with the experimental result given above.
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Rotational spectra of diatomic heteronuclear molecules in the field of an external electromagnetic wave

are investigated. Explicit expressions are obtained for the dynamic Stark effect in the vibrational-rotational
levels of the molecule in a nonresonance field. A discussion is given of the resonance Stark effect, in which
the frequency of the wave is close to the frequency of a vibrational transition. It is shown that in a
resonance field with a field strength Fy~(10°~10%) V/cm a radical restructuring of the rotational spectra of
the molecule occurs. It is found that in still more intense fields there is an orientation of the molecules (as

the result of the resonance Stark effect) in directions perpendicular to the field F,.

PACS numbers: 32.20.Tg

1. INTRODUCTION

It is well known that the action of a weak constant or
alternating (nonresonance) electric field on a molecule
produces only small shifts of the vibrational-rotational
levels. The magnitude of these shifts can be deter-
mined by means of the usual formulas of the static®—*?
or dynamic®-5! Stark effects in terms of perturbation
theory.

Explicit expressions for the quadratic Stark shift of
molecular levels in an alternating field due to the vibra-
tional and rotational motions of the nuclei in the mole-
cule were obtained recently by Braun and Petelin. ! In
Sec. 2 of the present article we discuss the dynamic
Stark effect in second-order perturbation theory with
inclusion of the electronic motion in addition to the
vibrational and rotational motions.

The most interesting case is that in which the ex-
ternal field cannot be considered small, i.e., when the
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Stark shift becomes comparable with the distance be-
tween the rotational sublevels. The restructuring of
the rotational spectrum in a strong constant field has
been discussed by several authors. =) In the case of
an alternating field, in the nonresonance case the in-
teraction ceases to be small at dy F ~%w,, where d,
is the characteristic value of the dipole moment of an
electronic transition, F; is the electric field strength,
and w, is the vibrational frequency. In the resonance
case w=w,, a substantial rearrangement of the rota-
tional spectrum arises at much lower fields, when

Vo, =d, Fy~ B,, where d, is the characteristic value of
the dipole moment of a vibrational transition (d,~ (m/
M)*dy, m is the electron mass, and M is the reduced
mass of the nuclei) and B, is the rotational constant of
the molecule.

In Sec. 3 we discuss the problem of the rotational
spectrum of a diatomic heteronuclear molecule in a
linearly polarized electromagnetic wave of not too high
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intensity with frequency w close to the frequency of the
first vibrational transition: w=w,y, Wyo=w.(l~ 2x,),
Vo< 2ix,w,, where x, is the anharmonicity constant.

It is shown that in this case a radical restructuring of
the rotational spectrum of the molecule occurs and ro-
tational frequencies arise which do not have an analog
in the case of a free molecule. In Sec. 4 we present the
result of a similar calculation for the case of circular
polarization of the wave. In Sec. 5 we discuss the ro-
tational spectrum of diatomic heteronuclear molecules
in the field of an intense wave, when V,2 fix,w,. The
frequencies of the rotational motion are determined and
the question of orientation of the molecules in such
fields is investigated.

2, THE STARK EFFECT IN A WEAK NONRESONANCE
FIELD

The shift of an energy level (more accurately, the
quasienergy!® 1)) of an arbitrary quantum-mechanical
system in the field of a linearly polarized wave F
= Focoswt is determined by well known formulas %!
which, when the z axis is chosen along the field Fg,
can be written in the form

1 _
AE=——ua'"(0)F
2 (2.1)

a (o) =ai; (u>)=izI

|d:x'|2mi’i

o -

h :

Here a,‘.},’(w) is the dynamic polarizability tensor of a
system in the i-th state, 41 d is its dipole-moment
operator, wy;. are the transition frequencies, and F
=F%/2,

In diatomic molecules |i)=|JM,v\), where J and
M, are the quantum numbers of the angular momentum
and its projection on the z axis, v is the vibrational
quantum number, and A designates a set of quantum
numbers which determine the electronic states of the
molecule. #!

In the present work we limit ourselves to discussion
of the most common type of diatomic molecule, in which
the electronic ground state is a ! term. The polariza-
bility of the molecule in the state |JM;v0) of the elec-
tronic ground-state term is conveniently written in the
form

alw; JA,w0)=a' (w; IM,;00)+a” (0; JM,v0), 2.2)
where o’ contains a summation over all intermediate
vibrational-rotational states of the ground-state elec-
tronic term and a’’ contains a summation over all in-
termediate vibrational-rotational states of all terms
except the ground-state.

For frequencies w far from the frequencies of the
electronic transitions (i.e., for |w— wyol ~w,,), the
polarizability a’/ is defined as the electronic polariza-
bility of a given nuclear configuration. 2! By means of
the usual transformations®!?? it is easy to express a'’
in terms of the longitudinal electronic polarizability
a, and the transverse electronic polarizability «, (with
respect to the molecule axis) for the equilibrium inter-
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nuclear distance »=v,:

oy (w) +2a; (o) 2 J(J+1)—-3M,*

o (o; JM,O')=—3——+3— [a (m)—m(m)lm ,
(2.3)
2 IdyAllzmAﬂ
a”,_‘_((o)=72'—uro_w—zy (2.4)

A

where d" and d* are the projection of the dipole moment
on the axis of the molecule and on one of the direc-
tions perpendicular to the axis.

The polarizability o’(w; JM,v0) is determined by the
dipole moment of the molecule averaged over the elec-
tronic ground state, d(r)=d(r)n, where n=[sing cose,
sing sing, cos@] is a unit vector along the axis of the
molecule. In the lower orders in the parameter ~ (m/
M)'/* the matrix elements are

Ao = j B (r)d(r) @, (1) dr=doB.urtd, (V8y ooyt (V1) %807 1),

(2.5)
where ¢,(r) are the vibrational wave functions of the
molecule (in the absence of an external field) with the
corresponding energies

e.=ho,(v+1s) —hox.(v+2)% v=0,1, 2,... . (2.6)
As we can easily see, the anharmonic corrections to the
matrix elements of each of the transitions d,, and
d, 5.1 in Eq. (2.5) have a relative order of smallness
vVm/M . The remaining matrix elements are also
small: d, ,,,~do(mv?/M)*'*. This also determines the
condition of applicability of the expressions (2.5): v
«<vM/m. Inclusion of anharmonic corrections to the
energies ¢, may be necessary in principle in the reso-
nance case (Secs. 3-5), when the principal term
7w, in the energies of the transitions v —v+ 1 partly or
completely is compensated by the magnitude of the reso-
nance field quantum 7w,

In the nonresonance case, i.e., for frequencies w
sufficiently far from w, and rotational transition fre-
quencies B,J/%, by using the well known formulas for
the matrix elements of the vectors, 7 it is easy to ob-
tain the following expression for the polarization a’:

4B.d* J+]—1+M;* 2d*0, 2J*+2]—1-2M;
(o) @) (@51 R(e—es)  (27+3) (21—1)
2.7
Note that in the approximation adopted here, i.e., in the
lowest order in the parameter (mv/M)!/2, o' and @'’
do not depend on the vibrational quantum number v.

o' (0;IM,;0)=

Equations (2.2), (2.3), and (2.7) determine the Stark
shift of the vibrational-rotational level |JM,v0) of the
ground-state electronic term:

AEsw, =Eus,—Efyde=—"/ [ (0; JM,0) +o" (; /M,0) |, 2.8)

In the case of optical frequencies w, the main con-
tribution to the Stark shift is from the electronic po-
larizability a’/. In the infrared region, where lw - w,|
~w,, the two terms in a’ (2.7) are of the same order
and a@’~a'’. Only for frequencies w <« w, or near a
resonance where |w- w,l <<w, is the Stark shift deter-
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mined by the first or second term, respectively, in
the vibrational-rotational polarizability? o',

For sufficiently large fields, when the Stark shift
AE,;, becomes comparable with the distance B, be-
tween the lower rotational levels (aF3~ B, < iw,,
where doFy~iw, or Vy~Viiw,B,), it is necessary to
take inté account the perturbation matrix elements
nondiagonal in J, which leads to replacement of the
polarizability tensor a,,(w; JM,v0) by the scattering
tensor C(w; JM,v0; J'M,v0). 927 Values of the
quasienergy E, , are determined here, as usual, %11
from the secular equation

detl (Exr , o—ES,e) 855+ FoiCox (03 TM 00,1 M ,v0) | =0. 2.9)
Under these conditions (i.e., for Vy~ Viiw,B,) there can
arise important changes in the rotational quasienergy
spectrum of molecules similar to what occurs in a
strong constant field. 191

The approach to resonance obviously increases the
sensitivity of the molecules to external action. There-
fore the effect of a radical restructuring of the rotation
al spectrum of the molecules in a resonance electro-
magnetic field in the infrared region (w= w,) occurs
at lower fields, namely when Vy~B,. This question is
discussed in the next section.

3. ROTATIONAL SPECTRUM OF A MOLECULE IN A
RESONANCE FIELD

In the case when the frequency of the electromagnetic
field is close to a vibrational frequency w, and the field
is not too large: Vy<7#w, (i.e., up to fields F,~10°
V/em), the resonance interaction is stronger than the
quadratic Stark effect due to the electronic polariza-
bility @’ (2.3) and the rotational polarizability (the
first term in a’ (2.7)), and the latter can be neglected.
In terms of one (ground-state) electronic term the mo-
tion of the molecule in a field F(¢) is described by the
Schrdédinger equation:

w2

., 00
Lﬁw=(H,+V)(D, H,= Vib+2Mr*’ ;

(3.1)

V=—d(r)F, cos 6 cos ot,

where H,,;(r) is the Hamiltonian of the vibrational mo-
tion in the absence of an external field and J is the
angular momentum operator of the molecule.

The rotational motion is slow in comparison with the
vibrational motion. In the sense of the adiabatic ap-
proximation®! a convenient basis for expansion of the
nuclear wave function ®(», 6, ¢, t) is the set of solu-
tions of the purely vibrational problem (for fixed values
of the angle variables 6 and ¢). Here, however, if the
energy of interaction with the field V,2 B,, then the
time of molecular motion induced by the field, 7~#/V,,
can be small in comparison with the characteristic
time of the rotational motion 7., ~%/B,. This leads to
the necessity of taking into account the interaction with
the field V simultaneously with solution of the vibra-
tional problem?:
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ih%‘:i =(HyptV) W, 8.2
In the resonance approximation Zlw — w,l, Vy<iw,
the solutions of Eq. (3.2) can be represented in the form

W (r, t; 6) =e="M(r, 1; 0), (3.3)

P, 0)= Y\ Au(0) 018, (r).

As a result of the resonance approximation, i.e.,

with accuracy to small corrections ~ V,/fiw,, Eq. (3.2)
already leads to a system of equations which connect
just the coefficients A, corresponding to neighboring
vibrational levels, i.e., 4,and 4,,,. If in addition
the resonance interaction does not involve too many
levels, so that v <vVM/m, then the expressions for the
matrix elements d,, ,,, from Eq. (2.5) can be used.
Under these conditions the coefficients A,(9), together
with the quasienergy y(9) of the vibrational motion, are
determined from the equations

[¥(0)+a(v—1) 0—€.,]4,(8) +'/2V (B) [ (v+1) “Aes1(8)

+v"4,_,(8) 1=0, (3.4)
where V(0)=V,cosd. We will denote by the index p the
various quasienergy levels ¥(6) and the functions A,(6)
and §(r, ¢; 6) corresponding to them. If these functions
are found, then the solution of Eq. (3.1) corresponding
to the total quasienergy Ey, of the molecule and the

- projection of the angular momentum on the direction of

the field M, has the form

o exp {iM, ¢} i 3.5
Our, (1,8, t) = exp{—iF, ¥/} 5 s Z 1(0)¥s(r,1;8).  (3.5)
Without taking into account the small vibrational-rota-
tional interaction which exists in the presence of an ex-
ternal field (i.e., for #%/2Mr%-nr2/2Mr2=B,), the ro-
tational wave functions x,(8) satisfy the following equa-
tions:

% ’ o [ AT A% 8
-8.2% 4 (v,- =B, . 225 %)y,
5 T (UpmEn, J1o=B ) ZA ( 90" 90 ae)x’

3.6)

p'(#p) v

where

3.7
sin* 0 a90* ( )

. M- 4y @ () 74" (8)
D,,(Q)—-*{,(B)-H‘?,( 4) B.ZA., (®) )
If the nonadiabatic terms (i.e., the right-hand side) of
Eq. (3.6) can be neglected, then Eq. (6) takes the form
of the one-dimensional Schrddinger equation with an ef-
fective potential energy U,(6). :

In the general case only numerical solution of Eq.
(3.4) is possible (see Sec. 5). Here we shall discuss
the special case in which it is possible to obtain an
analytic solution of Eqs. (3.4) and (3.6). Let the fre-
quency w be close to the frequency of the first vibra-
tional transition w,; and let the field F, be sufficiently
weak:

|A| «2hw.z., 2B.<V,<2h0.z.,

A=h(0—0wn), 0=0.(1-2z.). (3. 8)
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FIG. 1. Qualitative dependence of the effective potential en-

ergy Uy(6) and Uy(6) in the case of linear (a) and circular (b)
polarization of the external wave.

(Note that for many diatomic molecules 7w, x, /B,

= 10.)™) In this case the equations in (3.4) with v=0
and 1 are split off from the remaining equations and
the vibrational problem for the levels v=0 and 1 be-
comes equivalent to the problem of a two-level system
in a resonance field. ®7 As a result we obtain

L e oI
Yo, 1:0) = [ T8 ", (= [ 225281 %5, ), (3.9)
A"=4" = [ 1_‘?8 ’]-/. , AL =—A.$"=—[ 1+52in6 ]-/, am arctg —— V(e) .
The remaining vibrational levels (v=p=2, 3,...) can
be obtained by means of perturbation theory:
Y:(8) =e.—hw (v—1) —V*(8) [8hz. 0.0 (v—1) ] (8.10)

The potential energy U,(f) (see Fig. la) for V> B,,
|Al, has narrow minima near the values 8 =0 and 7.
The equation for x,() when the terms proportional to
B,/Vyand |Al /V, are neglected is identical to the equa
tion for a two-dimensional isotropic oscillator.*’

Thus, the wave functions and energies of the lower ro-
tational levels are obtained in the form

”exp (_

(,,\,1) ( )_ O: )el.\l;i+'.’:§1\M;H-I)IZL” L\ut(pez),
(3.11)

1 ‘2
b %(3_) BN =Yu(eote tho—Vo) +(BVY) " 2n—M,1+1),

[l = (-5

n=|M,|, |[M,|+1.....

where L['(x) are Laguerre polynomials. The same
formulas are valid for states x,(8) localized near 6=rm;
it is necessary only to replace 8 by 7— 6 in Eq. (3.11).

The potential energy U,(@) has a narrow minimum at
6=1/2. For Vo> |Al> (B, V%3 the equation for xo(6)
is identical to the equation for an ordinary oscillator
and as a result we obtain

" O=o[ eyl (%

eote, thot|Al v [B. ]‘/' ( nt 1 )

E= kN
2 1Al 2

where the oscillator functions? have the form
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@n(2) = (2"nla™) ~e==2H (z). (3.13)

Note that under the conditions (3. 8) the resonance
field can also have an appreciable effect on the rota-
tional spectrum of the vibrational levels with v=2, 3, ... .
In fact, if the field is sufficiently strong, so that [V/
8B, fix,w,v(v — 1)]> 1, the rotational motion in the vi-
brational levels v=2, 3, ... becomes localized near the
directions 6=0 and 6 =7.

4. CIRCULAR POLARIZATION

In the case of interaction of molecules with a circular-
ly polarized electromagnetic field, the separation of
the vibrational and rotational motions can be carried
out for the most part in the same way as was done above
for linearly polarized radiation. Here, however, some
specific features arise.

The interaction energy of the molecule with the field
V in Eqs. (3.1) and (3. 2) inthe case of circular polariza-
tion takes the ferm V=-d(r)F,sind cos(wt+¢), where
0 and ¢ are spherical angles which determine the orien-
tation of the molecule in a coordinate system with z
axis along the direction of propagation of the wave, and
the upper and lower signs refer respectively to the
cases of left-hand and right-hand polarization. In-
stead of Eq. (3.3) we now have

W (r, t; 8, @)=exp{—iy(8)¢/A}(r, t; 6, @),
4.1)
(1, 1,6, qJ)=ZA,(6)exp{——i(v—1) (0t£)} B4 (r).

The expansion coefficients A, satisfy the former equa-
tion (3.4), where, however, V(6)=V,siné.

Equation (3.6) remains in effect (with the depen-
dence of §, on ¢ taken into account), and the equations
for the rotational angular functions x,(f) take the form

B. 2% 4 (U,—Ew )y=B. AP Ama
~Beg T UsrmEu, o= ZZ [ P o0 90
p'(#p) v
(v—1) F2M, >
- (v—1) AL "

precra ]x: @.2)
MY, 1
U@ =10+ 2 (S5 7))
9*A, (v—1)F2M, » ]
[¢2]
_ - —1a®].
B‘ZA“ 907 e

In terms of the two-level approximation (the conditions
(3. 8)) the vibrational wave functions in a circularly
polarized field take the form

1=+sin 6

{Fsin 6 ree
Vs £50,0) = [ ] 6N F [ ] Su(r), (4.3)
while the remaining equations (3.9) remain in force
provided that the new definition of V(@) is taken into

account.

The effective potential energies for rotations in
these vibrational states Uy, ,(f) are qualitatively il-
lustrated in Fig. 1b.

For Vy> B, the curve Uy(9) has two narrow minima
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near the values 6=0 and 8 =7. In the range of de-
tunings V,> |Al > (B, V3)'/3 the lower quasienergy
levels of the state , are determined by the expression

EO _ gote,thot|Al
MO

n=|M,|, |M;|+1,...

B.
1Y

+V.,( )'/’ (On—1M,1+1),

“4.4)

The corresponding wave functions x{"7’(6) are deter-
mined from the first formula in Eq. (3.11), in which
now B=V,/@1A1B,)?,

The potential curve U,(9) has one minimum at 8 =7/2
and near this value can be approximated by a parabola.
The wave functions x,(6) and the quasienergy levels E‘V
near the bottom of the well are determined by the cor-
responding expressions for a one-dimensional oscil-
lator:

g = ttethomVe Ly p (n +-‘_) ,
FoN g 2 @4.5)
% (0)=¢n [(%') \'/;/2] . n=01,...
3

For higher vibrational levels (v=2, 3,...) under
the conditions of (3.8), the solutions of the vibration-
al problem are given by Eqs. (3.10), in which it is
necessary to take into account that V(9)= V,sind. As
before, for Vo> [8%iw,x,B,v(v - 1)]*/2 the structure of
the lower rotational sublevels of the vibrational level
with number v differs substantially from the usual
structure. The corresponding quasienergy levels and
wave functions are determined by expressions (4.5),
where it is necessaryto replace V,by V3/ 2hw x v —1).

Thus, the behavior of a molecule in resonance cir-
cularly polarized field is somewhat different from the
case of linear polarization. We can, however, dis-
tinguish the following general regularities. Under con-
ditions determined by the inequalities (3.8), the reso-
nance field substantially changes the spectrum and the
rotational functions of the resonance states (v=0 and
v=1) and possibly also some of the next vibrational
states. The corresponding rotational functions of the
lower quasienergy levels turn out to be localized in the
variable 8. In the vibrational state ¥, the rotational
wave functions are localized near directions perpendicu-
ular to the direction of Fy. In the rotational state
¥, (and also in other states y,, p>1, if they are suf-
ficiently strongly perturbed by the field V32 > 8%w, x,B.v
X (v - 1)) the region of localization adjoins the direction
“along” the field (the direction of the vector Fy in the
case of linear polarization and the (x, y) plane in the
case of a circularly polarized wave). As will be shown
below, the latter result is specific for the range of ex-
ternal field strength F, defined by the inequalities (3.8),
and changes substantially in the transition to higher
fields.

5. STRONG FIELD

It was noted above for many diatomic molecules
Fw,x,~10B,. "1 As a result of this the inequalities
(3.8) can be satisfied for certain values of V,. Under
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these conditions the interaction of the molecule with
the field is not weak, but can be described in terms of
two resonance vibrational levels. However, these
limitations on V; (3.8) are extremely rigid and burden-
some. In addition, as a consequence of the limited
range of the parameter V,/B, the potential wells shown
in Fig. 1 turn out to be not too deep, which is the cause
of strong anharmonicity. In essence, in terms of the
limitations (3.8) we can speak only of certain levels
described by Eqs. (3.11), (3.12), (4.4), and (4.5). We
note, finally, that the field strength F, defined by the in-
equalities (3.8) is not too large (Fy= (10°-10%) V/cm).
All of these circumstances make it desirable to extend
the results obtained to the case of a stronger field,
where we have
hwe>VoZho.z.>B.. (5.1)

It is evident that in this range of interaction energies
first of all the two-level approximation to the vibra-
tional problem is violated. Giving up the two-level
model on taking into account the anharmonicity of the
vibrational levels makes analytic solution of the equa-
tion impossible. It is possible, however, to carry out
a separation of variables and to find rotational quasi-
energy spectra of the molecule by using the adiabatic
and resonance approximations and numerically solving
the multilevel vibrational problem.

The system of Eqs. (3.4) and the secular equation
corresponding to them can be solved if we limit our-
selves to a certain finite number of vibrational levels.
Such a cutoff of the chain of equations is permissible,
since with increasing level number the detuning in-
creases and actually under the conditions (5. 1) the reso-
nance interaction always encompasses a finite number
of levels. Diagonalization of the matrix corresponding
to the cut-off chain of equations (3.4) has been carried
out by us numerically in the case of exact resonance
A =0 with inclusion of 20 vibrational levels.*’ The
single dimensionless parameter &= V(8)/2fw,x, char-
acterizing these equations was varied in the internal
from 1 to 10.

The results of the calculations confirmed the assump-
tion made above that the resonance interaction actually
encompasses a finite number of levels. With increase
of V, the number of these levels increases. For the
maximum value of the parameter (£=10) the results of
the calculations agree with calculations according to
the formulas of perturbation theory for levels with 8
=v=13. The six quasienergy values corresponding to
levels with v=0, 1,..., 5, differ substantially from
the perturbation theory results, whichindicates the strong
interaction of these levels with the field. The difference
from perturbation theory atlarge v is due to the effect
of cutting off the chain of equations. The correctness
of this procedure for description of states strongly
interacting with the field is confirmed by the presence
of a group of intermediate levels (at all £) rather far
from the region of strong interaction and from the final
level at which the perturbation theory results are valid.

As a result of the numerical calculations the eigen-
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values of the diagonalized matrix

=T _ 8 +_9
hex. 2z. 4

P

are determined as a function of the parameter £. Knowl-
edge of the functions X,(£) permits determination of
vibrational-quasienergy corrections to the effective po-
tential energy U,(9) for any diatomic heteronuclear
molecules. For this purpose it is necessary to carry
out a reparametrization of the quantities A,(£)Aw,x, in
accordance with the dependence £=V(9)/2fiw,x,. We
note finally that in cases in which the region of localiza-
tion of the rotational function x, is not too close to the
region of small interactions (§= 7/2 or §=0 and 7 in
the case of circular or linear polarization), the de-
pendence of the coefficients A4, on 6 is weak and terms
with 824, /36 in the potential energy (3.7) and (4. 2) can
be neglected. Under these conditions the results of the
numerical calculations completely determine the form
of U,(6) and the characteristic frequencies of oscilla-
tions in localized rotational states in the range of

fields (5.1).

In Fig. 2 we have shown the results of the calcula-
tions of A,(&) for p=0, 1, 2, and 3; A (- £)=2,(¢). The
region of applicability of the two-level approximation
corresponds to small £ for which A, ;(£) are linear
functions, and the remaining A,,(E) are not very different
from A,(0)=~p(p—1). The function y(£) increases
monotonically with increase of 1£| and reaches a mini-
mum value at £=0, 14(0)=0. All the remaining func-
tions A,(£) have a minimum at £=¢,: £,%0.83, £,=2.22,
£3=4.0, and so forth.

The effective potential energies U,(8) can be obtained
as the result of the reparametrization procedure de-
scribed above, which in the case of linear polarization
reduces to the following results.

The potential energy Uy(9) is similar to the curve
Up(8) in Fig. la and consequently the transition to
strong fields does not qualitatively change the rotational
motion in the state y,. :

“p
0
5L
4 5k
Vi |
' |
M
-7 (
1
|
|
|
|
_Ew

¢
FIG. 2. Dependence (in dir}énsicnless units) of the values of
the vibrational quasienergy X, on the energy of interaction with
the field ¢. R
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FIG. 3. Frequency of oscillations @, in the angle variable 6
in vibrational states i, .

The remaining potential curves U,(6) at interaction
energies Vo<V,=2xyfiw, £, appear similar to the curve
U,(8) in Fig. la. However, with increase of V, each
of these curves becomes flatter, which leads to a de-
crease of the corresponding frequencies §, of oscil-
lations in the angle 8. For V>V, the quasienergy
7,(6) has minima at 8 #0 and 7, and with increase of

:‘VO the position of these minima approaches 6 =7/2.

This indicates localization of the rotational wave func-
tions x, near certain intermediate values of 6, and 7
- 8, corresponding to the points of the minimum of
7,(0), where 8,~7/2 as V,~. The potential wells
which determine the localization of these states be-
come narrower with increase of V,, which leads to an
increase of the frequencies Q,. For example, the
function (V) for V>V, is determined by the equation
Q514 (z.0.B/) " (82—0,7)", t.=V,/2h0.z.. (5.2)
In Fig. 3 we have shown the functions Q,(¢,)/&,w, B,/
%)'/2 obtained as the result of numerical calculations in
the region V<V, and determined by formulas similar
to (5.2) in the region V,>V, (the coefficients in these
formulas also were determined by means of numerical
calculations).

Thus, with increase of the field F, the resonance in-
teraction encompasses more and more vibrational
levels. For each of these levels the effective potential
energy U,(6; V,) behaves in such a way that for suf-
ficiently large fields (V> V,) in each of the states y,,
the molecules attempt to align themselves in a plane
perpendicular to Fy. ¥

Similar results are obtained also in the case of cir-
cular polarization of the radiation. The potential curve
Uy in this case is similar to the curve U in Fig. 1b
(with increase of V, its maximum value at the point 6
=7/2 increases). The remaining curves U,(9) for V,
<V, are similar to U;(9) in Fig. 1b. Here, however,
with increase of V, the minimum value U,(r/2) in-
creases, and for V>V, a maximum appears at the
point 6 =7/2. In this case two stable equilibrium lo-
cations arise at the points 6, and 7—-6,, where 6,~0
as Vo=, i.e., the equilibrium values of the angle
variable § approach 0 and 7 with increase of the field.
This means that in a strong resonance field of circular
polarization, the molecules attempt to align themselves
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along and opposite the direction of the wave vector.
Consequently, both in the case of linear polarization and
circular polarization, the main tendency is that an in-
tense resonance field draws the axis of the molecule out
of the region of localization of its intensity.

6. CONCLUSION

The experimental observation of the phenomena dis-
cussed can be accomplished, for example, by investi-
gation of the absorption spectra of molecules in the
radiofrequency region®*! under the action of intense
resonance radiation. Such experiments can provide
direct information on the change of states between ro-
tational levels of molecules under the influence of ex-
ternal action. Another effect accessible to observation
is the preferred orientation of molecules in various
directions in a resonance field of various polarizations.
We note, finally, that a strong distortion of the rota-
tional wave functions can lead to removal of the forbid-
denness of transitions between different molecular
states. As a result of this, more efficient absorption
of radiation by molecules is possible in the strong field,
both at the resonance frequency itself and in other fre-
quency regions.

UIn the formula for AE;y, in Ref. 5 corrections are also given
which have a relative order of smallness ~ B, /i lw — w, |
~(m/M)Y %0,/ we—w|. Corrections of the same order of
smallness ~x, w/ | w—w, |~ n/M*V 4w, /| w=w,| arise al-
so in taking into account anharmonicity in the energy of the
vibrational levels (2.6).

Ysimilarly under conditions of electronic resonance at some-
what higher fields dgF2 fiw, the characteristic time #/dyF,
becomes less than the period of vibrations of the molecule
1/w,, which leads to the necessity of taking into account the
interaction with the field already in the electronic Hamil-
tonian. This question has been discussed in Ref. 13, where
it is shown that under such conditions both the procedure for
separating the nuclear and electronic motions and the vibra-
tional spectrum of the molecule change substantially.

M a sufficiently strong constant electric field F the behavior
of a diatomic molecule with a constant dipole moment d also

621 Sov. Phys. JETP, Vol. 43, No. 4, April 1976

is equivalent to the free motion of a two-dimensional iso-
tropic oscillator near the direction of a field with frequency
equal to (2B, dF)Y/? (Ref. 8). An additional twofold degeneracy
(in comparison with the case of a constant field) of the levels
E' corresponding to the motion near =0 or =7 is, of
course, a specific property of an alternating field. States
X0(6) localized near 8=n/2 also are a specific property of

an alternating field.

“'We emphasize again that the initial equations Egs. (3.4) are
valid for the condition v << YM/m. The numerical calculation
results given below show that the resonance interaction up to
extremely intense fields actually encompasses a comparative-
ly small number of vibrational levels with v < va1/m.

SFor the CO molecule, for example, the fields F, correspond-
ing to energies V=2B, and V,=V, are respectively 6x 10°
V/cm and 3.5%10° V/cm.

R, Kronig, Proc. Nat. Acad., Wash., 12, 608, 1926.

2L. D. Landau and E. M. Lifshitz, Kvantovaya mekhanika
(Quantum Mechanics), Nauka, 1974 [Pergamon, 1971].

3C. H. Townes and A. Schawlow, Microwave Spectroscopy,
McGraw-Hill, 1955 [Russ. transl., IIL, 1959].

‘w. Gordy, W. Smith, and R. Trambarulo, Microwave
Spectroscopy, Dover, 1966 [Russ. transl., Gostekhizdat,
1955].

SP. A. Braun and A. N. Petelin, Zh. fiksp. Teor. Fiz. 66,
1581 (1974) [Sov. Phys. JETP 39, 775 (1974)].

°H. K. Hughes, Phys. Rev. 72, 614 (1949).

'P. L. Bertoncini, R. H. Land, and S. A. Marshall, J. Chem.
Phys. 52, 5964 (1970).

8A. V. Gaponov, Yu. N. Demkov, N. G. Protopopova, and
V. M. Fain, Optika i Spektroskopiya 19, 501 (1965) [Optics
and Speetroscopy].

°K. Meyenn, Z. Phys. 231, 154 (1970).

ya. B. Zel’dovich, Zh. Eksp. Teor. Fiz. 51, 1492 (1966)
[Sov. Phys. JETP 24, 1006 (1967)].

1y, 1. Ritus, Zh. Eksp. Teor. Fiz. 51, 1544 (1966) [Sov.
Phys. JETP 24, 1041 (1967)].

12y, B, Berestetskii, E. M. Lifshitz, and L. P. Pitaevskii,
Relyativistskaya kvantovaya teoriya (Relativistic Quantum
Theory), Part 1, Nauka, 1968 [Pergamon, 1971].

13M. V. Fedorov, O. V. Kudrevatova, V. P. Makarov, and
A. A. Samokhin, Opt. Commun. 13, 299 (1975).

4G, Herzberg, Molecular Spectra and Molecular Structure,
N. Y.-London, 1955.

Translated by Clark S. Robinson

V. P. Makarov and M. V. Fedorov 621



