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Abstract. Nowadays, the cooperative spectral effects for polyatomic molecules in the external
field of laser radiation are of great interest for sensor and quantum electronics, molecular spectros-
copy. When a nucleus in a molecule absorbs or emits a photon, then it is possible changing the elec-
tron, vibrational and rotational energy of the molecule, and then the so-called cooperative electron-
vibrational-rotational-nuclear transitions take place. The spectrum of a molecule contains a set of
electron-vibrational-rotational-nuclear satellites, the appearance of which is caused by a change in
the state of a molecular system interacting with a photon. This paper presents the first quantitative
data on the probability of vibrational -nuclear transitions in the case of the radiation spectrum and
absorption of the '**Re nucleus (E = 186.7 keV) in the ReO, molecule. It seems that the cooperative
electron-gamma-nuclear effect in the spectra of polyatomic molecules can be used as a basis for the
creation of new techniques and practical implementations of molecular sensors.
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JAETEKTYBAHHSA KOOIIEPATUBHOI'O EJIEKTPOH-TAMMA-AJAEPHOI'O E®EKTY
JIJII BATATOATOMHUAX MOJIEKYJI TA MO0 3ACTOCYBAHHS

I’ B. Ienamenxo, O. B. Itywrxos, O. FO. Xeyeniyc, FO. A. bynsakoea, A. A. Ceunapenxo

AHoTauif. 32 TeNepilHFOTO Yacy BEIMUE3HHM IHTEPEC ISl CCHCOPHOI Ta KBAHTOBOT €JIEKTPO-
HIKH, MOJICKJIIPHOI CIIEKTPOCKOITi TOIIO BUKJIMKA€ BUBYCHHS KOOTIEPATUBHUX CIIEKTPAIbHUX €(]eK-
TiB B 0araroaTOMHHMX MOJIEKYJaX Yy 30BHIIIHBOMY ITOJIi JIA3€PHOTO BHIIpOMiHIOBaHHA. Komu siapo B
MOJICKYJIi MTOTJIMHAE 200 BUIPOMIHIOE (DOTOH, TO € MOKITUBUM 3MIHCHHSI JICKTPOHHOI, KOJUBAIBHOI
Ta 00epTAIBHOI CHEePTii MOJIEKY/IH, 1 1ajli MalOTh MICIIE TaK 3BaHI KOOIIEPATHBHI EJIEKTPOHHO-KOJIH-
BaJIbHO-00epTaIbHO-s/IepHI mepexonu. CIeKTp MOJEKyJId MICTHTh Halip eleKTPOH-KOJUBAIBLHO-
00epTabHO-AICPHUX CYIYTHHKIB, IOSIBA SKAX 3yMOBJICHA 3MIHEHHSIM CTaHy MOJICKYKJISIPHOI CHC-
TEMH, 110 B3aemoie 3 poroHom. B nmaniii poOoTi mpeacTaBieHi nepiri KUTbKICHI JaHi moao HMOoBip-
HOCTEH KOJIIMBAIBHO-SJICPHUX MEPEXOIB Y BUMAJIKY CIIEKTPY BHIIPOMIHIOBAHHS Ta TOIIMHAHHS SIpa
'"Re (E = 186.7 keB) y monexyini ReO,. IIpencrapiserses, 0 KOONEPaTHBHHUI €1€KTPOH-TaMMa-
saaepHuil e(heKT y crieKTpax 6araroaTOMHUX MOJIEKYJT MOKEe OyTH BUKOPUCTAHHMN SIK OCHOBA JUISI CTBO-
PEHHS HOBHX METOIMK Ta MPAKTUYHUX peasTizalliii MOJICKYIIPHUX CEHCOPIB.

KuirouoBi ciioBa: ceHcop, 6araroaToMHi MOJIEKYIH, €NEKTPOH-TaMMa-sIIEPHAN €(PEeKT

JETEKTUPOBAHUE KOOIIEPATUBHOI'O QJIEKTPOH-TAMMA-AJEPHOI'O
IDDEKTA I MHOTI'OATOMHBIX MOJIEKYJI U ETTO IIPUMEHEHHUE

A. B. Uenamenxo, A. B. [iywkos, O. FO. Xeyenuyc, FO. A. Byusakosa, A. A. Ceunapenko

AHHoTanus. B HacTosiiee Bpemsi OrpOMHBIN MHTEPEC ISl CEHCOPHOM M KBAHTOBOMW 3JIEKTPO-
HUKH, MOJEKYJISIPHOM CHEKTPOCKOIMM U T.J. BbI3BIBAET M3yUYEHHUE KOONEPATHBHBIX CIIEKTPAJIbHbBIX
5 PEeKTOB B MHOTOATOMHBIX MOJIEKYJIaX BO BHEIIHEM IIOJIE JIa3epHOTO u3inydeHus. Korma sapo B
MOJIEKYJIE TOTJIONIACT WIIM U3ITydaeT (OTOH, TO CTAHOBHUTCS BO3MOXKHBIM M3MEHEHHE IICKTPOHHOM,
KoJIe0aTeIbHON U BpalllaTesIbHOM 3HEPTUH MOJIEKYJIbL, U JaJIbLIIE UMEIOT MECTO TaK Ha3bIBAEMBbIE KO-
OllepaTUBHbIE AIEKTPOHHO-KOJIE0aTeIbHO-BPAIaTEIbHO-sII€pHBbIE ITepexoibl. CHEKTP MOJIEKYIbI CO-
JIEPKUT HAOOp UIEKTPOH-KOJIeOaTeIbHO-BpaIaTeNIbHO-SIIEPHBIX CITyTHUKOB, IOSIBIIEHUE KOTOPBIX
00YCIIOBIIEHO U3MEHEHHUEM COCTOSTHUSI MOJIEKYKJIIPHOU CHCTEMBI, B3aUMOACHUCTBYIONIEH C (POTOHOM.
B nanHoii paboTe npecTaBlieHbl IEPBbIE KOJIUYECTBEHHBIE JaHHBIE O BEPOSTHOCTAX KOJIeOaTeIbHO-
SJICPHBIX MEPEXO/IOB B CIIEKTPe H3IydeHus u nornouieHus sypa '*Re (E = 186.7 k3B) B Monekyne
ReO,. IIpencrapisercs, 4To KOONEPATUBHBIM 3JIEKTPOH-TaMMa-s1E€PHBIA SQPEKT B CIEKTPax MHOIO-
aTOMHBIX MOJIEKYJI MOXET OBITh MCIIOJIB30BaH KaK OCHOBA ISl CO3/IaHUSI HOBBIX METO/IMK M MPAKTH-
YECKUX pean3aluil MOJIEKYISIPHBIX CEHCOPOB.

KuroueBble cjioBa: CeHCOp, MHOTOATOMHBIE MOJIEKYJIbI, AEKTPOHHO-TaMMa-sAepHbI 3¢ dexTt
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1. Introduction

Currently, one of the promising areas of a sen-
sor electronics, atomic, nuclear and molecular
spectroscopy and physics is creating atomic/mo-
lecular sensors to detect different compounds or
phenomena. There are various types of molecular
sensors, and, as a rule, the principles of their work
are based on certain physical or chemical proper-
ties and phenomena (c.g., [1-20]). Being investi-
gated the possibility of creating a molecular sensor
of the concept of "electronic nose" — type analyzer
vapor substances in the air is based on organic
sensory polymer composites. A great interest at-
tracts study of the cooperative molecular spectral
effects for multiatomic molecules in an external
laser radiation field [21-31]. Really, any alteration
of the molecular state must be manifested in the
quantum transitions, for example, in a spectrum
of the y -radiation of a nucleus of some molecular
system. When the nucleus in the molecule absorbs
or emits a photon, then it is possible changing the
electronic, vibrational and rotational energy of
the molecule, and therefore electronic-vibration-
al-rotational-nuclear transitions occur. Of course,
the intensity of additional satellites is determined
by the probability of such composite transitions
for the core in a molecule” system. By changing
the population of excited states of an atom or
molecule by laser radiation, it is possible, firstly,
to control the intensity of cooperative transitions
and, secondly, to create new transitions that are
shifted to the long-wavelength side relative to the
absorption line and to the short-wavelength side
relative to the gamma-emission line. In fact it is
possible to transfer a part of the nuclear energy to
an atom or molecule under radiating (absorption)
the y quanta by a nucleus (c.g., [21-31]). A spec-
trum contains a set of the electron-vibration-ro-
tation satellites, which are due to an alteration of
the state of system interacting with photon. The
mechanism of forming satellites in the molecule
is connected with a shaking of the electron shell
resulting from the interaction between a nucleus
and y quantum.

Studying the co-operative dynamical phenom-
ena due to interaction between atoms, ions, mol-
ecule electron shells and nuclei nucleons is now
one of the quickly developing directions in a mod-

ern molecular spectroscopy and quantum electron-
ics [27, 28]. A consistent quantum- mechanical
approach to calculation of the electron-nuclear y
transition spectra of a nucleus in the multiatomic
molecules has been earlier proposed [23-28]. It
generalizes the well-known approach [21, 22] by
Letokhov and Minogin, who firstly indicated on
the rich cooperative electron-gamma-molecular
quantum physics. Estimates of the vibration-nu-
clear transition probabilities in a case of the emis-
sion and absorption spectrum of nucleus '%¥Os in
the OsO, and "'Ir in the IrO, were earlier listed
[23-26]. In this paper we present the first accurate
data on the vibration-nuclear transition proba-
bilities in a case of the emission and absorption
spectrum of the nucleus '*Re (E(°>y= 186.7 keV)
in the ReO,. We believe that the cooperative elec-
tron-gamma-nuclear effect in spectra of multia-
tomic molecules can be used as a basis for creat-
ing new methodises and practical realizations of
effective molecular sensors.

2. Theoretical treatment of cooperative
electron-gamma-nuclear effect in multiatomic
molecule

As the method of computing is earlier pre-
sented in details [22-24], here we consider the
key topics only. Hamiltonian of interaction of the
gamma radiation with a system of nucleons for the
first nucleus is expressed through the co-ordinates
of nucleons r " in a system of the mass centre of
one nucleus: H(r ) = H(r, )exp(—iky u), where kY
is a wave vector of the y quantum; u is the shift
vector from equality state (coinciding with mol-
ecule mass centre) in a system of co-ordinates
in the space. The matrix element for transition
from the initial state “a” to the final state “b” is
presented as:

<Y, |H|¥,>e<¥, |e"" |V, > (1)

where a and b is a set of quantum numbers, which
define the vibrational and rotational states before
and after interaction (with y quantum). The first
multiplier in (1) is defined by the vy transition of
nucleus and is not dependent on an internal struc-
ture of molecule in a good approximation. The 2™
multiplier is the matrix element of transition from
the initial state “a” to the final state “b™:
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Ma= < \P;(Fe)lwa(re)> .<\PI:(R15R2)|87”\}R1|lPa(RI’RZ)>

2

The expression (2) gives a general formula for
calculating the probability of changing the internal
state of molecule during absorption or emitting y
quantum by a nucleus. It determines an intensity
of the corresponding y-satellites. Their positions
are fully determined as:

0
E =E"+R+hkyt(E,-E,)

Here M is the molecule mass, v is a velocity
of molecule before interaction of nucleus with y
quantum; £ and E are the energies of the mole-
cule before and after interaction; £ is an energy of
nuclear transition; R is an energy of recoil:

R = [(E/"]/2Mc’.

One can suppose that only single non-generate
normal vibration (vibration quantum Z®) is excit-
ed and initially a molecule is on the vibrational
level v =0. If we denote a probability of the cor-
responding excitation as P(v,, v ) and use expres-
sion for shift u of the y -active nucleus through
the normal co-ordinates, then an averaged energy
for excitation of the single normal vibration is as
follows [22,23]:

E = iha)(w KIP(v,0)—hoo/2 :ihw(er%)P(v,O)fha)/Z =

' . heo 1 (M—mj
S e -——=_R )
o V! 2 2 m 3)

where z = (R/ hw) [M — m/m] cos* 9, and m is
the mass of y-active nucleus, 9 is an angle be-
tween nucleus shift vector and wave vector of y
-quantum and line in £, means averaging on
orientations of molecule (or on angles 9). To es-
timate an averaged energy for excitation of the
molecule rotation, one must not miss the molecule
vibrations as they provide non-zeroth momentum
L=k usin3, which is transferred to a molecule
by y -quantum. Assuming that a nucleus is only
in the single non-generate normal vibration and
vibrational state of a molecule is not changed
v =v,=0, one could evaluate an averaged energy
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for excitation of the molecule rotations as follows:

E = <BTZ> =5L *(u?)sin® 9= )4 R(B/ho)[(M —m)/m]
4)

A shift u of the y -active nucleus can be ex-
pressed through the normal co-ordinates Q, of
a molecule:

1
= z 5
u 'm ~ bSO'QSU ( )

where m is a mass of the y - active nucleus; com-
ponents of the vector b of nucleus shift due to
the o-component of “s” normal vibration of a
molecule are the elements of matrix b [27, 32-37];
it realizes the orthogonal transformation of the
normal co-ordinates matrix Q to matrix of masses
of the weighted Cartesian components of the mol-
ecule nuclei shifts g. Further M(b,a) is rewritten as
multiplying matrix elements on molecule normal
vibration, which takes contribution to a shift of
y - active nucleus:

>- (6)

Usually wave functions of a molecule can be
written for non-degenerate vibration as:

Mb,a)=]] <va [T exp( ik b0, /~m)w,

v, )=, Q).

for double degenerated vibration as

)=+ Yo, (©0,)®, (©,)

VsG,, V56, VSG,

(where v_ + v _ =) and analogously for triple
degenerate vibration. In the simple approximation
function ®v_ (Q_) can be chosen in a form of the
linear harmonic oscillator one. More exact calcu-
lating requires a numerical determination of these
functions. Taking directly the wave functions

b

a
vS

VS> and >, determination of the matrix ele-
ment (6) is reduced to calculation of the matrix
elements on each component ¢ of the normal
vibration.
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3. Results and conclusions

Below we present the advanced data on the vi-
bration-nuclear transition probabilities in a case of
the emission and absorption spectrum of nucleus
186Re (E<°)y = 186.7 keV) in the molecule ReO,.
Note that the main difficulty during calculating
(6) is connected with definition of the values b
of the normalized shifts of y -active decay. It is
known that if a molecule has the only normal
vibration of the given symmetry type, then the
corresponding values of b _ can be found from
the well known Eckart conditions, normalization
one and data about the molecule symmetry. For
several normal vibrations of the one symmetry
type, a definition of b_ requires solving the sec-
ular equation for molecule |GF-4 E|=0. We have
used the results of advanced theoretical calculat-
ing electron structure of the studied system within
an advanced relativistic scheme of the density
functional method (c.g., [27, 32, 38]). In table 1
we list the results of calculating probabilities of
the first several vibration-nuclear transitions in a
case of the emission and absorption spectrum of
the nucleus '*Re (E‘O)Y = 186.7 keV) in the mol-
ecule ReO,.

In conclusion let us note that by changing
the population of excited states of an atom or
molecule by laser radiation, it is possible, firstly,
to control the intensity of cooperative gamma-
transition and, secondly, to create new gamma-
transitions that are shifted to the long-wavelength
side relative to the absorption line ( E, + R)and to
the short-wavelength side relative to the gamma-
emission line(E, — R).

Table 1
Probabilitites of the vibrational-nuclear
transitions in spectrum of the ReO,

Vibration transition —
vewi—vhv) Poveye—vivh
0,0 — 0,0 0.74
1,0 — 0,0 0.014
0,1 — 0,0 0.067
1,0 — 1,0 0.68
0,1 — 0,1 0.61

Laser radiation can excite atoms or molecules
with a specific projection of the speed of motion
in the selected direction (the direction of the light
wave), i.e. change the equilibrium distribution of
particle velocities at levels associated with the
laser field. As it was indicated by Letokhov, one
could prepair the excited molecule moving with
a velocity v,.., which is determined by the opti

cal resonance condition koV pes = W—W,, wkere

ko is a wave vector of a laser wave, v, is a
frequency of a laser field and w, is a frequency
of molecular transition.
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SENSING COOPERATIVE ELECTRON-GAMMA-NUCLEAR EFFECT
IN MULTTIATOMIC MOLECULES AND ITS APPLICATION

A. V. Ignatenko, A. V. Glushkov, O. Yu. Khetselius, Yu. Ya. Bunyakova, A. A. Svinarenko
Odessa State Environmental University, L’vovskaya, 15, Odessa, 65016, Ukraine
E-mail: ignatenkoav13@gmail.com

Summary

One of the promising areas of sensor electronics, molecular spectroscopy and physics is the
creation of molecular sensors for the detection of various compounds or phenomena, and, as a rule,
the principle of operation of a molecular sensor is based on certain physical or chemical properties
or effects. Nowadays, the cooperative spectral effects for polyatomic molecules in the external field
of laser radiation are of great interest. When a nucleus in a molecule absorbs or emits a photon, then
it is possible changing the electron, vibrational and rotational energy of the molecule, and then the
so-called cooperative electron-vibrational-rotational-nuclear transitions take place. The spectrum of a
molecule contains a set of electron-vibrational-rotational-nuclear satellites, the appearance of which
is caused by a change in the state of a molecular system interacting with a photon. This paper presents
the first quantitative data on the probability of vibrational -nuclear transitions in the case of the radia-
tion spectrum and absorption of the '**Re nucleus (E = 186.7 keV) in the ReO, molecule. It seems that
the cooperative electron-gamma-nuclear effect in the spectra of polyatomic molecules can be used as
a basis for the creation of new techniques and practical implementations of molecular sensors.

Keywords: chemical sensor, multiatomic molecules, electron-gamma-nuclear effect
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JETEKTYBAHHS KOOIIEPATUBHOI'O EJIEKTPOH-TAMMA-AJIEPHOI'O EQEKTY
JIJII BATATOATOMHUMX MOJIEKYJI TA HOT'O 3ACTOCYBAHHS
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E-mail: ignatenkoav13@gmail.com

Pedepar
OnHi€0 3 TEPCIEKTUBHUX 00JIaCTel CEHCOPHOI €JIEKTPOHIKH, MOJIEKYIISIPHOI CIIEKTPOCKOIIIT €
CTBOPEHHS MOJICKYJIIPHUX JATYMKIB JUIsl BUSIBICHHS PI3HUX CIIONYK ab0 SBUIL, IPUYOMY, SIK ITPABH-
JI0 IPUHIUIT pOOOTH TOTO UM 1HIIIOTO MOJIEKYISPHOTO CEHCOopa 0a3yeThesl Ha MEBHUX (PI3MUHUX YU
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XIMIYHUX BIACTUBOCTAX a00 epekrax. 3a TenepiuIHbOro Yyacy BEIUYEe3HUH 1HTEpeC BUKIUKAIOTh KO-
OTIEpaTHBHI CHEKTpasibHI e(heKTH sl GararoaTOMHUX MOJIEKYI Y 30BHIIIHBOMY TIOJII JITA3€PHOTO BH-
npomiHioBaHHs. Koiu si1po B MOJIeKyJi MOTTHHAE 200 BUMPOMIHIOE (DOTOH, TO € MOXKITMBHM 3MIHEHHS
€JIEKTPOHHOI, KOJIMBAIBHOT Ta 00epTaIbHOT €HEePTii MOJIEKYIH, 1 1aji MaloTh MiCIle TaK 3BaHi KOOIIe-
paTUBHI €NEKTPOHHO-KOIUBAIbHO-00epTaNbHO-epH1 nepexonu. CeKTp MOJIEKYIH MICTUTh HaOip
€JIEKTPOH-KOJIUBAJIbHO-00€pTaNbHO-ICPHUX CYIyTHHUKIB, ITOSIBA IKUX 3yMOBJICHA 3MIHEHHSIM CTaHy
MOJICKYKJISIPHOT CHCTEMH, 110 B3aeMojie 3 poToHOM. B maHiit po6OTi nmpencTaBiieHi nepii KilbKicHi
JlaHi 1010 KMOBIPHOCTEHN KOJIMBAJIbHO-AICPHUX TIEPEXO/IB Y BUMAKY CIEKTPY BUIIPOMIHIOBAHHS Ta
nornuHanHs aapa '*Re (E = 186.7 keB) y monekyini ReO,. Ilpencrapnserses, mo KoonepaTuBHUi
€JIEKTPOH-TaMMa-sACPHHUN €(EeKT y CeKTpax 6araroaTOMHHUX MOJIEKYJI MOXke OyTH BUKOPUCTAHUH SIK
OCHOBA I CTBOPEHHSI HOBUX METO/MK Ta MPAKTHUHUX peaji3aliil MOIeKyIIpHUX CEHCOPIB.
Kurouosi ciioBa: cencop, 6araroaToMHi MOJICKYIH, EKTPOH-TaMMa-sIIEPHUN €(hEeKT
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