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It is shown that the rotational spectrum and the collision characteristics of molecules are significantly 
altered in a strong electromagnetic field. The cross section for the phase mismatch and for the excitation of 
the rotational levels are calculated and it is shown that they decrease with increasing field intensity. 
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An electromagnetic field of sufficient intensity alters 
significantly the energy spectrum and the relaxation 
characteristics of a quantum system. This leads to the 
appearance of distinctive nonlinear optical effects con
nected with the influence of the field on the cross sec
tions of the inelastic processes. A number of papers 
have recently been published on this topic (see, e. g. , U-41). 

In the present article we consider collisions of mole
cules in a strong electromagnetic field. The field fre
quency W is assumed to be far from all the r~sonances, 
Le., we>w»wv, Wo where we, wv, wrare the cor
responding electron, vibrational, and rotational fre
quencies of the molecule. The ratio w./w can also be 
noticeably larger than unity, since the electron fre
quencies of many molecules correspond to the ultra
violet band, and for the existing high-power lasers W 

lies in the red band. 

The energy of the interaction of the molecules with 
the electromagnetic field, averaged over the electron 
variables, can be represented in the form of a series in 
power of the electric field of the wave: 

(1) 

Here d and Q 1k are respectively the dipole moment and 
the electron polarization of the molecule at the fre
quency W in the electronic ground state, E and e l are 
respectively the amplitude and components of the po
larization vector of the electromagnetic field. The next 
terms of the expansion take into account the dependence 
of the polarizability on the field, and can be neglected 
in our Situation, since the field is assumed to be much 
weaker than atomic. 

Assuming the inequalities dE« wand CJ.E2« W to be 
satisfied, we can also disregard the rapidly oscillating 
terms in (1). Thus, Eq. (1) takes the form 

This expression corresponds to the interaction energy 
in the case of immobile nuclei, L e., it pertains to a 
non-vibrating and non-rotating molecule. Therefore 
Q 1k depends on the orientation angles of the molecule 
relative to the immobile axes and on the internal vibra
tional coordinates. Since the displacements of the 
nuclei in the vibrations are relatively small, we can in 
the principal order assume the nuclei to be at rest in 
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an equilibrium position and solve at this stage the prob
lem of rotation of the molecule in the presence of an 
electromagnetic field. Subsequent allowance for the de
pendence of Q on the vibrational coordinates leads to 
small corrections that are well known from molecule 
theory: the non-rigidity of the rotator, the interaction 
of the vibration and the rotation, etc. If no degenerate 
vibrations are excited in the molecule, then these ef
fects are of no particular interest and will not be con
sidered from now on. Thus, it can be assumed that the 
symmetry of the tensor Q 1k coincides with the symmetry 
of the equilibrium configuration of the molecule. 

We consider a linear molecule in the state l~ in a 
linearly polarized electromagnetic field. In this case 
we easily obtain 

(2) 

where Cl!II and Cl!,L are the principal values of the po
larizability tensor in the directions parallel and per
pendicular to the molecule axes, respectively, and 8 is 
the angle between the molecule axes and the electric 
vector of the wave. We see that in the presence of an 
electromagnetic field the free rotation of the rotator is 
replaced by a motion in the potential (2). If Cl!II> Cl!,L, 

then there are two stable equilibrium positions, 8 = 0 
and B = 7T. If Cl!II < CJ.,L there is one stable equilibrium posi
tion, 8 = 7T/2. 

The Schrodinger equation, which describes the mo
tion of the rotator in the potential (2), was investigated 
in[5 1, where scattering of high-power light by a mole
cule was considered. We are interested in fields so 
strong that the condition A» B is satisfied, when B is 
the rotational constant of the molecule (we assume for 
the sake of argument that Cl!II> Cl!u L e., A> 0). Then 
only a small region of angles 9 near zero or 7T is of 
importance, and the Schrodinger reduces to the equa
tion for a two-dimensional isotropic oscillator of fre
quency wo=2(AB)1/2. The energy levels are given, 
accurate to terms of order B, by 

W(N. M) =-'l.ox.,E'+(2(AB)-B).Y+'I,B[ CY-1)'-M'J. (3) 

where N = 1, 2, ... is the principal quantum number of 
the two-dimensional oscillator, M is the quantum num
ber of the projection of the angular momentum on the 
field direction; M = 0, ± 2, ± 4, ... ± (N - 1) if N is odd and 
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FIG. 1. 

lV, M = ± 1, ± 3, ... ± (N - 1) if N is even. 

Formula (3) pertains to the initial section of the ro
tational spectrum, where the influence of the strong 
electromagnetic field is the most appreciable. The 
number of levels that are correctly described by for
mula (3) is determined from the relation Nmu. - (A/B)1/2. 
The presence of two equivalent minima of the potential 
energy at e = 0 and 6 = 7T leads to a tunnel splitting of the 
levels (3), analogous to the inversion doubling. The 
magnitude of this splitting for the first level (N = 1, 
M=O) is 

1£= 32_ A exp [-2(AIB)',+ arc tg(V5 +2) -rr(1'512+1) J. 
:rl';) 

If the molecule has an intrinsic dipole moment, then 
optical transitions between the obtained levels are 
possible (the analog of the infrared rotational spec
trum). The selection rules for these transitions de
pend on the direction of the electric vector It of the 
emitted or absorbed wave (of the weak field). At Itll E, 
transitions with ~M=O and ~N=±2 are possible. The 
frequencies of the successive lines of this series are 
eq ual to 2wo - 2Bn, n = 0, 1, 2, ... , and their intensi
ties are proportional to w~c-S(ltd)2B/A. In the case 
It 1 E, ~M = ± 1, ~N = ± 1 the frequencies are equal to 
1""0- 2Bn and the line intensities are proportional to 
(...,gc-S(ltd)2(B/ A)lf2. The structure of the spectrum is 
qualitatively illustrated in Fig. 1. The appearance 
of the small facto!;,s B/ A and (B/ A)1/2 in the expressions 
for the intensities means that the dipole moment of the 
optical transition decreases in the electromagnetic 
field. The phYSical reason is that the rotation of the 
molecule subtends over only a small solid angle near 
e = 0 or e = 7T. This circumstance plays an important 
role also in the calculation of the cross sections of 
the elastic and inelastic collisions that determine the 
width of the rotational line. 

It is known [61 that rotational lines of dipole molecules 
are characterized by large collision widths: the cor
responding cross sections are of the order of (1-3) 
x 10-4 cm 2. This is due to the long-range dipole inter
action. 

We consider collisions of dipole molecules in a strong 
electromagnetic field. The principal part of the po
tential, which describes the interaction of the dipole 
molecules in pair collisions, is of the form 

d,d, (d,R) (d,R) 
U=-li'+3 R" ' (4) 
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where R is the relative molecule-positive vector. We 
assume the translational motion of the molecule to be 
classical and along straight lines, so that R = P + vt (p 
is the impact parameter and v is the relative collision 
velocity). 

Inasmuch as in a strong electromagnetic field an im
portant role is played by small deviations of the mole
cule axes from the direction E, the potential (4) must 
be expanded in e (or 7T - e). It is convenient to change 
over to Cartesian coordinates: Ql,2=81.2COS<P1.2> Pl,2 
= 81,2 sin<,O 1,2' In first-order approximation in the pa
rameter B/ A expreSSion (4) becomes 

d'd'.d' 
u=- R' +3 R' z'+3 R' z [x(q,+q,)+y(p,+p,) J. (5) 

x, y, and z are the Cartesian components of R. Thus, 
the problem of the collision of two dipole molecules in 
a strong electromagnetic field reduces to the following: 
there are two two-dimensional oscillators, which are 
subjected to a time-dependent perturbation in the form 
(5). 

The quantum transitions induced by this perturbation 
in the oscillator determine the rotational relaxation 
of the molecules in the collisions. As seen from (5), in 
this situation the variables are fully separable and we 
arrive at the problem of transitions in an oscillator 
under the influence of an alternating external force. 
This problem admits of an exact solution (see, e. g. , [71). 
Consequently, the probabilities of the inelastic transi
tions can be obtained without using the traditional ap
proximations of collision theory such as the Born, im
pulse, or adiabatic approximation. The only assumption 
is smallness of the parameter B/ A. 

In the general case the expressions for the transition 
probabilities are quite cumbersome (see[71). We are 
interested in the dependence of the cross section on the 
velocity and on the EMF intensity. We therefore present 
by way of illustration an expression for the total cross 
section for the departure from the ground state. The 
probability of this event is 

w=l-exp {-\·x-v.}, 

(6) 

Fx=3d'zxl R" F.=3d'zyl R'. 

To find the cross section (] it is necessary to inte
grate the probability (6) over the vector p and to aver
age over the orientations of the vector v relative to E, 
recognizing the fact that p 1 v. In the two limiting 
cases we obtain (Ii = 1): at v3»d2Asf4B5f4 

. n/% 

( B)'d' (B)';'d' cr=21; - - S E (cos 8) cos' 8 d8=3,6 - -, 
A v 0 A v 

(7a) 

where E is a complete elliptic integral of the second 
kind; at v3«d2A3f4B5f4 

cr=--L- 1+0 -:r v' • [ ( 1 )] 
8 AB L' 

64d'B'I'A't. 
L= In ----,:--

v' 
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(7b) 
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We obtain now the cross section for phase mismatch
ing in elastic collisions. This effect is connected with 
those terms of the expansion of the interaction (4) which 
are quadratic in Ql,2 and Pl,2' Indeed, in the principal 
order in B/ A it is precisely these terms which deter
mine the renormalization of the oscillator frequency, 
and since their coefficients depend on the time, it is 
with them that the phase mismatching is connected in 
an adiabatic collision. 1) 

Without allowance for the interaction (4), the system 
in question has a quadrupole frequency Wo (two identical 
two-dimensional isotropic oscillators). The interac
tion lists this degeneracy, and after diagonalizationof 
the quadratic form resulting from the expansion (4) we 
obtain the values of the instantaneous frequencies: 

""'=,,,o'+2Bd'A.!R', s=l. 2, 3, 4; 

'.,=-1, 1.,=3(1-2z'/R') , A,=2-3z'/R', 'i.,=-3z'/R'. (8) 

As seen from (8), it is meaningful to speak of an 
adiabatic phase mismatching only if the following con
dition 

Bd'IR'",,'-d'IR'A ¢:1 (9) 

is satisfied, for in the opposite case the interaction be
tween the molecules exceeds the interaction of the 
molecules with the electromagnetic field in the col
lision, and the energy spectrum obtained above be
comes significantly distorted. 2) Assuming (9) to be 
satisfied, we can obtain the mismatch phase TJs(p) for 
the impact-parameter region p3» d2/ A by means of 
the known formula 

+-

Tj.= S ["'. (t) -"',] dt. 

The line contour of the rotational transition is formed 
by superposition of four dispersion contours, the widths 
and positions of which are determined by the broadening 
and shift cross sections a' and a" (see [8l). The pres
ence of two equivalent equilibrium positions at () = a and 
() = 1T results in an equal probability of molecule col
lisions in parallel and antiparallel dipole orientations. 
Since the sign of the interaction (4) is determined by 
the sign of the product d l d2 , the average frequency 
shift vanishes. For a' we obtain 

,_ a' ( B ) 'I. cI' 
cr, -2 A -;;. (10) 

(At other values of s the result differs only in a factor 
on the order of unity.) The contribution of the impact
parameter region in which (9) is violated does not ex
ceed 1T(d2/A)2!3. Therefore (10) yields the principal 
part of the cross section in the velocity region v « (B/ 
A)I!2(dA)2/3. 

As seen from (7a), (7b), and (10), the collision width 
of the rotational lines decreases with increasing elec
tromagnetic-field intensity. This is due to the action 
of two factors: first, narrowing of the region of es
sential angles () leads to an effective decrease of the 
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matrix elements of the interaction between the mole
cules; second, the increase of the distance between 
levels by a factor (A/B)I!2 broadens the velocity region 
in which the adiabatic approximation is valid, thereby 
decreaSing the probabilities of the inelastic transi
tions. 

For an oblate molecule «(til < aJ:' A < 0) the influence of 
a strong electromagnetic field on the rotational relaxa
tion is not so Significant. In this case, the motion of 
the molecule reduces to small oscillations about () = 1T/2 
and to free rotation in the angle CP. [5l In other words, 
in the asymptotic limit IA I /B- 00 a strong electro-

"magnetic field converts a three-dimensional rotator into 
a plane rotator. It is easily understood that in this case 
the entire region of angles between the dipole moments 
of the colliding molecules is effective. The refore the 
matrix elements of the interaction (4) has the same 
characteristic value as in the absence of the electro
magnetic field, and are independent of the field inten
sity in the principal order in B/ A. The spectrum of a 
plane rotator (in the dipole approximation) consists of 
equidistant lines with spacing 2B, i. e., is also inde
pendent of E. Thus, in our case the collision broadening_ 
does not depend on the electromagnetic-field intensity 
and has the same order of magnitude as in the absence 
of a field. 

In conclusion we present some numerical estimates. 
For the HCN moleCUles, B = 4.4 X 1010 Hz, all - o,L = 16 
at. un., d= 2. 9 D, and the parameter A/B becomes 
comparable with unity in fields E - 10-3 at. un. We have 
used here the static values of (til and o,L, i. e., we have 
obviously overestimated E, inasmuch as at w < w. the 
polarizability increases with increasing w. Choosing 
the value A/B-102, we obtain for the velocity that 
separates the regions (7a) and (7b) the estimate Vo 

'" 2. 2 X 105 cm/sec, and in formula (10) we should put 
v« 105 cm/sec. 

!lIt is easy to see that the terms linear in q and P in the per
turbation (5) do not lead to a change in the frequency, since 
they correspond to a shift of the suspension point of the oscil
lator. 

2)This manifests itself formally in the fact that w~ becomes negative. 
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