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NONLINEAR CHAOTIC DYNAMICS OF ATOMIC AND MOLECULAR SYSTEMS IN AN
ELECTROMAGNETIC FIELD

It has been numerically studied a chaotic dynamics of diatomic molecules (on example of the
GeO molecule in an infrared field) and some laser systems. An advanced generalized techniques such
as the wavelet analysis, multi-fractal formalism, mutual information approach, correlation integral
analysis, false nearest neighbour algorithm, the Lyapunov exponent’s (LE) analysis, and surrogate data
method, prediction models etc is used. It has been shown that systems exhibit a nonlinear behaviour
with elements of a low-or high-dimensional chaos. There are firstly presented the numerical data on
topological and dynamical invariants of chaotic systems, in particular, the correlation, embedding,
Kaplan-York dimensions, LE, Kolmogorov’s entropy etc for GeO molecule in an electromagnetic

infrared field in the chaotic regime..

In last years the phenomena of dynamical
chaos and dynamical stabilization attract a great
interest as a manifestation of this effect in pho-
to-optical systems may in a significant degree
change a functional regime (e.g.[1-15]). Cited
effect is usually observed in the physical sys-
tems and related to a type of non-linear effects.
As a rule, dynamical chaos is manifested in the
quantum systems, which are not linear in a clas-
sic limit. Above especially effective manifesta-
tions of this effect in the quantum systems one
could mention systems which interact with ex-
ternal, 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, stochas-
tic kind and its realization does not require the
specific conditions. The importance of studying a
phenomenon of stochasticity or quantum chaos in
dynamical systems in laser field is provided by a
whole number of technical applications, including
a necessity of understanding chaotic features in a
work of different electronic devices and systems.
The important topic of the laser-atomic dynamics
and hierarchy systems physics is connected with
governing and control of quantum chaotic diffu-

sion and stabilisation effects in atomic systems in
the intense laser field (especially important case
is atoms in electromagnetic traps and heat bath)
[2,15,16]. The principal aim of coherent control
is to steer a quantum system towards a desired
final state through interaction with light while
simultaneously inhibiting paths leading to unde-
sirable outcomes. Controlling mechanisms have
been proposed and demonstrated for atomic and
solid-state systems. Gibson performs calculations
for three-level systems and 1D model of a two-
electron molecule (see refs in [3]). 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 approximation and
with two active electrons was is investigated [6]
in the presence of a high-intensity and high-fre-
quency laser pulse. There may exist a laser fre-
quency and intensity regime in which the total
ionization yield decreases with increasing laser
amplitude. In the near future, free electron lasers
will further deliver laser pulses of such high fre-
quencies and intensities to meet the conditions
needed for the stabilization of atomic systems
more easily. Along with those technological de-
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velopments, 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 con-
cerning the ionization and stabilization of atoms
with two active electrons. In ref.[11,12] an effec-
tive approach to adequate treating and sensing a
spectral hierarchy and dynamical stabilisation in
atomic systems in the intense laser field is consid-
ered and based on non-relativistic and relativis-
tic time-dependent complex rotation method (for
atomic systems) and non-Hermitian Floquet for-
malism (for molecular systems). The stabilization
of helium (study of the 2D two-electron atom) in
intense high-frequency laser pulses is modelled
within the relativistic scheme. It has been carried
out modeling generation of the atto-second VUV
and X-ray pulses under ionization of atomic (mo-
lecular) system by femto-second optical pulse.

In this paper we present the results of analysis
of the chaotic dynamics for diatomic molecules
in an electromagnetic (infrared) field. In this pa-
per we numerically studied a chaotic dynamics of
diatomic molecules (on example of the GeO mol-
ecule in an infrared field) and some laser systems.

An advanced generalized techniques such as
the wavelet analysis, multi-fractal formalism,
mutual information approach, correlation inte-
gral analysis, false nearest neighbour algorithm,
the Lyapunov exponent’s (LE) analysis, and sur-
rogate data method, prediction models etc (look
details in Refs.[3-19]) is used. It has been shown
that systems exhibit a nonlinear behaviour with
elements of a low-or high-dimensional chaos.
There are firstly presented the numerical data on
topological and dynamical invariants of chaotic
systems, in particular, the correlation, embedding,
Kaplan-York dimensions, LE, Kolmogorov’s en-
tropy etc for GeO molecule in an electromagnetic
infrared field in the chaotic regime.

The analysis is based on the numerical solution
of the time-dependent Schrodinger equation and
realistic Simons-Parr-Finlan model for the po-
tential of diatomic molecule U (x) (the quantum
unit). Secondly, it is based on using an universal
approach to analysis of nonlinear chaotic dynam-
ics (chaos-geometric unit). The Simons-Parr-Fin-
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lan formulae [20] for the molecular potential is:
U(r) =Byl r=r)/rF+Y b r-r)y  (12)
or introducing x=r - r, :

U(r)=BO[x(x+r0]2{1+2bn[x(x+r0]”} (1b)

n

where the coefficients b, are linked with corre-
sponding molecular constants [20].

The problem of dynamics of diatomic mole-
cules in an infrared field is reduced to solving the
Schrédinger equation:

ioVY/ot=[H,+U(x)—d(x)E, e(t)cos(w,t] ¥

where E - the maximum field strength,
e(t)=E,cos(nt) corresponds the pulse envelope
(chosen equal to one at the maximum value of
electric field). A molecule in the field gets the in-
duced polarization and its high-frequency compo-
nent can be defined as:

P.(t) = pE‘) (t)coswt + ps[x)(t}sino)t,
P,(t) = pgy) (t)coswt + pS@) (t)sinwt,

p&(£) = G) $Wp (O] dy, [P())coswtadt, 5
where T — period of the external field, d —dipole
moment. The power spectrum can be further de-
termined as s(w) = |F[p(t)]|>. To avoid the numeri-
cal noise during the Fourier transformation, the
attenuation technique used,i.e. at t> t,p (t) is re-
placed by
p(t)cos?{m(t —t,)/[2(T —t,)]} (t, <t <T)
with T=l.6tp.
4)

It is understood that in the regular case of mo-
lecular dynamics, a spectrum will consist of a
small number of the well resolved lines. In the
case of chaotic dynamics of molecule in a field
situation changes essentially. The correspond-
ing energy of interaction with the field is much
higher than anharmonicity constant w > xhQ. It is
obvious that a spectrum in this case become more
complicated [17,18].

We have carried out the numerical comput-
ing dynamics of the diatomic molecule GeO in
the electromagnetic field (the molecule and field

parameters are as follows : 1Q=985.8 cm™, yhQ



=42cm’, B = 048 cm’, d, = 3.28 D, M=13.1
a.e.m.; the field intensity is 2.5-25 GW/cm?,
respectively: W = 3.39-10.72cm™). The corre-
sponding Chirikov parameter in this case is as:
Sn = 2(Ed/B): » 1.

According to classical-dynamical treating
[41], these parameters correspond to chaotic re-
gime. The principle of quantum mechanics enter,
of course, into the mixed interpretation in terms
of classical trajectories [42]. From one side, the
final answers are at least understandable intui-
tively, from other one they are result of numerical
analysis of complex molecular dynamics, which
involve a superposition of high-order energy
transitions, intensive interaction of non-linear
resonances and chaotic motion of a molecule
[41,42,44,46]. In fig.1 we list the computed theo-
retical time dependence of polarization for GeO
molecule in an electromagnetic field in a chaotic
regime. In order to perform numerical analysis of
the systems dynamics we used an advanced gen-
eralized techniques such as the wavelet analysis,
multi-fractal formalism, mutual information ap-
proach, correlation integral analysis, false nearest
neighbour algorithm, the Lyapunov exponent’s
(LE) analysis, and surrogate data method, pre-
diction models etc [4-16]. The further step is an
analysis of the corresponding time series (with
the time step D=4x10"%s ). In Table 1 we list the
computed values of the correlation dimension d,,
embedding dimension d , which are computed
on the basis of the of false nearest neighbouring
points algorithm with noting (%) of false points
for different values of the lag time t. Accordingly
in Table 2 we list the computed values of the Ka-
plan-York attractor dimension (d,), LE (1, i=1-3)
and the Kolmogorov entropy (K _ ).
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Figure 1. The computed characteristic time de-
pendence of polarization of the GeO molecule in a
field in a chaotic regime (see parameters in text).

Table 1.

The correlation dimension d,, embedding

dimension dg, which are computed on the ba-

sis of the of false nearest neighbouring points

algorithm with noting (%) of false points for
different values of the lag time t

T d, (d)

42 3.04 5(4.2)

4 2.73 3(L.1)

6 2.73 3(1.1)
Table 2.

The Kaplan-York attractor dimension (d, ),
LE (I, i=1-3) and the Kolmogorov entropy (K_ )

entr-

}\'1 }\'2 }\'3 dL entr
0.146 0.0179 | -0.321 | 2.51 0.16

Analysis of the received data on the LE, cor-
relation, Kaplan York dimensions, Kolmogorov
entropy etc shows that the dynamics of the Geo
molecules in an electric field has the elements of a
deterministic chaos (low-D strange attractor) and
this conclusion is entirely agreed with the results
of the classical-dynamical treating [18]. It is im-
portant to note that the Kaplan-York dimension is
less than the embedding one confirming the cor-
rectness of the choice of the latter.

References

1. Staudt A Gutzwiller M.,Chaos in Clas-
sical and Quantum Mechanics.-N.-
Y.:Springer-Verlag, 1990.-720p.

2. Kleppner D., Chun-Ho 1., Welch G.R.,
Irregular Atomic Systems and Quan-
tum Chaos, Ed. J.C.Gay, N-Y.: Kluwer,
1999.-P.21-48.

3. Glushkov A.V., Fedchuk A.P., Khetse-
lius O.Yu., First predicting the genera-
tion of ultra-short VUV and X-ray puls-
es in sodium cluster system in a strong
laser field//Photoelectronics.-2007.-
N16.-P.150-155.

4. Gallager R.G., Information theory and
reliable communication, Wiley, New
York.-1986.

81



82

10.

I1.

12.

13.

Kennel M., Brown R., Abarbanel H.,
Determining embedding dimension
for phase-space reconstruction us-
ing geometrical construction//Phys.
Rev.A.-1992.-Vol.45.-P.3403-3411.
Packard N., Crutchfield J., Farmer
J., Shaw R., Geometry from time se-
ries// Phys.Rev.Lett-1998.-Vol.45.-
P.712-716.

Grassberger P., Procaccia 1., Measuring
the strangeness of strange attractors//
Physica D.-1993.-Vol.9.-P.189-208.
Fraser A., Swinney H., Independ-
ent coordinates for strange attractors
from mutual information// Phys Rev
A.-1986.-V0l.33.-P.1134-1140.

Takens F., Detecting strange attractors
in turbulence. In: Dynamical systems
and turbulence, ed. Rand D., Young L.-
(Springer).-1981.-P.366-381.
Glushkov A.V., Khokhlov V.N., Tsenen-
ko 1., Atmospheric teleconnection pat-
terns and eddy kinetic energy content:
wavelet analysis// Nonlinear Proc.in
Geophys.-2004.-Vol.11.-P.285-293.
Glushkov A.V. Sensing the stochastic
laser pulse structure and chaotic, pho-
ton-correlation effects in the non-linear
multi-photon atomic dynamics in laser
and DC electric field/ Glushkov A.V.,
Prepelitsa G.P., Svinarenko A.A.// Sen-
sor Electr. and Microsyst. Techn.-2004.-
Ne2.-P.8-14.

Prepelitsa G.P., Glushkov A.V., Lepikh
Ya.l., Buyadzhi V.V., Ternovsky V.B.,
Zaichko P.A., Chaotic dynamics of
non-linear processes in atomic and mo-
lecular systems in electromagnetic field
and semiconductor and fiber laser de-
vices: new approaches, uniformity and
charm of chaos// Sensor Electronics and
Microsyst. ~ Techn.-2014.-Vol.11,N4.-
P.43-57.

Glushkov A.V., Ivanov L.N., DC
Strong-Field Stark-Effect: consist-
ent quantum-mechanical approach //
J.Phys.B: At.Mol. Opt.Phys.-1993.-
V.26.-P.L379-388.

14.

15.

16.

17.

18.

19.

20.

Shevchuk V.G., Prepelitsa G.P., Shum-
lyansky LI., Ignatenko V.M., Atom of
hydrogen in electric field: Modefied
Operator Perturbation theory // Uzh-
gorod Univ.Scientific Herald.Ser.Phys.-
Math.-2001.-Vol.8.-P.331-335.
Prepelitsa G.P., Nonlinear dynamics of
quantum and laser systems with elements
of a chaos// Photoelectronics.-2014.-
Vol.23.-P.73-78

Glushkov A.V., Prepelitsa G.P., Svi-
narenko A.A., Zaichko P.A. Studying
interaction dynamics of the non-linear
vibrational systems within non-linear
prediction method (application to quan-
tum autogenerators)// Dynamical Sys-
tems. Theory, Eds. J. Awrejcewicz, M.
Kazmierczak, P. Olejnik, J, Mrozows-
ki (WSEAS, Lodz).-2013.-Vol.T1.-
P.467-477.

Zhang C., Katsouleas T., Joshi C., Har-
monic frequency generation and chaos
in laser driven molecular vibrations///
Proc. of Shortwavelength Physics
with Intense Laser Pulses.-San-Diego
(USA).-1993.-P.21-28.

Berman G. P., Kolovskii A., Quantum
chaos in a diatomic molecule interact-
ing with a resonant field//JETP.-1989.-
Vol.95.-P.1552-1561.

Jaron-Becker A., Becker A., Faisal
F.H.M., Ionization of N2, O2 and linear
carbon clusters in a strong laser pulse//
Phys.Rev.A.-2004.-Vol.69.-P.023410.
Simons G., Parr R.G., Finlan J.M.,
New alternative to the Dunham poten-
tial for diatomic molecules//J.Chem.
Phys.-1993.-Vo01.59.-P.3229-3242.

This article has been received in May 2016.



UDC 539.184, 539.186

A. V. Ignatenko, A. A. Kuznetsova, A. S. Kvasikova, A. V. Glushkov, M. Yu. Gurskaya

NONLINEAR CHAOTIC DYNAMICS OF ATOMIC AND MOLECULAR SYSTEMS IN AN
ELECTROMAGNETIC FIELD

Abstract

It has been numerically studied a chaotic dynamics of diatomic molecules (on example of the GeO
molecule in an infrared field) and some laser systems. An advanced generalized techniques such as the
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A. B. Henamenko, A. A. Ky3uneyosa, A. C. Keacukosa, A. B. [ywkos, M. FO. I'ypckas

HEJIMHEVMHASI XAOTHUYECKASI TUHAMHUKA ATOMHBIX U MOJEKYJISAPHBIX
CUCTEM B 2JIEKTPOMAI'HUTHOM ITIOJIE

Pesrome

IIpencraBieHbl pe3ysibTaThl YHUCICHHOIO aHAJIW3a U MOJEIMPOBAHUS XAOTUYECKOW JUHAMMKHU
JIBYXaTOMHBIX MOJIEKYJI (Ha mpumepe MoJieKyibl GeO) BO BHEIITHEM 3JIEKTPOMarHuTHOM ( MH(pakpac-
HOM) TmoJie. B ananm3e ncnonb30BaHbl A3PPEKTUBHBIE BEPCUU TAKUX METOJIOB aHAIN3a KaK MYJIbTU(-
PaKTAJIbHBIN U BEUBIIET-aHAIN3, METO KOPPEISIIUOHHOIO UHTETPajla, alrOPUTMBI CPEIHEN B3aUMHOU
MH(OPMALIUH, JTOKHBIX ONMKaUIINX cOCeNlel, CyppOraTHbIX TaHHBIX aHaIu3 okazateneil JismyHoBa,
sHTponuu Konmoroposa,

CIEKTpajbHble METOABI U T.1. Iloka3aHO, YTO IByXaTOMHAasl CUCTEMA B JJIEKTPOMAarHUTHOM I10JIE
JIEMOHCTPUPYIOT HEJIMHENHOE ITOBEAEHUE C AIIEMEHTAaMU AUHAMUYECKOro xaoca. [IpeacrasieHsl yuc-
JICHHBIE JJaHHBIE O TOIMOJOTUYECKUX U JUHAMUUYECKHX NHBAPUAHTOB CUCTEMBI B XaOTUUECKOM PEXKHU-
Me, B 4YaCTHOCTH, KOPPEIIALMOHHOI Pa3sMEPHOCTH, pasMepHocTeii Baoxenus, Karmnana-Mopka, moxa-
3areneit JIsimyHoBa, sHTponuu KosnMoroposa aHTponus u T.1. 171 MosieKynbl GeO B 3J€KTpOMarHuT-
HOM MH(]paKpPACHOM I0JIE€ B XaOTUYECKOM PEKUME.

KuroueBble ciioBa: MONEKyJIsIpHasi CUCTEMA, JIEKTPOMAarHUTHOE 110JIE, Xa0TUUECKasi TUHAMUKA,
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I B. Ienamenxo, A. O. Kysneyosa, A. C. Keacuxosa, O. B. [mywxos, M. FO. [ypcvka

HEJIHIMHAX XAOTUYHA JIMHAMIKA ATOMHHUX TA MOJIEKYJISPHUX CUCTEM
B EJIEKTPOMAT'HITHOMY I10JII

Pe3rome

[IpencrapieHi pe3ysabTaTd YUCEIHLHOTO aHATi3y 1 MOJEIIOBAHHS XaOTHYHOI TUHAMIKH JBOATOM-
HUX MOJIeKyn (Ha mpukiaai mojekynmu GeO) B 30BHINIHBOMY €JIEKTPOMArHiTHOMY (iH(ppadyepBOHO-
My) nojie. B aHanizi Bukopuctani e()eKTHBHI Bepcii TAKUX METOIB aHAJII3y K MYJIbTIPpaKTaIbHUH 1
BEUBIIET-aHaJIi3, METOJI KOPEJAIIHHOTO 1HTEeTpasia, alfTOPUTMHU CEpeIHbOI B3aeMHOI iH(opmarrii, mo-
MUJIKOBUX HAHOIMKUMX CYCiJIIB, CYpOTaTHUX JaHMX aHalli3 moka3HuKiB JlsmyHoBa, eHTporii Komamo-
rOpoBa, CIIeKTpalibHI MeToH 1 T.i. [IlokazaHo, 110 ABOATOMHA CHCTEMA B €JIEKTPOMArHITHOMY ITOJIi Jie-
MOHCTpY€ HeJiHIHEe MTOBEAIHKY 3 eJIeMEHTaMU JUHAMIYHOTO Xaocy. [IpeacTaBieHi YrcenbHi 1aHi Mo
TOTIOJIOTIYHUM 1 TMHAMIYHUM 1HBapilaHTaM CUCTEMHU B XaOTHYHOMY PEKHUMi, 30KpeMa, KOpeSIIiinHOT
po3MipHOCTi, po3mipHocTi BKnanenns, Kamnana-Mopka, nokasuukis JlsmyHoBa, enTpomnii Koiamoro-
poB.a toro st Mosiekyr GeO B eeKTpOMarHiTHOMY iH(pauyepBOHOMY I0JIE B XAOTUYHOMY PEKHMI.

Karwou4oBi ciioBa: MosekysipHa cHCTEMa, €IEKTPOMArHiTHE MoJIe, XaOTUYHA JMHAMIKA
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