves taking into account all
possible ionization channels are shifted towards the lower
intensities in comparison with the pure ADK theory. Quali-
tatively these results agree with the experimental data ob-

where

AT AP ArTASTAR A

=
L

AP(Ar*)(n2n 1)

n(Ar Xty
al\-l

145 15 15.5 16 log I [Wien?] 14 14.5 15 15.5 16 logol, [Wiem?]

FIG. 4. Same as Fig. 1 but for a pulse durationTef5 fs. FIG. 6. Same as Fig. 3 but for a pulse duratioriTef5 fs.
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10 Kl'3+ KI'4+
3

035 L—"4g 0.3 ,"‘\ﬁ

03 0.3 S3/2 - ~|
4 2 3

0.2 0.25 Dsp| 02 A

0242
0.15 Q/l/—-é )R>—\
0.1 + 0.1 -

L 2
0.05 ZB’, / ‘ }?

0 T T 0 T 7
1525 153 1535 154 15.5 15.55 15.6 15.65 1575 158 1585 159

log! [Wien]

FIG. 9. Same as Fig. 2 but for Kr ions.

AP(Ar2+*)(n2n 01

energy sharing mechanism to explain experimental data.
However, our results are hardly comparable with those ob-
15 152 154 15.6 158 16 tained in Ref[8] since both are presented numerically and
log,  / [W/em?] correspond to differenti) atoms;(ii) intensities;(iii) polar-
1070 izations. The latter is the most significant.

Guoet al.[35] experimentally investigated tunneling for-
mation of Ar" and AP* ions for the case of circularly po-
larized field of Ti:sapphire laser and pulse duration of 30 fs.
The intensity-selected scannitSS) method[36—39 was
used. In this method created ions are extracted through a
pinhole from a small part of the focal volume lying beside
the focal vicinity, not from the entire focal volume. In this

gcase the number of detected ions cannot be obtained by av-
eraging over the focal volume as is required by E&p). In

FIG. 7. Spatially averaged integral yield of Arions in excited
statesP(Ar2**) in a focused Gaussian bed@1l), as a function of
the absolute intensity, of a circularly polarized laser field for a
pulse duration off =50 fs. All notations are same as in Fig. 3.

tained by Fittinghoffet al. [16] for N&?* in a circularly po-
larized laser field witthh =614 nm.
In Fig. 7 we present as illustration of spatially average
yield for Ar?* ions in excited states. In this case the ground”~' . R
- ; : articular, in the ISS method, ionic yield does not follow the
state 3P, is less populated than the excited std®. This psu;“ug,z drle endence in the rel ioln )(;If saturatdo] Unfovr\i
phenomenon can be explained by the difference in overIaP o depen _ gion :
integrals(B3) as well as by the relatively low excitation en- Unately, there is not a simple relation betwégl) and the
ergy (0.56 e\). number of ions extracted by the ISS method, while an ex-
We also investigated multiple ionization of krypton for @MPle of this relation is presented in RES8].
the pulse duration of 50 fsee Figs. 8—10 Results exhibit +E>_<per|mental curves obtained with the ISS method for
similar characteristics of the phenomena. Note that for mul£\ 1ons are reproduced by the ADK formulas averaged for
tiple ionization of krypton, the populations reach maximathe ISS method only in the region of saturation. At the same

and the spatially averaged yield becomes saturated at lowdfne; far away from saturation, these experimental curves are
laser field intensities in comparison with argon. higher than what the ADK model. Since our results for

Our numerical calculations demonstrate that the contribuSingle-charged ions are close to the ADK theory, the com-
tion of nonsequential multiple ionizatiotNSMI) during a  Parison with the experimental data obtained in ir&§] with
single optical half cycledetermined by Eqs(15) and (17) the ISS rT_]ethod is not posslble at present.. Let us recall that
does not exceed 0.1% in any of the cases that we have coffl€ experimental data obtained by extracting Aons from
sidered. However, for a single optical half cycle, the multipleth® entire focal volume agree with the ADK theory very well
ionization cannot be obtained experimentally. Therefore, théSee: €.g., Ref41)).
final conclusion with regard to contribution of the NSMI can
be made no sooner than the agreement on the term “NSMI” VIl. SUMMARY
is reached between theorists and experimentalists.

Recent paper by Becker and Faig2l presents a theoret-
ical investigation of double ionization of He atoms per-
formed within theS-matrix theory and proposes correlated

The results we have just dicussed show the significance of
the inelastic tunneling effect in formation of multiply
charged ions. It should be of interest to verify the obtained
data in experiment.

K K Ke RS ke

- 4

3 g

& B VAW AR =
2 ik %

¥ 2
~

14 14.5 15 15.5 16 logo/ [W/em?] 14 14.5 15 15.5 logyod [W/em?]
FIG. 8. Same as Fig. 1 but for Kr ions. FIG. 10. Same as Fig. 3 but for Kr ions.
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Experimental observation of multiply charged ions in ex- Dy (€1,65,63,L9)
cited states should also be interesting since it may clarify the ’
significance of inelastic tunneling. Such an experiment can

T IM
be performed, for instance, using the probe radiation method = Z MEM E (pA(L'S )p|p3LS>CLMJLSMS
L's’ M Mg allmu

[42].
The large contribution of inelastic tunneling to the multi- X C-'ML oS'My LM, SMg
electron Ar and Kr ionization is due to low excitation energy Imydmy =120 1/2p, LM Img TS Mg 120
(Ay=4 eV) of their ions. The influence of inelastic tunnel- 3
ing is decreased with the ion excitation energy, as it takes % H Rap(Tq)Y1m (Fq)X,L (o) (A4)

place for He A\ ~40 eV). In this case other many-particle

effects(e.g., the correlated energy sharing mechanism from

Ref. [8]) may be of greater significance. where(p?(L'S")p|p3LS) is the coefficient of fractional par-
entage[43]. Here, the allowed levels are
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APPENDIX A: ATOMIC AND IONIC WAVE FUNCTIONS _ 2 2 <p2(L"S")p|p3L'S’)
Considering the ionization of inert gas atoms wittp& L's’ L"s" M Ms alimp

outer shell, we should take into consideration that for all of 3 , 4 M, L'Mr ~S'Mgr
these atoms and their ions, up to five fold charged ones, the X(P(L'SHPIPLS)CLy 5w Cim, im,Crrzusiron,
LS coupling occurs. Let, be theq's electron radius vector; e Mo " o
£q=(rqo) the set of its spatial and spin coordinatésM XClut o Cam® vou Cliv am Canmono

; ; ; Lr+M3 s 3 L'+My s/ ety
the total momentum of an atom or an ion and the projection
onto the allocated direction, respectivély this case along 4 R
the direction of the electrical field of the light wavés= L Xqu Rnp(rq)Ylmq(rq)Xﬂq(aq), (A5)

+S, whereL, S are total orbital momentum and spin

The wave function of five fold charged ion in tipé state
is and the same levels are allowed, E43).

For thep® state

JM -
CDJMJ(f;L:l'S:l/Z):Rnp(r); Clmi/Z,qum(r)X#(o-)' Dy (61,62.63.64,85;L9)
“w
(A1)
HereR,, is the radial wave functiom is the principal quan- L’s” L"s" L"s” MLMs almu
tum number,y is the spin function, and the other designa- X(p3(L"S")p|p*L’S ){p*(L'S")p|p°LS)
tions are standard.
2 IMy LMy m ~S"Mgn  ~L"M»
For thep” state ><CLMLSMSC1mlm2 1204 1120, LM wlms
S"Mgr L'M S'Mg LM
JM LM S L S L
Dy (£1,62,L9)= > > X CLMJSM Cimim XCS”’MSHJ/ZM?’CL”MLnlm4CS/'MSn1/2y,4CL’ML,1m5
M Mg mymy pqpp S 172
2 SM
SM ><C s R Y r T
X C oy vi2u, H Rip(rq)Yam,(r o) M Lousq H nelTa) Yam q)X“ (9.
(AB)
XX,U,q(O-q)a (AZ)

Similar to thep? state, here the allowed levels are
here, as known, allowed levels are

11) (31
(ILS={000,,{220,,{01},{111},{21L}.  (A3) ILSH= (2 2] (Elil' (A7)
For thep? state Eventually, for the completely filleg® subshell,
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Do é1,65,85,64,E5,&6:00) II(Expkression(BZ) is an expansion of initial_ ionic state
o (€W|pkIM(L;S)) over a basis of final states
3 (—1)TsT e~ Mo ko (£6=N|pk=NJM(L{Sf)) combined with angular wave

e e almu \J(2L7+1)(2S' +1) functions of emitted electrons. Its coefficients

L's" L . M (L: .
2Ly 3L 1Sy (LS ars QET:N#‘ifo(Lr;zfl;'M'("'S‘)] turn out to be the desired overlap
>< " " I U n ! ’ S S . .
(p*( plp AH plp ) integrals. They are expressed in terms of the coefficient of
401 1 5 LMy ~S"Mgr LM fractional parentage and the Clebsch-Gordan coefficients:
xX(p*(L"S)p|p LY2)C 1m,Clizu, 112, LM nimg
S'"Mgr L'M/ S'Mg L'My» [KN;J¢M (LSe),d: M (LiS)]
XCS”’MS:,,l/2iL3CL”MLnlm4CS”MSul/2,u4 1mglmg lele! : -f- v”fif#Nl e
6
S'Mg - — k—N+1
XCllzﬂsllz,ueql;Il Rnp(Tq) Y1m (Tg) X (07q)- (A8) L ..Z.,LN,l 5. __E”SN% (p (Ln-1Sy-1)P|
. k—=N+2 k-1
We are taking into account thép®(1,1/2)p|p®00)=1. X[p (Ln-2Sn-2)) - - (P H(L1Sy)P|
) <oKL JiM¢ JiM;
APPENDIX B: OVERLAP INTEGRALS p (L|Si)>MLZMS M%Sf LMy SiMg CLM, SMg
The many-particle structure of atomic or ionic wave func-
tions is revealed in rates for tunneling through overlap inte- LiMy, LM
X 2 2 C i 1 e
gralsQ. atm M, T M LM Imy LM 1m,
Let us introduce the notationc®|pkIM(LS)) for the
state of an atonfor an ion with k outer equivalenp elec- Ln_iM SMs
. . . . . X N-1
trons with total momentund, its projectionM, and interme- LML My 4T Mg, M S Mg 1/2uy
diate orbital and spin momenta and S, respectively. The ! N
designatiore is used for the set of all spin-spatial variables: w c5Ms, Con-iMsy (B3)

SMg L2u, T SyMg L2uy
EW=r 005 .. 10y

For a givenk, these states are orthogonal and normalized to - gy antities(B3) have the following properties.
the unity: (1) According to the Pauli principle, after permutation of

(ka’M ’(L’S’)|p"JM(LS)>= 83130 v SLL O s any pairs of indicesnu,
(B1)

To obtain angular overlap integra3 for an N-electron
tunneling transition from the initial statép*J;M;(L;S;))
with k electrons to the final staf@* NJ;M(LS;)) with k — — QUKNIM(L1S0) JiMi(LiS)] . (B4
—N electrons we neglect the variation of the wave functions NN
of the completely filled internal shel[€l5].

~ Now, expressiongA1)—(A8) should be combined into a (2 The following summation rule is satisfied due to the
single expression suitable for arbitrakyand N: orthogonality conditior(B1):

(£W]p*IM;(L;iS))

[kN; I¢M¢(LSp), M (LiS)12
_ (k=N)[ gk=N3 M (L > > 1°=1. (B5)
Jfl\%_fsf a%ﬁ <§ |p ‘]f f( fo)> JfoLfo all mu Mmypq, ... UUNTAN]
N
KN; J¢M ¢(LSp), M (LiS; - . .
XQEnwlf, . .f.(,rLNf;)LN' (L] Hl Y1m,(Fa)Xug(Tq)- Sets of quantitie$B3) may be tabulated with any com-
a= puter algebra system. Properti@?) and (B5) may be used
(B2)  to verify results.
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