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Abstract

SENSING DYNAMICS OF THE ZONE TYPE MULTI-LEVEL SYSTEM IN A LASER FIELD:
STOCHASTIZATION OF VIBRATIONAL MOTION FOR MOLECULES IN THE MULTI-
PHOTON PHOTOEXCITATION REGIME

A. V. Loboda, 1. M. Shpinareva, V. N. Polischuk, V. I. Gura

We present new theoretical scheme to sensing dynamics of the zone type multi-level system in
a laser field, based on the quantum stochastic kinetic approach. The multi-photon dissociation
yield, selectivity and absorbed energy upon the laser pulse energy density for BCI, molecules in
the oxygen O, buffer gas are calculated. It has been studied a stochastization of vibrational mo-
tion for molecules in the multi-photon photo-excitation regime on example of CF.I, SF and BCI,
molecules within the stochastic Focker-Plank model.
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AHoTauis

JETEKTYBAHHS INHAMIKU BA'ATOPIBHEBUX CUCTEM 30HHOT'O THUITY V¥ ITIOJII
JABEPHOI'O BUITPOMIHIOBAHHS: CTOXACTU3ALISI KOJIMBAJIBHOI'O PYXY
Y MOJIEKYJIAX B YMOBAX BA'ATO®OTOHHOI'O 3bY I KEHHSA

A. B. Jlobooa , 1. M. HIninapesa, B. M. Iloniwyx, B. 1. I'ypa

3anmpornoHOBAHO HOBY TEOPETUUYHY CXEMY JIETEKTYBAHHS JMHAMIKA O0araTOPiBHEBUX CHUCTEM
30HHOTO THUITY Yy MOJIi IA3€PHOTO BUITPOMIHIOBAHHS, SIKa 0a3yEThCS HA KBAHTOBOMY, CTOXACTHUU-
HOMY, KIHETUYHOMY ITIIXO/i. BUKOHAHO pO3paxyHOK 3aJIe)KHOCTI BUXOY Ta CEJIEKTUBHOCTI Oa-
raTo(oTOHHOI AWcOIiallii, MOTJIMHEHOI eHeprii BiJg I'yCTUHHU €HEpTii Ja3epHOIr0 IMITYJIbCY s
monexyn BCL, y 6ydepromy rasi O,. BuB4eHo cToXacTusaniio KOJIMBAILHOTO PYXy Y MOJIEKyIax
B yMoBax O6araToporonHoro 30ymkenns g monekyn CF I, SF, BCL, 3 Buxopucrannsam croxa-
cruuHoi Mmojaem dDoxkkepa-Ilnanka.

KurouoBi ciioBa: 1eTeKTyBaHHS, MOJIEKyJa y Ja3epHOMY I0JIi, KOJIUBAIbHA CTOXACTH3alli,
KIHETUYHE MOJIEIIIOBAHHS.

© A. V. Loboda, I. M. Shpinareva, V. N. Polischuk, and V. I. Gura, 2005 13



Sensor Electronics and Microsystem Technologies. 2/2005

AHHOTALUA

JETEKTUPOBAHUE IMHAMMWKN MHOTI'OYPOBHEBBIX CUCTEM 30HHOT O TUIIA
B ITOJIE JIABEPHOTI'O M3JIYUEHHUSA: CTOXACTU3ALINSA KOJEBATE/IIBHOI'O JIBUKEHUA
B MOJIEKYJIAX B YCJIOBUAX MHOI'O®OTOHHOI'O BO3BYKJIEHUA

Joobooa A. B., llInunapesa H. M., Iloauwyx B. H., I'ypa B. U.

[TpemnoxeH HOBBINM TEOPETUUYECKUH TTOIXO/T K IETEKTUPOBAHUIO TMHAMUKI MHOTOYPOBHEBBIX
CHCTEM 30HHOTO THIIA B TOJIE JTA3€PHOTO MU3ITyUYeHHUs, 0a3UPYIOIINICI Ha KBAHTOBOM, CTOXACTH-
YEeCKOM KHMHETHYECKOM IOJXOJIe. BBIMOIHEH pacdeT 3aBUCHMOCTH BBIXOJIA U CEJIEKTUBHOCTHU
MYJIbTH-QPOTOHHOHN AMCCOLMAINY, TTOTJIOMIEHHONW HEPTUU OT IUIOTHOCTU SHEPTUH Ja3epPHOTO
umnyibca s monekyn BCL, B 6ydeprom rase O,. M3ydena croxacTusanus KOJIe0aTENbHOTO
JBUKEHHSI B MOJIEKYJIAX Y YCIOBHSAX MHOTO(OTOHHOTO BO30Yyxaenus s monekyn CF.I, SF,

BCl, ¢ ncnone3zoBanueM croxactuieckoit mosenu Moxkepa-Ilnanka.

KiroueBbie ciioBa: JACTCKTUPOBAHHEC, MOJICKYJIa B IIOJIC JIA3CPHOI'O MU3JIYyUCHMS, KoJiebaTeNnnb-
Hasd CTOXaCTu3aluus, KHHETHUYCCKOC MOACIIMPOBAHUC.

1. Introduction

A significant progress in development of laser
technique stimulated a great interest to carrying out
new non-linear optical, laser devices for solving a
wide number of tasks in different applications
(atomic, molecular chemical physics, quantum elec-
tronics, physics of elements, devices, sensor tech-
nologies etc.). Above cited problems it is of a great
importance a studying of dynamics of the zone type
multi-level systems in a laser field. Speech is about
dynamics of the multi-atomic molecules in a strong
laser field. A variety of multi-photon processes have
been observed in molecules, including multi-photon
excitation, ionization, dissociation (c. f. [1-9]). It is
very important to note that using lasers allows high-
ly selective introducing the energy quantities into
definite freedom degrees of system. It can be used as
physical basis for creation and construction of spe-
cial devices for sensing physical, chemical proper-
ties of the molecular systems and can find applica-
tion in solving problems of the nano-electronics,
nano-atomic optics, quantum computing, molecular
sensors technologies etc.

While the dynamical aspects of ionization of
molecules in a strong laser field are considered to be
well understood at least within quantitative simpli-
fied models, the multi-photon dissociation and exci-
tation is a topic of active interest [1-3,10-15]. Many
experiments of studying the multi-photon processes
were fulfilled in the conditions, when the collisional
factor may be missed. A separation of the contribu-
tions of different relaxation processes in the experi-
ment is complicated problem, though a hierarchy of
relaxation times (t, <<t <<t ) exists. An influence
of buffer gas on the processes of multi-photon exci-
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tation and dissociation results in more effective mol-
ecule involvement into quasicontinuum due to the
rotational relaxation at lowest levels [2,3,10-12].
A question about stochastization of vibrational mo-
tion, when the vibrational energy is randomly dis-
tributed among the vibrational modes during inter-
action with laser pulse attracts especial attention.

In a number of papers (c. f. [13-19]) a stochastic,
kinetic approach has been developed is used to cal-
culate the integral parameters of the multi-photon
excitation (dissociation) and relaxation of number of
the molecules (CF,Br, CF I, SF, etc). A process of
excitation into continuum is described within the
generalized kinetic equation model with account for
stochastization of the vibrational motion. There have
been calculated the dissociation yield and absorbed
energy, dependence of the absorbed energy € and
dissociation yield B upon summarized pressure of
the buffer gases. In this paper we present new theo-
retical scheme to sensing dynamics of the zone type
multi-level system in a laser field, which is based on
the quantum stochastic kinetic approach, developed
in refs. [13,14]. Dependencies of the multi-photon
dissociation yield, selectivity coefficient and ab-
sorbed energy upon the laser pulse energy density
for BCI, molecules in the oxygen O, buffer gas are
calculated. It has been studied a phenomenon of sto-
chastization of the vibrational motion for molecules
in the multi-photon photo-excitation regime on ex-
ample of the CF.I, SF ,and BCI, molecules with using
the non-linear inter-mode resonances interaction
model and stochastic Focker-Plank equation. There
are presented the theoretical estimates of the energy
threshold, for which the vibrational energy can be
randomly distributed among the vibrational modes
during the interaction with the laser pulse.
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2. Multi-photon excitation model for molecule
in a laser field

We start our consideration from the kinetic equa-
tions, describing the temporal behaviour of occupan-
cy of the vibrational levels for molecule in a laser
field. Bur before, let us give some model representa-
tions regarding general Hamilton’s description of
stochastic features in the multi-photon excitation
process for molecules. From theoretical point of
view an effect of vibrational stochastization is relat-
ed to very complex phenomena. Hitherto, there is
absent an adequate theoretical explanation and cor-
responding comprehensive model (c. f. [2-
6,11,13,20]. However, generally speaking, it is far
obvious that this effect is provided by the non-linear
inter-mode resonance interaction. In approximation
of small vibrations a Hamiltonian of molecule can
be written as [6]:

H= ZHi(l) +Ezcixi +2Hi(nl) +H(int) +H(e—nl) (1)

where H" = (&’ + @/x)/2 is an energy of separat-
ed modes in linear approximation; x are the normal-
ized shifts of atoms from the non-perturbed position;
second term is corresponding to the linear dipole in-
teraction with a field; the term H™ =ax’ =bx! +...
defines a non-linearity of modes and their interac-
tion term H™ is as follows:

H™ =% A xxx +..
- 1l
1

Non-linear corrections to interaction with a field
are defined as:

(e-nl) __ 2
H = E(z:ailile.1 x, +...)
l

The interaction between modes leads to their
washing out, which is equivalent to broadening by
external field. The estimated value of this effect is
(for resonance ®,=,+®,):

Ao, ~ (@, 1) (A} x,x,x,7)*" (2)

where 7 is an averaged number of quanta in the
modes 2 and 3. It is clear that with growth of the
molecule excitation degree (growth 7)) it is in-
creased a non-linear broadening. For definite value
of n Aw, is comparable with frequency distance A,
to another resonance of the same order, i. e.
®,=0,+0,. It is easily understand that A ~o /N7,
where @, is the characteristic value of frequaency
and N, is number of frequencies of the system. Under
overlapping resonances (Amw>>A ) motion of each

mode is defined at once by many resonant terms of
the hamiltonian. In whole, a motion becomes by
quasi random or stochastic. This is equivalent to the
well-known Chirikov criterion [20] of the stochas-
ticity:

12 (0, ho") (hao, /| ADXP )(1/N})~10°/ N} (3)

Let us further to introduce a hamiltonian (in vari-
ables “action I-angle 0”)of influence on the mode 1
from the side of other modes as a sum of resonant
contributions, which are lying inside non-linear
width Aw

I{Iim =111/22Fn COS(Ol —Hn) (4)

Condition of periodicity on 0 results in the quan-
tization of action and energy, i. e. [ =nh and
E =H (nh). It should be mentioned that resonances
are arisen for such values of the action that it is right:

ka(1,)=1Q, o(l)=dH /dI

for whole numbers k,/. The interaction (4) chang-
es quasi-energy of the mode las follows:

dE, Idt=1"[Q-o(I,)]x
XY F,sin(6, —6,)—(ex,E/21"*)) F,sin6, (5)

The first term in eq. (5) describes the inter mode
relaxation; second term —the interaction with an ex-
ternal field. One could suppose that the phases 6 are
random. Then one has that <AE >=0 and
<(AE)*>=A(E)t (t is a time). It is obvious that a
process of the energy acceptance is not regular. It
has a character of the diffusion with coefficient A(E)
(see below). Its calculation gives the following re-
sult:

D(E)=(rt/4h)(ex,E)’ J ()
J(Q)=IF(Q)I/A,

Here a variable J(£2) has an essence of spectral
intensity of the perturbation H,™ on the field fre-
quency. In ref. [6,20] it had been indicated on the
possibility of describing a process of the multi-pho-
ton excitation of molecule by the Focker-Plank
equation. At first the correct Focker-Plank approach
has been proposed and realized in ref. [13-14].

As it is indicated, usually the vibrational spec-
trum is qualitatively divided into parts of the low-
lying discrete states and high-excited levels of the
quasicontinuum [2,3]. At the definite energy thresh-
old the vibrational energy can be randomly distribut-
ed among the vibrational modes during the interac-
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tion with the laser pulse. The excitation process into
continuum is described by system of the kinetic
equations [13-15]:

aZn /at t:(VVr1-1,n+k VTn-I,np) Zn-] +
+(Wn+1,n+k VTn+1,np) Zn+1 T (I/I/r1-1,n+
pW ., k' p)Z-dZ +

nn-1 n+ln nn+ n o n n

+9/on [Q(n-N,, )D(R)n* 9z /on]  (6)

min

where z are the populations of the laser-excited
states with energy E ; W+ is the rate of the radia-
tive transitions; WMJ_r] =o, . M(t), where s , — are
the cross-sections of the radiative transitions up
and down, I(t) is the laser radiation intensity
(photonxcm™xs™); k¥ are the constants of rate
of the V-T relaxation; d, is the mono-molecular de-
cay rate; Q(n-N ) is the Heaviside function as an
additional multiplier in the diffusion coefficient
D(R)n’, which “freezes” the stochastic processes in
the area of the low-lying states according to the
well known Chirikov’s criterion [10]. The key dif-
ference between our model and other theoretical
models is in an explicit accounting for effect of sto-
chastic diffusion into quasi-continuum. The con-
stants of relaxation rate k' are defined by the
physical parameters of molecule. According to ref.
[2,13] the collisional redistribution of populations
is determined by the probability function of transi-
tion due to the collision k (E—E’). The physically
significant variable is an energy, transmitted dur-
ing collision:

AE(E) = [dEE-EESE)  (7)

The similar parameter in eqgs. (6) is defined as
follows:

AEn: (k VTn,n-[-k -

e/ V/Z (8)

Here Z is a frequency of the gas-kinetic colli-
sions. The condition AE(E )=AE  determines the re-
lationship between phenomenological relaxation
constants in eqs. (1) and microscopical variable
AE(E). To describe an influence of the collisions on
excitation of the molecule at the lowest discrete lev-
els, we suppose that g-factor in the uncollisional
case is created due to the heterogeneity of interac-
tion of the different initially populated states with a
field. System of the low levels is characterized by
two rates: the radiative rate of excitation of the states
W, and rate of the rotational relaxation kRp, which is
proportional to the pressure. The equations defining
the molecule involvement into quasicontinuum dur-
ing the laser pulse are as follows:
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dN jdt=—W,z,
dz/dt=fW020+kVp (fN,~=, )
dq/dt=—dN /dt, N ,(0)=1, z,(0)=f,

Here fis the part of molecules interacting reso-
nantly with a laser field. The shape of laser pulse is
modelled in accordance to the experiment [10,12].
Regarding a dependence W (1) in eqs. (4) on the laser
field intensity I(z), it can be noted that the assump-
tion W(t)~I(t) is quite acceptable for the quasicontin-
uum. For low levels it is more acceptable the as-
sumption on more strong dependence of W(t). To
calculate the dissociation yield we use the assump-
tion that the molecule decay has to be instantaneous
from the level, at which the mono-molecular frag-
mentation rate exceeds the radiative transition rate
on the order. Estimate within the RRK-theory allows
to write [2]): D =k, p(E —-D)p(E ),where p is the
density of vibrational states. Regarding a depend-
ence DE(E) in the quasicontinuum it can be noted
that a precise data for molecule CF ,Br are absent.
The estimate can be received by comparison of the
data on deactivation of the molecules by the nitrogen
(see ref. [2]).

3. Results and discussion

Figure 1 shows the calculated dependence of the
dissociation yield B and selectivity o on density of
energy for the first @ (the solid line) and second @,
(the dashes line) laser pulse for BCl, molecules. The
experimental data (triangles and cycles in figure 1)
are taken from ref. [12]. All parameters are corre-
sponding to experiment [12]: acceptor — O,, pres-
sure p,,=4,5 Torr, p,.,=0,1 Torr; first laser pulse:
® =3,7 J/cm?, frequency Q =985,49 cm (line
10R36); second laser pulse: ®,=3,0 J/cm?, frequency
Q =931,00 cm™ (line 10P34). Theoretical stochastic,
kinetic model gives physically reasonable agree-
ment with experiment. As it was waited for, the dis-
sociation yield dependence upon the laser pulse en-
ergy density has the degree character. Analysis has
shown that for '’"BCI, molecules this is quadratic de-
pendence and for ""BCl, molecules — linear one.
Such a difference provides unusual behaviour of the
multi-photon dissociation selectivity, which has a
linear growth with increase of ®, and ® going from
3 J/em? to 4 J/cm?.

This important fact has been at first noticed in
ref. [12]. Further let us present on figure 2 the calcu-
lated [17,18] dependence of the excited molecule
part g (above) and their averaged energy € (down)
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Fig 1. Calculated dependence of the dissociation yield
'%b and selectivity o on density of energy for the first F,
(the solid line) and second F, (the dashes line) laser
pulse and experimental data (triangles and cycles) [12]
for BCI, molecules (see text).

upon density of energy of the CO2 laser pulse for
molecules CF I and SF: the solid lines — calcula-
tion data [17,18]; experiment -¢ — and o- data
[2,3,10]. An analysis of the obtained data shows that
an agreement between the theory and experiment is
physically reasonable. An account of the stochasti-
zation effect leads to more correct description of the
excitation dynamics in the quasicontinuum and al-
lows to obtain the better quantitative agreement with
experiment in comparison with other theoretical
models (c. f. [2,3]. The value of the factor q allows
defining a true level of excitation of the molecules.
The characteristic feature of the € (®) dependence
(c. f. fig. 2) is a slow initial growth of level of the
excitation of molecules. Presented data allow to un-
derstand how it is realized he process of the multi-
photon excitation. Usually observed growth for de-
pendence e (D) is determined by increasing number
of excited molecules. Under large values of @
(©>0,3-0,5 J/cm?) a growth of the absorption is con-
nected with growth of level of the excitation, as the
value of q changes here very slowly. During the
process of multi-photon excitation two ensembles of
excited and non-excited molecules are forming. As
under collisions an averaged energy of excited mole-
cules can decrease so, that it will become an essen-
tial the quantum character of thermo-capacity of the
vibrational degrees of freedom. In whole, during
multi-photon excitation there are formed states,
which are corresponding to statistically equal distri-

bution of the absorbed energy by all, or more cor-
rectly, by majority of vibrations of the molecules.
Stochastic feature of vibrational motion is arisen
during process of interaction with the IR laser radia-
tion field because of the non-linear inter-mode reso-
nance interaction. In figure 3 there are presented the
schemes of disposition of the inter-mode resonances
for CF,], SF and BCI, molecules. Let us give the the-
oretical estimates of the stochastization threshold.
Minimal density of energy of the CO, laser pulse
was 0,06J/cm?[2]. From known values of q and
g, (®) one can find an average absorbed energy.
With account for the initial average vibrational ener-
gy (temperature 293 K) we got the following esti-
mates for stochastization threshold energy
E =3970cm that is in agreement with experiment
[2,3,10,12]: E,=(3900£500) cm' for SF,.

q
1
= SFs
0,5
B CRl
0,2
0,1l Ll | II»
005 01 0.2 0,5 1 2 34 o /et

&y cm’
2*10%
104
N CF3I /
3 SF

Ll Lol | 11
005 0,1 0,2 0,5 1 2 34>

®,Jicm’
Fig. 2. The dependence of the excited molecule part ¢
(above) and their averaged energy e, (down) on densi-
ty of energy of the CO, laser pulse: continuous lines —
our calculation data [17,18]; experiment -e, o- data
[2,3,10];

\

Other our estimates are as follows: E,=3500cm!
for BCI, and E =5650cm™ for CF Br.

So, we presented new theoretical scheme to sens-
ing dynamics of the molecules in a laser field and
studied a stochastization of molecules vibrational
motion in the multi-photon photo-excitation regime
on example of CFE.I, SF, BCI, molecules within the
Focker-Plank model. Surely, these phenomena tak-
ing into account for possibility of the highly selec-
tive laser introducing the energy quantities into defi-
nite freedom degrees, can be used as physical basis
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for creation and construction of sensors for physical-
ly-chemical properties of the molecular systems and
devices.

900 1000
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) 3 2 iy
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Fig. 3. Schemes of disposition of inter-mode resonanc-
es for CF,I,SF,BCl, molecules [6,13]
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