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STUDY OF ATOMIC SYSTEMS IN STRONG LASER FIELDS: SPECTRAL HIERARCHY,
DYNAMICAL STABILIZATION AND GENERATION OF ULTRA-SHORT VUV
AND X-RAY PULSES

A. V. Glushkov, 1. M. Shpinareva, V. M. Ignatenko and V. I. Gura

A new method for sensing a spectral hierarchy and dynamical stabilisation in atomic systems
in the intense laser field is presented.It is carried out modeling generation of the atto-second
VUYV and X-ray pulses under ionization of atomic systems by femto-second optical pulse. The
theory of studied phenomena is the physical basis for construction of the new nano-atomic ele-
ments and devices, including sensors, sources of VUV and X-ray radiation, quantum Carnot
engine, single-atomic lasers, quantum computers elements etc.
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AHoTanis

BUBYEHHA ATOMHUX CUCTEM Y IHTEHCUBHOMY I10JI1 IABEPHOI'O
BUITPOMIHIOBAHHSI: CIIEKTPAJIBHA IEPAPXIS, IJMHAMIYHA CTABLII3ALIS
TATEHEPALIA YIBTPAKOPOTKHUX IMITVJIbCIB BY ®
TA PEHTTEHIBCBKOI'O JAIAITA30HIB

O. B. I'nywixos, I. M. IlIninapesa, B. M. Iecnamenxo, B. I. I'ypa

Po3BuHYTO HOBHI METO/I IeTEKTYyBaHHS €(DeKTiB CIEKTPaJIbHOI iepapXii i fmHAMIYHOI cTaOiTi-
3aIlil B AaTOMHHUX CUCTeMaX y CUJILHOMY I10JIi JIa3¢pPHOTO BUIIPOMIHIOBaHHS. BUKOHAHO MOJIEITIO-
BaHHS IeHepallil aTTOCEKYHIHUX IMIyJIbCciB BY® a peHTreHIBChKOro iana3oHy IpU 10HI3amil
BTOMHHMX CUCTEM (DEMTOCEKYH/THIUM ONTUYHUM IMITYJIbCOM. Teopis IIyKaHUX SIBUI MOXKE CITYKH-
TH (PI3MIHOIO OCHOBOIO JIJIs1 TOOYAyBaHHS HOBUX HAHO-aTOMHUX €JIEMEHTIB, TPUJIAIIB Ta TEXHO-
JIOTiH (ceHcopH, mxeperra BY® ta peHTreHIBChbKOT'0 BUIIPOMIHIOBAHHS, KBaHTOBI Mamuau Kap-
HO, OJTHOATOMHI JIa3epH, eJIEMEHTU KBAHTOBUX KOMIT IOTEPIB TOIIIO).

Ku11040Bi c;10Ba: 1eTeKTYBaHHSI, ATOMHA CUCTEMa, T10JIE JIA36PHOTO BUIIPOMIHIOBAHHSI, CIICKT-
panbHa iepapxis, ctabimizanis, artocekyHaHl BY® Ta peHTreHiBChKi IMITyIbCH
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AHHOTAILUA

MN3YYEHUE ATOMHBIX CUCTEM B MHTEHCHUBHOM ITOJIE JIASEPHOI'O U3JIYUYEHUNA:
CITEKTPAJIBHASI NEPAPXUS, INMHAMMWYECKAS CTABUJIN3ALNA U TEHEPALIN
YJIBTPAKOPOTKMNX UMITYJIBCOB BY® 1 PEHTTEHOBCKOI'O JAUIIA3OHOB

A. B. I'nywxos, U. M. IlInunapesa, B. M. Henamenko, B. U. I'ypa

Pa3BuT HOBBIN METO AETEKTUPOBAHUS 2(PPEKTOB CIEKTPATBHON HEPAPXUU U TUHAMUIECKOM
cTabWIN3alMK B aTOMHBIX CUCTEMAaX B CUJIBHOM I10JI€ JIA3€PHOr0 U31yueHus. Teopus HICKOMBIX
SIBJICHUI MOYKET CITY)KUTb (PU3MUECKON OCHOBOM JIJTsI CO3/TaHUSI HOBBIX HAHO-aTOMHBIX 9JIEMEHTOB
1 pubOPoB (CEHCOPhI, UCTOUHUKH BY® 1 peHTreHOBCKOTO U3NTyUYE€HMs, KBAHTOBbIE MAIIMHBI
Kapno, ogHoatomHblIe j1a3epbl, 3J1eMEHThI KBAHTOBBIX KOMIIBIOTEPOB U T.J1.).

KiroueBble ciioBa: ACTCKTUPOBAHHEC, aTOMHAA CUCTEMA, IIOJIC JTIa3€PHOTI'0 U3JTYUCHUS, CIICKT-
pajJibHas uepapxus, CTa6I/IJ'II/ISaI_II/I$I, ATTOCCKYHIHBIC BYD u PCHTICHOBCKHUE NMITYJIbChBI

1. Introduction

In last years the phenomena of dynamical chaos
and dynamical stabilization attract a great interest as
a manifestation of this effect in photo-optical sys-
tems may in a significant degree change a functional
regime (e.g.[1-7]). Cited effect is usually observed
in the physical systems and related to a type of non-
linear effects. As a rule, dynamical chaos is mani-
fested in the quantum systems, which are not linear
in a classic limit. Above especially effective mani-
festations of this effect in the quantum systems one
could mention systems which interact with external,
time dependent, for example laser, field. It has been
discovered that dynamics of atomic and molecular,
cluster and nano-optical systems in a laser field has
features of the random, stochastic kind and its reali-
zation does not require the specific conditions. The
importance of studying a phenomenon of stochastic-
ity or quantum chaos in dynamical systems in laser
field is provided by a whole number of technical ap-
plications, including a necessity of understanding
chaotic features in a work of different electronic de-
vices and systems. The important topic of the laser-
atomic dynamics and hierarchy systems physics is
connected with governing and control of quantum
chaotic diffusion and stabilisation effects in atomic
systems in the intense laser field (especially impor-
tant case is atoms in electromagnetic traps and heat
bath) [1-20]. The principal aim of coherent control is
to steer a quantum system towards a desired final
state through interaction with light while simultane-
ously inhibiting paths leading to undesirable out-
comes. Controlling mechanisms have been proposed
and demonstrated for atomic and solid-state sys-
tems. Gibson performs calculations for three-level
systems and 1D model of a two-electron molecule
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(e.g.[2-5]. Transitions to excited state occur via a 12-
photon interaction for an 800 nm intense pulse of
length 244 au, or just over 2 cycles. The stabilization
dynamics of model He beyond the dipole approxi-
mation and with two active electrons was is investi-
gated [6] in the presence of a high-intensity and
high-frequency laser pulse. We show that the mag-
netic-field component of the laser pulse and the elec-
tron—electron interaction jointly suppress the dichot-
omy of the wavefunctions as well as the atomic sta-
bilization. There may exist a laser frequency and in-
tensity regime in which the total ionization yield de-
creases with increasing laser amplitude. In the near
future, free electron lasers will further deliver laser
pulses of such high frequencies and intensities to
meet the conditions needed for the stabilization of
atomic systems more easily. Along with those tech-
nological developments, a wide range of theoretical
methods including analytical model calculations,
Monte Carlo simulations and numerical calculations
have been applied to the ionization of hydrogen-like
atoms. Further progress was achieved concerning
the ionization and stabilization of atoms with two
active electrons. In this paper an effective approach
to adequate treating and sensing a spectral hierarchy
and dynamical stabilisation in atomic systems in the
intense laser field is considered and based on non-
relativistic and relativistic time-dependent complex
rotation method (for atomic systems) and non-Her-
mitian Floquet formalism (for molecular systems). It
is carried out modeling generation of the atto-second
VUV and X-ray pulses under ionization of atomic
systems by femto-second optical pulse. Presented
theory of studied phenomena is the physical basis for
construction of the new nano-atomic elements, sen-
sors and devices.
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2. Time dependent complex rotation method
and non-Hermitian Floquet formalism

The main idea of the complex rotation coordi-
nates method which is earlier successfully used in
solution of the quasi stationary states in static filed
problems (e.g.[12,14,15]) is connected with trans-
formation of coordinates: »'=arexp(i¢) in Hamil-
ton operator of a system. Their eigen-values are cor-
responding to the quasi stationary states, remain un-
changed; the eigen functions are transited to a space
of quadratically integrated functions. As result, a
problem of defining energies is led to a search of ei-
gen-values of non-hermit matrice. Let us consider
two-electron atom. in an external elec-tromagnetic
field: F(t)=F,(t)cos(wt) (F, is amplitude; for cir-
cularly polarized wave F(t)=F,{coswt,sinwt,0} .
Within the quasi stationary states problem solution,
the equation on quasi stationary states for atom in a
field of circularly polarized wave in the system, ro-
tating with the field frequency, is as follows: (the
atomic units are used: e=h=m=1; 1
a.u.energy=27,212 eV; la.u.length=0,529A etc.):

(~1/2-V =" +V.(r)+ oL, +
FE X)W, (r) = E¥ () )

Here o is the field frequaency; L_is z-th compo-
nent of the full pulse moment; V (r) is the model po-
tential, which describes an interaction of electron
with field of others. After the complex coordinates
transformation the Eq. (1) is rewritten as follows:

(=1/2-V?e? —r e +V.(r)e ™ + oL, +
YW, (re?) = (E— B, (re?) )

Here E’ =—1/2(n—38)’ is the non-perturbed en-
ergy value; 0 is a quantum defect. The quadratic in-
tegrality of the quasi-stationary state functions is
provided under values of the angle for complex rota-
tion of coordinates ¢, and cited values are deter-
mined by the following inequalities:

|arg[—(E + Na))]”2 <p<
<m/2-arg{-[E+(N -Dw]}">

Here N- is the threshold number of photons need-
ed for ionization. Under choice of the finite basis for
diagonalization of (2) the complex eigen-values are
dependent upon the angle ¢ as a parameter. Standard
approach is in a choice of the definitive exactness of
calculation and in further the basis size is chosen in
such a way that their variations do not change the
exactness of calculation. In our opinion, the most ef-

fective procedure is an use of the optimal basis of the
operator perturbation theory in the Stark problem for
the non hydrogen atom [17] with application the
well known Hellman potential as the potential V' (7).
In further a problem is resulted in stationary task on
the eigen-values and eigen-vectors for the
matrice A4:

Ab=(E’—E,)b (3)

A , <nlm|ny, >x

nim,n lymy :51,1] am,
H(m + 1 +1)/V - exp(=2ip) — exp(~i)] +
8, (EC=1/2v* + om)} + 4)
+F, exp(—i¢) < nlm | x |”11,ml >

Here |n/m> is a radial part of the basis functions.
A full diagonalization of the matrice (4) is quite
complicated task. As usually, it is possible to make a
search for one eigen-value, which is transited to the
state £” under switching on a field. A solution of
determining the maximal eigen-value and the corre-
sponding eigen-vector is realized by usual iterative
methods (cm.[12,15,21]). Relativistic version of this
method operates with the Dirack hamiltonian for
atomic system. Under the complex transformation of
the spatial variables: :r'=arexp(ip) the Dirac
hamiltonian is as follows:

H(o)=[op-0Z/r+V (1)]exp(-i¢)+
+B-(o)"*Fzexp(-ip) (5)

where o is the fine structure constant, V_is the
screening potential, other symbols are standard. To
diagonalize the complex rotated Hamiltonian (5),
one should chose a proper basis. Alternative ver-
sions are presented in refs.[12,14]. In the time de-
pendent formalism, one should solve the corre-
sponding time dependent Dirak (SchrOdinger) equa-
tion of the following type:
iaa—\f =[H (e’r)+ Fsinwte' z]¥ (6)
The wave function of atomic (or molecular sys-
tem) in the external field is represented as expansion
on the basis of the corresponding wave functions for
stationary states (F=0). Substitution of such expan-
sion to the master equation (6) allows to get the sys-
tem of diffrential equations, which can be solved by
the Runge-Cutt method .
Using considered methods for molecular sys-
tems, in particular, diatomics, requires the solution
of two centre problem of quantum mechanics at the
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first step. Because of the axe symmetry of task, it is
natural to use the prolate spheroidal co-ordinates.
Stationary problem is reduced to solving the master
differential equations system, which has the follow-
ing form (e.g.[21,22]):

{d/dn (W -1) d/du— [N +m?/(W-1) +
+ M2c2—|— Rabg(l'l)/2}Tnlm = 0

(7
rd/dn (-n? +1)d/an +
+ [)\‘ml +n2c2m2(1_n2)]} Slm:0 4 {dZ/d(pZ +m2}2n1:0

where the model ion-electron potential ®(u,n )=
-2a exp[-OR W [//[ R, (W —M?)] =g )/ (W —n?)
for multielectron diatomics and exp/.../=1 for the
ion of H," [23,24]. Wave function can be represented
as follows: ¥ =7 @S, M) Z (¢). One- electron
energy E=-2¢?/Rab’ is dependent upon the ground
quantum number and also the symmetry of quantum
numbers /, m; A is a coupling constant. Usual mo-
lecular orbitals (MO) correspond to the orbitals-so-
lutions (MOS) of (11) as follows: (MO)-
(MOS)=1 6,-1s0; 16, -2pG; 26,-250, 26, -3pG, 3G,
-3do; Im,-2pm; IT -3dm; 36,-4pG. A new, more ef-
fective method of the eigen-values definition and
functions problem solution, which is based on the
operator perturbation theory and Runge-Cutt inte-
gration procedure, was proposed in [21,22]. This ba-
sis is further used in the time-dependent problem.
Next action includes the following steps: i). general-
ized complex scaling pseudospectral discretization
of wave function and hamiltonian in the prolate
spheroidal coordinates (methodics [13]); ii). con-
struction and diagonalization of time evolution oper-
ator for one optical cycle, which yields the complex
quasienergy eigenvalues and Floquet eigenstates
(e.g.[13]); iii). time propagation of the selected Flo-
quet states and evaluation of the time-dependent ex-
pectation values of dipole moment, momentum with
further Fourier analysis of the above cited quantities
to produce the harmonic generation rates [25].

3. Results and discussion

Let us start from comsidering stabilization of he-
lium (study of the 2D two-electron atom) in intense
high-frequency laser pulses. For the numerical inte-
grations, we have chosen grids with equidistant
spacing of 0.2 au and total sizes ranging between
409.6 and 512.0 au in each spatial dimension; these
parameters have been chosen to ensure that the
wavepackets can evolve without boundary problems
in position space while their maximal momenta are

32

resolved. In figure 1 the ionization probability of the
outer electron in dependence of the peak laser elec-
tric-field amplitude is depicted, where laser pulses
of four optical cycles linear turn-on and four cycles
constant intensity of frequency w=1a.u. have been
employed. The results from ref.[6] are denoted by
squares and three-angles. Our results are denoted by
solid lines. Using more correct numerical procedure
in comparison with [6] provides more accuracy of
our data. One can observe in figure 1 the typical fea-
tures of stabilization: after a rise in ionization proba-
bility with increasing laser peak intensity, ionization
is suppressed for a certain intensity regime; after this
region of stabilization, the ionization probability ris-
es again with increasing intensity, as expected due to
the Lorentz force. At high laser intensities with elec-
tron—electron repulsion, the probability for ioniza-
tion is higher for the outer electron, while at a laser
electric field around E_=5,3au a substantially larger
fraction of the inner electron wavefunction ionizes.
The largest degree of stabilization is not at the same
intensity for both electrons;theouter electron stabi-
lizes best at E_ =8 au,the inner at E =10 au maximal
electric-field strength. The general behaviour was
explained in ref. [6] and connected with the stronger
interaction between the inner electron and nucleus.
Regarding the role of ionic core, tight binding to the
nucleus disturbs the regular motion of the electrons
in the laser field. Thus higher laser intensities are
necessary for optimal stabilization for the inner elec-
tron compared to outer one.

40 T T T T T T T

30—

20

¢ - -&--- Withrepulsion 1 —

Tonization Probability [%o]

= - - m - - - Without repulsion 2 4

0 = 1 I 1 I 1 I 1
0 4 8 12 16

Ela.u.]

Figure 1. Ionization probability of the outer electron as a
function of the maximal electric-field strength E,
(o =1 au), depending on whether the electron—electron
repulsion has been taken into account or neglected.(data
from ref.[6] are denoted by squares and triangles; our
data-by solid lines).

Furthermore, stabilization breaks down at higher
intensities for the inner electron due to the stronger
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binding by the nucleus. Presence of electron repul-
sion is crucial because it effectively enhances the
binding of the inner electron and weakens it due to
shielding for the outer electron. The relative ioniza-
tion rates are virtually the same for both electrons,
showing max for ionization at E  =4,4 au and min at
~E =8,5au peak electric field strength. The overall
ionization probability here is lower than when the
interaction between the electrons is taken into ac-
count, which is most pronounced in the intensity re-
gime where stabilization emerges (see figure). So,

N
[\

the repulsion between electrons in a 2D two-electron
atom reduces stabilization jointly with the magneti-
cally induced Lorentz force. In result the data from
[6] indicate on increasing effect in the overall ioni-
zation probability. From this point of view, our re-
sults look more physically reasonable.

In figure 2 we present calculated multi-photon
ionization rates of H,"in the upper (a) and lower (b)
Floquet states vs the internuclear distance R. The
wavelength of the laser field is 532nm and the laser
intensity is 5-10" W/cm?.
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Figure 2. Multi-photon ionization rates of H,"in the upper (A) and lower (B) Floquet states vs R.

In qualitative relation the obtained data are corre-
sponding to results of the sophisticated calculation
by Telnov-Chu [13]. When going from smaller to
higher internuclear distances and approaching the
correspnding threshold, a series of resonances with
the excited states of H," is encountered which causes
a significant enhancement in the ionization process.
A resonances series is clearly seen atound 6,5 a.u.
Another large resonance series is spread from 10 to
18a.u. Analogous resonances in the ionization rate
as a function of R were revealed in the previous Flo-
quet calculaiton by Madsen, Plummer, McCann
(e.g.[13]) at shorter wavelengths 212 and 248 nm.

Further we present the results of our modelling
the generation of the atto-second VUV and X-ray
pulses under ionization of molecular system 2D H,"
by femto-second optical pulse. Figure 3 presentes
the spectra of molecular response for different inter-
nuclear distances 2.5, 3.5, 7.4, 16a.u. with smoothed
Coulomb potential. These data are qualitatively sim-
ilar to the results [20].

Our calculation confirms the conclusion that the
generation of the atto-second pulses (the splashes in
fig.3) in molecular system is more profitable (as mini-
mum the 1-2 orders) than in similar atomic one. Corre-
sponding spectral dependence of atomic (atom of H)
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response is also presented in fig.3. It is important to
note that the corresponding response at the internuclear
distance 7.4 overcomes the response for molecule in
the equilibrium state. Last experimental achievements
in field of generating high harmonics of optical radia-

I(®)

tion during atomic ionization by powerful femtosecond
laser pulses demonstrated a possibility of construction
of the compact sources of VUV radiation (e.g.[2,20]).
The effects considered in this paper give hope of the
further progress in this direction.
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Fig.3. Molecular response (spectral dependence) under ionization of H,”
by femto-second optical pulse (w, — the laser field frequency) .

In conclusion let us note that the presented theory
of studied phenomena can be used as the physical
basis for the construction of new nano-atomic devic-
es (sensors, sources of VUV and X-ray radiation,
quantum Carnot engine, single-atomic lasers, quan-
tum computers elements etc).
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