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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
are 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 participation 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., inl*"®! 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 A.
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 j, and j. of the ground and excited
states, j; > 1 and j. > 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 j, > 1 and
j2 > 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!” p, ~ d/V¥, where v is the relative velocity of
the atoms (we are using the atomic system of units with
hA=m=e=1).

In the impact-parameter approximation (see, e.g.,["‘”),
we obtain the equations for the amplitudes %q,3 and
¢2a05, which describe the possible states of a system of
two colliding atoms. The amplitude y1q B, corresponds to
the case when the first atom is in an excited state @, and
the second in the ground state o, while the amplitude
¥2a g corresponds to the case when, to the contrary, the
firsf atom is in the ground state a, and the second in the
excited state 8. The equations take the form

f%"‘“= (a3l Ve B> Yaargs
1)

oy -
i% = a3 VIa'p'sde " * Piarpy,
where A denotes the resonance defect
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A=E.+E,—E.—E,,
) (2)
V=[R*d,d,—3(d,R) (d,R) ]/R",

d, =djqy and d, = dgg, are the operators of the dipole
moments of the atoms, R is the distance between the col-
liding atoms, R® = v®® + p?, and p is the impact parame-
ter. Collisions with excitation transfer were investigated
int® ") where the model Hamiltonian V ~ CR™® 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.

If the angular momenta of the excited and ground
states of each of the atoms are equal, then the matrices
V in Eqgs. (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 »,. We express the amplitudes
), and ¥ in terms of the operator S:

(!P.(t,p))=§(t,p) (\p.(—w,p) ®)
which satisfies according to (1) the equation

P:(t,p) P2 (=, p)

)

S -
iTt = V(0. cos At—o, sin At) S

with initial condition

()

ox and oy in (4) denote the Pauli matrices acting in the
space (¥;, ¥:). We solve Eq. (4) in the quasiclassical ap-
proximation. We base ourselves on the condition that
the proper angular momenta j, and j. 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 (2j. + 1) of eigenfunctions.
The dipole-moment operators d, and d; of the colliding
atoms can then be replaced by classical vectors d, and
d. whose lengths are determined by the reduced matrix
elements of the operators d, and d, taken between the
corresponding atomc states:

§(—, p)=1.

d—~d=nd/V3, i=1,2, (6)

where nj are unit vectors and dj are the moduli of the
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reduced matrix elements of the dipole-moment opera-
tors, tagken between the considered atomic states (see,
e.g., ).

The excitation-transfer cross section is expressed
in terms of the element S, (=, p) of the matrix S(», p)

= [ 2np<1S,, (2, p) I, )
where the angle brackets denote averaging over the di-
rections of the vectors d, and d.. 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=S0Sn (8)

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

S.(t,p)=exp(-i0,_£ th). 9)

The solution (9) is valid when the operators a, and 32
are replaced by the classical vectors d, and d,. All the
commutators of the type [V(t,), V(tz)] then vanish. This
means, however, not only neglect of the quantum correc-
tion, but also the assumption that the classical vectors
d, and d. can be regarded as invariant, i.e., their angle
of rotation during the collision process is small. It can
be shown that this corresponds to neglecting the terms
of order j* in comparison with unity. Thus, our results
are valid accurate to terms of order j ' (j ~j; ~je).

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

7}
li—US,,

o (10)

Si(=o,p)=1,
and the matrix U is given by
U=8,"*{V[o:(cos At—1) —0, sin At]}S,=V[0.(cos At—1)
—0, sin At cos 29 (t) +o.sin Atsin2¢(t)], o(t)= j Vdt.

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

| S2s (o0, p) |*=sin® a—(4,+4,) sin2a

+B cos® a+C* sin* a+BC sin 2a—2D sin®a, (11)
where
a=@(x)=— dﬂL E,  E=RuNa—nun,,
Viig: p*v
= j?V('l— cos At)dt, B= stin At cos 2¢(t)dt (12)

) 1
D= j dt, J‘ di,V (8,) V (£:) sin At, sin At; cos 2[¢ () —@(8.) 1.

The expressions for C and A, 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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n, and nz, we get
n*d, d,

werrar U [< ¥ (h‘ YAETE +2))
—2¢n? (ln%?— 1) +L]},

where the angle brackets again denote averaging over
the directions of the vectors n, and n,:

13)

T|=n1=nzu+n1unu1

Iny =C is the Euler constant, and X is a dimensionless
small parameter equal to the ratio of the resonance de-
fect A to the interaction at distances on the order of the
Weisskopf radius po,

2d, d,A
(juj2) " (hv)* *

All the calculations were made accurate to terms of
order A%

2

By L we denote the expression

L=%J:d'h_.[:ld'fz TT, <h(r,)h(t=)ln I (__[:h(f)dt)’— ( jlh(r)dr)z |> '

where

W P (T
(1+12)":

3nyyny—nyn,
(1+72)7:

Txllae— gy My

h(t)=3 EEoLn

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

<E]>=n/8, (EH=(n»=%, <&'In|E|>=—0.10.

We ultimately get from (13)
(14)

7 did, 1 8 (. 1

-t — —364)].
16 Gaa) ™ hu[1+9n27“ (lnv 3 )]

The cross section opeg at exact resonance is given by

(14) with A = 0, In the case of a collision between like

atoms we have j; = j2 =j,d; =dz =d, and A = 0 and the

excitation-transfer cross section is

nt 4

16 jAv "

0=0 res=

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 A = 0.1. Only at A > 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 A taken for such an expression lead
at small A 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™®,
which contains no alternating-sign component (see ®:°7),

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