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The excitation-transfer cross section is calculated for collisions between excited and unexcited atoms 
possessing a small resonance effect. It is assumed that the excited and ground states of each of the atoms 
ar.: coupled by an allowed dipole transition and the angular momenta of these stages are large. It is 
demonstrated that at a small resonance defect the excitation transfer cross section exceeds the 
corresponding resonant cross section. 

PACS numbers: 34.50.Hc 

To investigate various physical processes that occur 
in gas systems with particip ation of excited atoms, it is 
necessary to know the effective cross sections for col
lisions with excitation transfer. These cross sections 
were calculated, e.g., in[I-a) for resonant collisions, i.e., 
collisions of like atoms, excited and unexcited. 

We consider in this paper collisions with excitation 
transfer in the presence of a small resonance defect .1.. 
Collisions of this kind determine, in particular, the 
course of definite selective chemical reactions in gas 
mixtures. These include, e.g., reactions with excitation 
transfer in collisions of atoms of different isotopes of 
the same element. 

We consider collisions of atoms having large proper 
angular momenta h and h of the ground and excited 
states, h » 1 and h» 1. This condition is satisfied by 
a number of elements in the middle and end of the peri
odic table. For example, for iron and nickel we have 
j = 4, for uranium j = 6, etc. The condition h» 1 and 
h» 1 makes it possible to obtain an analytic solution 
at a resonance defect that is small in comparison with 
the reciprocal effective collision time, or, equivalently, 
in comparison with the energy of the interaction of the 
atoms at the effective distances. 

We assume that the excited and ground state of each 
of the colliding atoms are coupled by an allowed dipole 
transition. Then the interaction of the atoms is described 
by the dipole-dipole interaction operator. The resonant 
collisions of the excited and unexcited atoms are char
acterized by distances on the order of the Weisskopf 
radius(7) Po ~ diN, where v is the relative velocity of 
the atoms (we are using the atomic system of units with 
Ii = m = e = 1). 

In the impact-parameter approximation (see, e.g.,(1-S), 
we obtain the equations for the amplitudes 'filG'f3 and 
1/!2ilof3' which describe the possible states of a sYstem of 
two colliding atoms. The amplitude 1f!lilf3o corresponds to 
the case when the first atom is in an excited state il, and 
the second in the ground state f3o, while the amplitude 
1/!2G' f3 corresponds to the case when, to the contrary, the 
firs~ atom is in the ground state G'o and the second in the 
excited state f3. The equations take the form 

. a¢,"" <, 'I v-, 'R');" 
I-a-t -= a~l} ia(l t' e tt.'2a.'o~', 

(1) 

where .1. denotes the resonance defect 

51 SOY. Phys.-JETP, Vol. 42, No.1 

~=E"+E"-E.,-E,, 
(2) 

v=[R-;l,d 2-3(ii,R) (d2R) ]IR', 

d l == dlG')! andd2 == df3f3o are the operators of the dipole 
moments of the atoms, R is the distance between the col
liding atoms, R2 = v 2e + p2, and P is the impact parame
ter. Collisions with excitation transfer were investigated 
in[a-H), where the model Hamiltonian V ~ CR- 3 was used 
instead of (2). The probability of the transitions to states 
of other energy is neglected in (1). This is correct if the 
closely-lying energy levels of each of the atoms are 
separated from the given excited state by an energy in
terval exceeding the energy of interaction over the effec
tive distance p ~ Po. 

lf the angular momenta of the excited and ground 
states of each of the atoms are equal, then the matrices 
V in Eqs. (1) coincide. We shall considere here just this 
case, although the final results do not depend on this 
assumption in the approximation under consideration. 

Assume that the first atom was excited prior to the 
collision. Then collision with excitation transfer is de
scribed by the amplitude '1)2' We ex!?ress the amplitudes 
'PI and 1/!2 in terms of the operator S: 

( ",,(t,p») =S(t,p) (",,(-OO,V») , 
~(~p) ~(-oo,~ 

(3) 

which satisfies according to (1) the equation 

as - -iTt= V(a,cosM-a.sin6.t)S (4) 

with initial condition 

S(-oo, p)=1. (5) 

ax and ay in (4) denote the Pauli matrices acting in the 
space (1/11, iJ!2)' We solve Eq. (4) in the quasiclassical ap
proximation. We base ourselves on the condition that 
the proper angular momenta h and h of the colliding 
atoms are large, i.e., both the ground and the excited 
state of each of the colliding atoms correspond to a 
large number (2j, + 1) and (2h + 1) of !igenfunctions. 
The dipole-moment operators ell and d2 of the colliding 
atoms can then be replaced by classical vectors d l and 
d2 whose lengths are detert,!1ined ~ the reduced matrix 
elements of the operators d l and d2 taken between the 
corresponding atomc states: 

(6) 

where ni are unit vectors and di are the moduli of the 
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reduced matrix elements of the dipole-moment opera
tors, taken between the considered atomic states (see 
e.g.,[12]). ' 

The excitation-transfer cross section is expressed 
in terms of the element S21(OO, p) of the matrix S(oo, p) 

0= J 2np< IS" (00, p) I')dp, (7) 
o 

where the angle brackets denote averaging over the di
rections of the vectors d1 and d 2• This averaging over 
the directions corresponds to summation and averaging 
over the polarizations of the final and initial atomic 
states in the consistent quantum approach. 

We seek the matrix S in the form 

S=8,S" (8) 

where the matrix So(t, p) describes collisions with res
onant excitation transfer. It satisfies Eq. (4) at .6. = 0: 

S,(t,p)= exp ( -ioxj Vdt). 
_i:! 

(9) 

The solution (9) is valid when the operators <It and d2 
are replaced by the classical vectors d1 and d2 • All the 
commutators of the type [V(t1), V(t2)] then vanish. This 
means, however, not only neglect of the quantum correc
tion, but also the assumption that the classical vectors 
d1 and d2 can be regarded as invariant, i.e., their angle 
of rotation during the collision process is small. It can 
be shown thafthis corresponds to neglecting the terms 
of order r1 in comparison with unity. Thus, our results 
are valid accurate to terms of order r1 (j ~ j1 ~ h). 

The matrix Sl, as follows from (4), (8), and (9), satis
fies the equation 

iJS, 
iTt=US" S,(-00,p)=1, (10) 

and the matrix U is given by 

U=S, -, {V[ox(cos ~t-1) -a, sin ~tl}S,= V[ox(cos ~t-1) 
, 

-a, sin ~t cos 2'1' (t) +0. sin M sin 2'1' (t) I, 'I' (t) = J V dt. 

. Assuming the resonance defect .6. to be small, we solve 
(10) by perturbation theory accurate to terms quadratic 
in .6.. We obtain accordingly 

IS,,(oo, p) 1'~siJl'ct-(A,+A,) sin2ct 

+B' cos' ct+C' sin' ct+BC sin 2ct-2D sin' ct, (11) 

where 

~ ~ 

A,= J.,V(1-COSM)dt, B= J Vsinntcos2<p(t)dt, (12) 

D= f dt, {dt, V(t,) V(t,) sin M, sin nl, cos 2[ 'I' (I,) -'I' (t,) I. 
-"" -~ 

The expressions for C and A2 are obtained respectively 
from the expressions for B and D by replacing the last 
cosine by a sine. 

We substitute (11) in (7) and integrate with respect to 
the impact parameter P. Retaining the terms that do not 
vanish after averaging over the directions of the vectors 
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(13) 

where the angle brackets again denote averaging over 
the directions of the vectors n1 and n2: 

In y = C is the Euler constant, and ,\ is a dimensionless 
small parameter equal to the ratio of the resonance de
fect .6. to the interaction at distances on the order of the 
Weisskopf radius Po, 

f..' = 2d, d,~ 
(j ,i,)" (liv) 3 • 

All the calculations were made accurate to terms of 
order ~2. 

By L we denote the expression 

where 

h(T) =3 nt~n~-ntlln2.V + 3nllln211-ntD2 nt,fi.2.II+n ll1n 2% 

(1+,,'),/. (1+,,'),/. +3 (1+T')'/. T. 

Numerical integration with a computer yielded 
L = 0.05. The remaining integrals can be calculated 
analytically: 

<161>~n/8, <6'>~<'1'>~'/., <;'In 1;1>=-0.10. 

We ultimately get from (13) 

0=~~~[1+~A'(ln~ -3.64)]. 
16 (j,j,) I. liv 9,,' A' 

(14) 

The cross section ares at exact resonance is given by 
(14) with A = O. In the case of a collision between like 
atoms we have h = h = j, d1 = d2 = d, and .6. = 0 and the 
excitation-transfer cross section is 

n' d' 
a=cr res =16 jfiv· 

We note the following interesting result. As seen 
from (14), the excitation-transfer cross section first 
increases on departing from exact resonance, reaching 
a maximum at ,\ ,:,: 0.1. Only at ,\ > 0.16 does it become 
smaller than the resonant cross section. The reason for 
this effect is that the numerator of the interaction opera
tor (2) has a component with alternating sign. The Four
ier components of .6. taken for such an expression lead 
at small .6. to an additional positive rather than negative 
contribution to the excitation-transfer cross section. 
The effect does not occur when the interaction Hamil
tonian is approximated by an expression of the type CR-3, 
which contains no alternating-Sign component (see [8,9]). 

The authors are grateful to D. S. Bakaev for the com
puter calculations. 
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