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Close-coupling sanations for transition amplitudes are used for investization of the
ionization of hydrogen-like atom by intense monochromatic laser field, The
orthogonal and normalized basis in which the solutfon of the time dependent
eguation is expanded contains unperturbed wave functions of the discrete spectrum
and generalized Coulomb wave functions of the continuam. For the investigation of
the close-coupling equations the fact, that bound-free and fres-free transitions are
efficient in different regions of complex time plain, s used, Simplified equations are
constructed. The equations for bound-free transitions are reduced {0 the ordinary
differential equations. The squations for free-free transitions are solved by
quadratures. Results are obtained for fonization of a hyvdrogen atem from ity ground
state in steong and superstrong linearly polarized fields. Energy distributions and
angular momentum distributions of electrons are also presented. It is show that in
this case the ground staie decays completely, and free-lree transitions play a
defining role in the dynamics of the process. The electron trapsitions from the
continuum into the highest Rydberg states are also considersd. The total population
of all the Rydberg states is found 1o be less than 3%. The range of applicability of
the approach is discussed. A comparison with numerical results obtained by other

authors is given.
Introduction

Modern progress in the theory of non-
linear ionization of atoms by intense laser
fields is based on the Keldysh-Faisal-Reiss
approach [1-3], its analytic developments
with including classical and semiclassical
models [4], and on the non-perturbative ap-
proaches [5-6]. In all the theories above, the
influence of quantum free-free transitions in
continuum to the ionization process has been
not investigated specially. Of course, this
influence accounis in the resueits obtained
with the help of the B-spline basis [5] and R-
mairix [6] calculations. Here the process of
ionization of hydrogen-fike atomic systems
by strong and superstrong meonochromatic
fields i1s studied with the help of close-
coupling equations [8] including both bound-
free and free-free transitions. It is shown that
the complete decay of the initial atomic state
oceurs due to electron redistributions in con-
tinuum, Electron transitions from the conlin-
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uumn into the denumerable set of the highest
Rydberg states is also considered.

Basic equations

We consider ionization of the I atoms
and H-like ions by a spatially homogeneous,
linearly polarized, monochromatic electric
field. The non-stationary Schroedinger
equation
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subjects to the usual initial condition, Here Z
is the nuclear charge, I and @ are the field
strength and circular frequency, respectively
(taken in atomic umits). The close-coupling
equations for transition amplitudes are ob-
tained with the help of the orthogonal and
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normalized basis described earlier [7]. The
complete set consist of the unperturbed
wavefunctions of the discrete states and the
generalized Coulomb waves with incoming
wave asvmplofics,
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It should be noted that the momentum,
added in this wavefunction describes an  ad-
ditional momentum acquired by the detached
electron in the field. This orthogonal set re-
sults in Hermitian system of coupled equa-
tions. Before discussing methods of solving
this svstem of equations for the amplitudes
one should indicate the main assumptions
adopted in this work. First of all only transi-
tions between the initial 1s-state and all con-
tinuum  states  (bound-free coupling} and
transitions inside continuum states (free-free
coupling) are taken into account. The denu-
merable set of the highest Rydberg states is
considered as a part of continuum, and for
this states only interaction with continuum is
considered. So the set of close-coupling
equations [7] is reduced to the system:
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idy (1) = A1) [Uy (Da, (1)K,

ay(ty=la, (=0,

where the matrix elements are infegrals over
r-space taken with V -operator.

The Hermitian system (5) of the CC
equations for the transition amplitudes g; and
ay is investigated and solved [8] under the
condition FY{Zm)=1.

Physical model and simplified equations

The further analysis is connected to the
selection rules in the p(f)-representation.
For ionization from the ground state (/=0
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m=0) by linearly polarized field, the states
with m=( are populated only. Bound-free
coupling results in population of the contin-
uum states with /=1, All the states with /=1
are populated due to free-free coupling. The
bound-free transitions are the most effective
in the regions of {r. k)-space where the en-
ergy level of the ground state promotes to
continum. The set of the stationary-phase
points. #] =t (kF »,Z), follows from the

analytic properties of bound-free matrix cle-
ments and is given by

P+ 2Ey| =0, (6)

Eﬂg_z"z, J=0,12,...N.

In the closest vicinity of any ¢ -point,
bound-free coupling populates the states with
=1 {in the p{f)-space) and the free-free tran-
sitions are less important. Between the ;-

and the ¢/*'- point, probabilities of the free-
free transitions predominate. In the real f-axis,
we introduce the two sets of distinct intervals.
The first one, Ret] —Af <t <Rer] + A1, re-
presents the regtons of bound-free transitions.
The second set, Res! + Ar < < Retf™ ~ At

corresponds fo the regions of free-free tran-
sitions leading to electron redistributions
among the continuum states with /s 1. The

neighboring points, ¢ and #, are sepa-
rated in the f-axis with the halfperiod of the

: 1/ =& o
monochromatic field, /2 4} Thus, the
system of close-coupling equations is split-
ted into the two distinct systems valid in dis-
linet intervals,

id, = AOU3ay, i, = AWD [Ugadk (7)
in the regions of bound-free coupling and
i, = A() [U, a,.dk’ (8)

in the regions of free-free coupling.

Initial conditions in any interval result
from the final values in the previous one.
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Solution of the simplified equations

Further mathematical analysis of the sim-
plified systems (7) and (8) is published in
[8]. The system (7) may be reduced to two
ordinary differential equations with the help
of substitutions

a, (t) = ¢, (b(r),
flae @) ax = p@)”
fch{rjiza’k =1.

(am

Here the form of ¢, coefficients depends
on the analytic properties of the matrix ele-
ments, U, (£}, in the vicinities of ¢; -points.

The free-free transitions (8) are investi-
gated in strong and superstrong fields when
p=A (see (2)) and Epz _F'2| << p*. In this
case, the matrix elements, U, ,.(r}, can be
taken in the asymptotic form which depends
on the difference of | pt~ p”junl}r. So after

expanding over eigenvalues of the angular
momentum [/ and transformation of inde-
pendent value to the energy F = pii2 can
be written in the form:

idg=3 W, (E-E'1) ap, -dE"
" _E,
s W (E-Ef)=W (E' -E,1). (11)
[t was found that such a system is solv-
able in terms of the matrix generating func-
tion, and solution can be written in the form
of matrix exponent with one dimension inte-
gral as a variable.

Resuits and discussion

Some results are presented for ionization of
H - atom (Z=1) from the ground state. First
of all one should note, that the bound-free
coupling by itself does not lead to complete
ionization (Fig. 1) at any values of the field
strength.

The free-free transitions depopulate the
continuum states with /=1 that provides more
effective decay of the ls-state (Fig.2). Even
medium values of the field strength, less than
the atomic one, lead to almost complete de-
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cay of the initial state during a few periods
of field oscillations. With the field intensity
increasing, the ionization probability tends to
unity. These results are found in good
agreement with those of Cormier and Lam-
bropoulos [5] at values of F/ew>1.
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Fig, 1. Populations of the H(1s) — state against
time resulting from bound-free coupling only,
F=03au,0=01
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Fig. 2. Population of the H(1s) — state against
time. Both bound-free and free-fiee coupling
are included; w = 0.1: 1, F=0.1 au.; 2, F=0.4,
aun; 3 F=06au

For weak fields or, more exactly, for
values of F/@w<<1, our approach should be
properly modified.

The energy spectrum of photoelectrons
is given in Fig. 3. The total probability of
transitions into the highest Rydberg states is
less than 0.03 in the intense fields (Fig. 4).
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Fig, 3. lonization probability of the H(1s) — state s “; R;'- ] k“f? d‘;ﬂ o) 100 120
- : i ; 2 a5 fig. 4. Ratios, R, of Rydberg states populations
vorsus teld Inensitys msa=ly ) ) el to papulations of all continuum states versus the

and =2 V. Solid curve represents the results of
present work and quadrates are taken from ref, [9].
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PiBHAHHA CHABHOID 3B'A3IKY AT SMIRITYA NEPEXOOE BUKOPHCTAHD A MOCTIHEHHS
ioHizauil BoAHEBONOLITHIT ATOMIE IHTEHCHEHIM MOHUXPOMAETHHHMM NA3ePHIM [01EM,
OproroHailbHi HODMANIIORAHKA GasHe, B AKOMY DPO3B'WIOK JANEHHOTO Bil Hacy
PIBHANHA € POMLMPEHHM, MICTHTL HE3OYpeHi XBHIBoB] QyHENT OHCKPETHOD CNEKTRY
T4 ¥3aransHeri Ky IoHiechyl ¥euneoRl @yHKI KoRTHHYYMY. TIpH focrimsenH] piaHaHL
CRABHOTO 3H'A3KY BHEODHCTAHO Toi aKT, Mo 38'S38H0-BisH T BINEHO-BLNBRI nepe-
XxoIH € ederTuBHAMH ¥y plHsx ofnacTax zoMinewxcHol mnouwmaw uacy, Chopnry-
NBOBAHO CIPOWEH] pisHAHHA, & piBHAHHA UG 35'A3aHO-BIhHUN npexodls 3BedeHo ao
IppuAfHN  awjepeHfianbHix  pigHAHL, PiBHAHHA 104 BIIEHO-BUTBHHX Depexomnis
POSBASYHOTECH 3 BHEORHCTANHAM KRampaTyp. OTpHMaHO pesyALTATH 3 jonilanil aToma
BOMHIO 3 OCHOBHOTO CTAHY ¥ CHIBHOMY T8 HANCHABHOMY NiHIAHO NONAPHIUBAHOMY
nonAx, [IpefcTARASHO TAKOW EHEPTETHIH] POINONITE eNeKTPOHIE Ta TX pOINONIAA 33
KyTOBHMH momerTamy. [Toxasasno, wo v UBOMY BHOAMKY OCHOBHHA CTaM NORHICTIO
poamanacTicd, a BlbHO-BUNEHI [EpPEXONM TPAOTE BIEHAYANBHY poie Y IMHawvin
mpouecy. BpaxosaHo TAROW ENEKTPOHHI TEPEXORM 3 KOHTHHYVMY Ha BHI
piabeprigchki cTamy, IHARASHO, WO 3ATAMLHS 3aceMenns Beix pinfeprincexux cranis €
memmed  Bin 3%, ObrosopioeThed ofimacts sacrocopHoct ninxony. Hasepcuo
NOPIBHAHNA 3 YHCENEHMMIN PETyIETATAMH, OTPEMAHIMY THILME aBTOPEMH.
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