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NEW QUANTUM APPROACH TO DETERMINATION OF THE MOLECULAR
SPECTRAL CONSTANTS AND PROBABILITIES FOR COOPERATIVE VIBRATION-
ROTATION-NUCLEAR TRANSITIONS IN SPECTRA OF DIATOMICS AND THE
HADRONIC MOLECULES

It is proposed a new approach to construction of the potential function of diatomic molecules
as a sum of the known perturbed Morse oscillator function, the Simons-Parr-Finlan molecular
potential in the middle of the potential curve, function of the -Cn/R" type at the large internuclear
distances. Within this approach it is presented a precise scheme for computing the molecular spectral
parameters, namely, vibrational, rotational, centrifugal constants for the electronic states of diatomics.
As application it was carried out calculation of the of molecular constants (cm-1) for the X'X* B'IT
states of the KRb dimer and rubidium dimer and performed further comparison with experimental
data. Within consistent approach to calculation of the electron-nuclear y transition spectra (set of
vibration-rotational satellites in molecule) of molecule there are obtained the estimates for vibration-
rotation-nuclear transition probabilities in a case of the emission and absorption spectrum of nucleus
27T (E7= 203 keV) in the molecule of H1271 for different approximations of the for potential curves:

the harmonic oscillator, the Dunham model and presented approach.

From physical viewpint it is obvious that any
alteration of the molecular state must be mani-
fested in the quantum transitions, for example,
in a spectrum of the g-radiation of a nucleus (see
for example [1-9]). In result of the gamma nucle-
ar transition in a nucleus of a molecule there is
arised a set of the electron-vibration-rotation sat-
ellites, which are due to an alteration of the state
of the molecular system interacting with photon.
The known example is the Szilard-Chalmers ef-
fect which results to molecular dissociation be-
cause of the recoil during radiating gamma quan-
tum with large energy.

In series of works [3-9] it has been carried
out detailed studying the co-operative dynamical
phenomena due the interaction between atoms,
ions, molecule electron shells and nuclei nucle-
ons. There have been developed a few advanced

approaches to description of a new class of dy-
namical laser-electron-nuclear effects in molecu-
lar spectroscopy, in particular, a nuclear gamma-
emission or absorption spectrum of a molecule.
A consistent quantum- mechanical approach to
calculation of the electron-nuclear g transition
spectra (set of vibration-rotational satellites in
molecule) of a nucleus in the multiatomic mol-
ecules has been earlier proposed [5,7] and gen-
eralizes the well known approach by Letokhov-
Minogin [4]. Earlier there were have been ob-
tained estimates and calculations of the vibra-
tion-nuclear transition probabilities in a case of
the emission and absorption spectrum of nucleus
Py (E(°>g= 82 keV) in the molecule of /rO,,
18805 (E<°)g= 155 keV in OsO, and other molecules
were listed. In Ref [8] there are firstly presented
theoretical data on the vibration-nuclear transition
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probabilities in a case of the emission and absorp-
tion spectrum of the nucleus of rhenium '*Re (E©®
. 186.7 keV) in the molecule of ReO,, estimated
on the basis of the simplified version [5,7] of the
consistent quantum-mechanical approach to co-
operative electron-g-nuclear spectra (a set of
the vibration-rotational satellites in a spectrum of
molecule) of multiatomic molecules.

In this paper we present a genetralization of
the cited theory of cooparative electron-gamma-
nuclear (vibrational, rotational) transitions in a
case of the diatomic moleules using new prin-
ciple of construction of the potential curves for
diatomic, which is in some degree analogous to
the Smirnov approach [10,11]. Moreover the pro-
posed method allow to determine the molecular
spectral parameters, that ic checked on the ex-
ample of the some alkali dimers. Besides, we will
give a short generalization of the theory on a case
of the exotic hadronic (pionic) molecules.

It should be noted that the diatomics potential
function can be obtained on the decision of the
electronic Schrodinger equation, however, due to
significant computational difficulties in the pres-
ent, this problem is reliably solving only for the
case of the simplest diatomics having a small
number of electrons [10-15]. In this regard, the
first promising more used semi-empirical meth-
odsy, where the potential curves are determined
in the adiabatic approach using experimental vi-
brational and rotational spectroscopic constants.
Some authors have studied solutions of the Sch-
rodinger (or Klein-Gordon) equation with some
known physical potential models, such as the
Morse potential, Rosen-Morse potential, Man-
ning-Rosen potential, Poschl-Teller potential,
Deng-Fan potential, ring-shaped potential, and
hyperbolic Scarf potential etc (look details for ex-
ample in Ref. [10,16-18]).

Ler us remind shortly a scheme for computing
the cooperative on the vibration-nuclear transi-
tion probabilities in a case of the emission and
absorption spectrum of the nucleus of diatomics
as the corresponding method is earlier presented
in details (look [5-8]). The aim is to compute pa-
rameters of the gamma transitions (a probability
of transition) or spectrum of the gamma satellites
because of changing the electron-vibration-rota-
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tional states of the molecule under gamma quan-
tum radiation (absorption).

Our purpose is calculation of a structure of the
gamma transitions (probability of transition) or
spectrum of the gamma satellites because of the
changing the electron-vibration-rotational states
of diatomic molecules under the gamma quantum
radiation (absorption). In adiabatic approxima-
tion a wave function of molecule is multiplying
the electronic wave function and wave function
of nuclei: y(r )y(R,,R,). Hamiltonian of interac-
tion of the gamma radiation with system of nucle-
ons for the first nucleus can be expressed through
the co-ordinates of nucleons r " in a system of the
mass centre of the first nucleus [4,7]:

H(ry) = H(ry Yexp(—iky Ry) (1)
where kg is a wave vector of the gamma quantum.
The matrix element for transition from initial

state “a” to final state “b” is presented as usually:

< ‘I‘Z(fn) | H(ry) |V 5 (1) > @

W ¥RL R R (R Ry > (2)

The first multiplier in (1) is defined by the
gamma transition of nucleus and is not dependent
upon an internal structure of molecule in a good
approximation. The second multiplier is a matrix
element of transition of the molecule from initial
state “a” to final state “b”:

Mpy =< Wp(re) | Wa(re) > o

c<¥pRL.R) IR W, RR) > (3)

The expression (7) gives a general formula for
calculation of the probability of changing internal
state of molecule under absorption or emitting gam-
ma quantum by nucleus of the molecule and defines
an amplitude of the corresponding gamma satellites.
Their positions are fully determined by the energy
and pulse conserving laws as follows [2]:

£ B, + By +(U2)ME =B + By U )MP (4)

My £ hky =My

Here M is the molecule mass, v, and v are ve-
locities of molecule before and after interaction of



nucleus with g quantum, E_and E, are the ener-
gies of molecule before and after interaction, E_ is
an energy of nuclear transition. Then an energy of
the g satellite is as follows):

Ey = E 4 hkyvg + Rop +(Bp —Eg) (5

Here R is an energy of recoil: R = [(Eg(")]
2/2Mc?. It is well known (c.f.[4,7]) that the practi-
cal interest are presented only transitions between
vibration-rotational levels of the ground electron
state, including transitions into continuum with
further molecular dissociation. The matrix ele-
ment of transition for these transitions is

Mpq =<3 (R, Rp)le 10 |%,(Ry, Ry)> ()
The values of energy, accepted by vibration
and rotational degrees of freedom of the molecule
are as follows:
EvibeVh =R om(my/my),
smtzBJ2=R0m(m2/m1).

(7)

The simple adequate model for definition of
the rotational motion is the rigid rotator approxi-
mation. In this approximation the wave functions
with definite values of quantum numbers J,K are
the eigen functions of the angle momentum op-
erator, i.e.:

Y(R1,R2).=Yk(8, ¢). (8)

In a case of the vibration motion the wave func-
tions with definite value of the vibration quantum
number are numerically found by

solving the corresponding Schrodinger equa-
tion with potential function, choice of which was
discussed above. The simple approximation is
surely the harmonic oscillator onee. The harmon-
ic oscillator wave functions were used for esti-
mating matrix elements of the vibration-nuclear
transitions in ref. [4]. In general the matrix ele-
ment of the vibration-rotation-nuclear transition
can be written as follows:

wt¥a  =Am) I DRI DS

Jp-Kp3Sa.Kq
Jg+Jy
3 feyt? v, (20 2y @)Y, >
14y,

Tadp 1\ Sx (Tadpl

000 ) 2y kym

m——

a:(Ey(o)/bc)(mz/M)R*(]+Q/[(m)1/2R o

)

Here Q=(R-R )(m)"?, m=m m /M is the re-
duced mass of the molecule, m and m, are the
masses of nuclei. The co-ordinate of mass centre
of the first nucleus relatively the molecule mass
centre is defined by expression:

R, =~(m M)R=-(m /M)[R +Q/(m)""] =
-(m/M)R ~(m/m M)"*Q

The corresponding probability can be written
in the following form:

PJV:}/Z =21 +1)

Jatdp 172 2
Y WU+L<Yy, |(n/20)" " T 0@y, A7 -

475 T
(Ja Ty 1)2
000
(10)

Our new approach in in construction of the fi-
nal potential function as a sum of a few potenty-
ial curves. Each diatomic potential curve dimer
is approximated by three functions corresponding
to different portions of it. As in Ref. [10], the first
portion is approximated by the known perturbed
Morse oscillator function:

U(R)=V. (yz + Z bnyn> )
n=4
y=1-exp[—p(R—-R)| (17
where R, R - and equilibrium internuclear inter-
nuclear distance;V,, p, b - the parameters of the
Morse oscillator function.

tion VM.

Often in the middle of the potential curve ( it is
experimentally investigated range of vibrational
quantum numbers) it is usuaaly used the poten-
tial of the Rydberg-Klein-Rees (look for example
[10-15,18]). This potential curve has not the ana-
lytical form, and it is builtas a set of R . andR_
classical turning points for experimental study of
vibrational energy levels. Insit of it in our new
scheme we apply the Simons-Parr-Finlan molec-
ular potential which looks as follows [15]:

Uy=B)l(r - r)/ P4 3 B I 1)/ T} (12a)

or introducing x=r - 7, :

U(=By[x/(x 1Lt T8 [xAx 1} (12b)

where the coefficients bl. are linked with corre-
sponding molecular constants [14].
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Finally, the plot of the potential curve for large
values of the internuclear distance is approximat-
ed by the standard function:

Cp
{HR%:D(—EZRﬂ—AUngL

(13)

where D, - experimental value of dissociation en-
ergy; C - the function parameters (6); n = 3-8.
Let us note that the model (11)-(13) is obviously
more exact and consistent in comparison with a
simple harmonic oscillator one. As an application
it was carried out computing the rubidium dimers
(Rb2, KRb) diatomics spectral parameters. The
results of calculation of molecular constants (cm
" for the X'T" state of the KRb dimer are pre-
sented in table 1 tohether with experimental data
[10,19,20] and theoretical data [10,11] obtained
with using the Morse- Rydberg - Klein - Rees (M-
RKR) method.

Table 1
The molecular constants (cm™) for the X'X*
state of the KRb dimer: Experimantal data —

Exp; Theory: a- [10]; b- our data

Table 2
The molecular constants (cm™) for for the B'IT
(b) state of the KRb dimer: Experimantal
data — Exp; Theory -our data

KRb B'II
Theory Exp
o, 61,258 61,256
o X, 0,2095 0,2089
Y, 2,88(—3) 2,87(-3)
oz, —1,034(-4) —-1,031(-4)
B, 0,03287 0,03288
a, 7,54(=5) 7,41(=5)
?, -1,12(-5) -1,13(=5)
D, 3,75(-8) 3,79(-8)
H, 5,5(-14) 5,7(-14)

Tables 3 and 4 contains the same data for states
of the rubidium dimer for the IE*g and (1)'IT (B)
states.

Table 3
The molecular constants (cm?) for the 'X*
state of the Rb2 dimer: Experimantal data —

KRb ) ON
Th: a Th: b Exp
o, 75,846 75,844 75,842
X, 0,230 0,230 0,230
Y, -3,7(-4) -3,8(-4) -3,9(-4)
oz, -3,7(-6) -3,5(-6) —-3,1(-6)
B, 0,03815 0,03812 0,03813
a, 1,21(-4) 1,20(-4) 1,20(—4)
7, -7,3(-7) -7,3(-7) ~7,4(=7)
D, 3,85(—8) 3,85(—18) 3,86(—8)
H, 3,7(-14) 3,7(-14) 3,7(-14)

Table 2 contains the results of calculation of
molecular constants (cm™) for the B'IT (b) state of
the KRb dimer
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Exp; Theory: a- [11]; b- our data

[16] Our data Exp

o, 31,4883 31,4884 31,4880
wx, | —0,1140(~ | —0,1142(- | —0,1144(-
1) 1) 1)
oy, | —4,255(-4) | —4,263(-4) | 4,269(-4)

oz 7,20(=7) 7,31(=7) 7,40(-7)
B, | 0,13433(— | 0,13435(— | 0,13431(-
1) 1) 1)
a, | —1,449(-6) | —1,468(-6) | —1,485(-6)
v, | 4136(=7) | —4,132(— | —4,122(-7)

7)




Table 4

The molecular constants (cm™) for the (1)'I1 (B)

state of the Rb2 dimer: Experimantal data —
Exp; Theory: our data

Rb, Theory Exp
o, 47,471 47,470
X, 0,1431 0,1430
Yy, -8,351(=7) -
B, 0,19529(-1) | 0,19523(-1)
a, 1,02(— 4) 1,00(— 4)
?, 1,564(-7) 1,561(-7)

Analsysis of the listed data show a physi-
cally reasonable agreement beyween thepretical
and experimental data. Further we present the
accurate data on the probabilities for vibration-
rotation-nuclear transitions from state with v =0,
J.=0 and state v =1, J =0 in a case of the emis-
sion and absorption spectrum of nucleus '*’I (E©
.~ 203 keV) linked with molecule H™T in the
ground electron state X'S (molecular parameters:
R =1.,6 1A, n =2309 cm™, B=6,55cm™ ). The recoil
energy for this molecule is 0,172 eV. Parameters
which define excitation of vibrations and rota-
tions for this molecule because of the recoil, are
as follows: a =1.30 and e_=5.29%107 It should be
noted also that a width of the gamma lines are
corresponding to temperature T=300K. In figure
1 we present the calculated spectrum of emission
and adsorption of nucleus '*’I in the H'?'T .

(b)

Fig. 1. Computed emission (solid curve) and absorp-
tion spectrum of nucleus I (E“’)g= 203 KeV) in the
molecule H'?I. Initial state of molecule: a). above
n =0, J =0 and b). below n =1, J =0 (our data)

We have made comparison of the correspond-
ing vibration-rotation-nuclear transition parobai-
lities from state with v =0, J =0 and state v =1,
J =0 in a case of the emission and absorption
spectrum of nucleus '?I (E(O)gz 203 keV) in the
H'™T for different approximations of the for po-
tential curves: the harmonic oscillator [4], the
Dunham model [5,7] and presented approach.
The wvalues for probabilities, calculated within
the present approach and Dunham model for po-
tential curve [7,8], differ from the corresponding
ones, calculated within the harmonic oscillator
approximation [1], in average on 5-20%. A direct
experimental observation of the cooperstive
electron-ganna-nuclear effects represents a great
fundamental interest. Finally let us note that the
presented theory is related to usual molecular sys-
tems. At the same time in the last years a great at-
tention is turn to the exotic (hadronic) atomic and
molecular systems such pionic and kaonic atoms
and molecules. The difference between the usual
and exotic molecules at the theoretical level is ob-
viously provided by using the Schrodinger equa-
tion in a case of usual molecules and the Klein-
Gordon-Fock equation for the pionic and kaonic
systems. Taking into accout the results of the last
two decades on succseful solutions of the Klein-
Gordon-Fock equation with the difeerent (for ex-
ample, Morse etc) [18] potentials our theory is
naturally generalized on a case of exotic diatomic
molecules. All theoretical positions are remained
the same. Simulteniuosly it is self-undrestood
that the relatively quick radiative processes with
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chartacteristic life less than the negative pion and
kaon lifetime (~10%s) are of a direct theoretical
and practical interest.
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Abstract

It is proposed a new approach to construction of the potential function of diatomic molecules as
a sum of the known perturbed Morse oscillator function, the Simons-Parr-Finlan molecular potential
in the middle of the potential curve, function of the -Cn/R" type at the large internuclear distances.
Within this approach it is presented a precise scheme for computing the molecular spectral param-
eters, namely, vibrational, rotational, centrifugal constants for the electronic states of diatomics. As
application it was carried out calculation of the of molecular constants (cm™) for the X'X" B'II states
of the KRb dimer and rubidium dimer and performed further comparison with experimental data.
Within consistent approach to calculation of the electron-nuclear g transition spectra (set of vibration-
rotational satellites in molecule) of molecule there are obtained the estimates for vibration-rotation-
nuclear transition probabilities in a case of the emission and absorption spectrum of nucleus '*’I (E©©
203 keV) in the molecule of H'?'I for different approximations of the for potential curves: the
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HOBBII KBAHTOBBIN MMOAXO/ K OPEJIEJEHHAIO MOJIEKYJISIPHBIX
CIIEKTPAJIbHBIX KOHCTAHT U BEPOSAITHOCTEM KOOIIEPATUBHBIX
KOJIEBATEJIBHO-BPAIIIATEJIBHO-AIEPHBIX ITEPEXO/I0B B CIIEKTPAX
JABYXATOMHBIX 1 AIPOHHBIX MOJIEKYJI

Pe3rome

[Ipennaraercst HOBBII MOAXO/ K IOCTPOCHHIO MOTCHIMAILHON (PYHKIIMY TBYXaTOMHBIX MOJICKYJI B
BUJIC CyMMBI H3BECTHOTO BO3MYIICHHOHN (DYHKIMH OCIIIUIATOpa Mop3e, MOJIEKYISIPHOTO MOTeHIIUAIA
Simons-Ilappa-Finlan B cpenneii yacti noreHuManbHoM KpuBo#, Gpynkiuu tuna -C /R" npu Gonmbmx
MEKbSJICPHBIX PACCTOSHHSIX. B pamMkax 3TOro moaxoja pa3BuUTa MPELUU3NOHHAS CXeMa BBIYMCICHUS
MOJICKYJISIPHBIX CIIEKTPAJIbHBIX ITAPAMETPOB, @ MMEHHO KOJIe0aTeIbHBIX, BPAallaTeIbHbBIX, IEHTPOOECK-
HBIX MMOCTOSIHHBIX ISl 3JICKTPOHHBIX COCTOSHHMH JBYXaTOMHBIX MOJIEKYN. B KauecTBe MpHIIOKECHUS
NPOBEICHO BBIYMCIICHHE MOJICKYJISIPHBIX KOHCTAHT (cM-') i coctostanit X'E" B'IT numepa KRb u
JMMepa pyOuars U BBIMOJHEHO CPAaBHEHHUE C SKCIEPHUMEHTAIBHBIMU JaHHBIMU. B paMkax mocinerno-
BaTEJILHOTO TOJIX0/Ia K pacyeTy CHEKTPOB AJIEKTPOHHO-TaMMa-sIEPHBIX TEpexoaoB (Habop koneda-
TEJILHO-BPAILATEIbHBIX CITyTHUKOB B MOJICKYJIE) B MOJICKYJIC TIOJyYCHBI OIICHKU ISl KOJleOaTeIbHO-
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BpalaTeIbHBIX-SICPHBIX BEPOSATHOCTEH MEPEXOA0B B Clyyae MCITyCKAHWS WM MOTIONICHHS CIIEKTpa
sapo 271 (E<°)g= 203 keV)) B monekyne H'?'l s pa3nuyHbIX NPUONMKCHUN IS MOTCHIIUATBLHBIX
KPHUBBIX: MOJICJIA TAPMOHHUECKOTO OCHMIUIATOPA, MOJICIN Ha OCHOBE MOTEHIMaia J[aHxaMm u mpen-
JIO)KEHHOTO B pab0Te HOBOTO IMOJIXO/IA.

KiawueBble cJIoBa: CICGKTP JJICKTPOH- g -SJIEPHBIX MEPEXOJ0B, MOJCKYIbI, CICKTPAIbHbIC
napamMeTpsbl

VK 539.183

I C. Keacuxosa, B. ®. Mancapniticokuii, A. O. Kysneyosa, IO. B. /[yopoeceka, O. JI. [lonomapenko

HOBHI KBAHTOBHUI MIAXIJ 10 BUSHAYEHHSA MOJIEKYJIIPHUX
CIIEKTPAJIbHUX KOHCTAHT I IMOBIPHOCTEN KOONNEPATUBHUX
KOJIMBAJIBHO- OBEPTAJIBHO -AJJEPHUX IIEPEXO/IB Y CIIEKTPI IBOATOMHUX
I AAPOHHUX MOJIEKYJI

Pe3rome

[TpornoHy€eThCst HOBHH MiIX1]1 10 TOOYAOBY MOTEHIIIHHOT (DyHKIII{ TBOXaTOMHUX MOJIEKYJ y BUTIISAI1
cymH Biomoro oOypenoi ¢yHkuii ocumnsropa Mop3e, MosekyaspHoro norenuiany Simons-Ilappa-
Finlan B cepenniii yacTuni norenuiinoi kpupoi, Gynkuii Tumy -C / R" py BENMKUX MEX’ AIEPHUX
BiJICTaHsAX. B paMKax 11b0ro miaxoay po3BUHEHA Mperu3iiiHa cxemMa 00UHCIeHHS MOJICKYJIIPHUX CIIeK-
TpaJIbHUX TapaMeTpiB, a caMe KOIMBaJIbHUX, 00EpTaNIbHUX, BIALEHTPOBUX MOCTIHHUX JIJIs €JEKTPOH-
HUX CTaHIB JABOXaTOMHHUX MOJIEKYJ. SIK JOAATOK MPOBEACHO OOYUCICHHS MOJICKYISPHUX KOHCTAHT
(em-") mnst craniB X'E* B'I1 numepa KRb i qumepa pyOifito i BAKOHAHO TOPIBHSHHS 3 €KCIIEPU-
MEHTAJIbHUMH JaHUMHU. B pamkax MOCIHIZOBHOTO MiAXOAY 10 PO3PAaXyHKY CIIEKTPIB €JIEKTPOHHO-
raMMa-siIepHUX nepexoaiB (Habip KonebaTebHO-00epTalbHUX CYNYTHHUKIB B MOJIEKYJIi) B MOJICKYJ
OTpHUMaHi OIIIHKH I KojieOaTenbHO-00epTaIbHUX-SIEPHUX HMOBIPHOCTEH MEpexo/iB B pa3i BUITY-
CKaHHS 1 MOTIMHAHHS CTIeKTpa sipo '] (E(O)g= 203 keV) B monekymi H'?’l 1i1st pisHUX HaOMMKSHB JUIS
MOTEHIIIMHUX KPUBHUX: MOJIEII TapMOHIHHOTO OCIHIISATOPA, MOJIET HAa OCHOBI moTeHmiany Jlanxem i
3aIIPONIOHOBAHOTO B POOOTI HOBOTO ITiIXOY.
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