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The velocity changing collisions are conveniently described by

collisional kernels. ThRSR kernels depend on an interaction potential and

t.hprp in nnccessity for evaluating them for realistic interatomic potentials.

Usir\g t.hp collision kernels we are abje to investigate the redistribution

of atomic population'n causes by the laser light and velocity changing

collisions. In this paper we present the method of evaluating the

collision kernels in the eikonal approximation. We discuss the influence

of the potential parameters R , c on kernel width for a given atomic

state. It turns out that unliko t,ho roliinion kernel for the b.ird

sphere model of scattering the Lennard-Jones kernel is not so sensitive to

changes of R as the previous one. Contrary to the general tendency of

approximating collisional kernels by the Gaussian curve kernels for the Lennard-

Jones potential do not exhibit such a behaviour.
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1. INTRODUCTION

The atomic scattering is described totally in terms of the elastic

and inelastic amplitudes. The situation becomes more complicated when one

considers the problem of active atoms interacting with a radiation field

and then undergoing collisions with perturbers. In such a case one must

determine the way in which collisions modify the linear superpositions of

internal atomic states that have been created by the field. Moreover,

since perturber-active atom interaction potential is state-dependent the

collisions cause different changes in the ground and excited atomic states.

Generally, collisional processes occurring within an atomic vapour

are conveniently described in terneof collision kernels. The population

kernel K^fv.v1) gives the probability density per unit time that, due to

the collision with perturber, an active atom in state i changes its

velocity from v1 to v. The kernel is proportional to the differential

scattering cross section average over the perturber distribution and

corresponds to the collision rate as follows:

The coherence kernel K. ,{v,v) has no such simple physical interpretation,

it reflects the effect of the collision on the off-diagonal density matrix

elements ji. .. Owing to the fact that "off-diagonal" kernel depends on

product or the scattering amplitudes it need no longer be positive. The

problem of the physical interpretation of coherence kernels was widely

discussed by Berman (1992) and Berman et al.(196£).

The velocity redistribution of two-level-atom populations induced

by strong light beam in the presence of perturbers indicates the importance

of collisions between active atoms and perturbers (Fiutak and Zielinska,1383).

These collisions, described by collision kernels, together with the

incident field, strongly influence the final distribution of atomic

populations (Fiutak, Kryszewski, Zieliiiska 1984) and cause the atomic

drift effect (Anstigin et al. 1982; 2ielinska 1985).
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In order to examine these phenomena one should solve the full set

of equations for the density matrix including the influence of the velocity

changing collisions.

The necessity for evaluating and discussing the collision kernels

arose when two-photon-echo and stimulated-photon-echo experiments {Kachra

et al. 1979; Mossberg et al. 1980; Forber et al. 1983) confirmed the role

played by the velocity changing collisions associated either with

populations or coherence kernels. The most popular, but pure phenomenological,

model of the collision kernel proposed by Keilston and Stbrer cannet

be extended on atomic coherences. Due to the kernel's dependence on the

interaction potential one has to find out the collision kernels for more

and more realistic models of interatomic potentials.

Berman et al. (1982) carried out the calculations of kernels using

the hard-sphere model of scattering aud the simplicity of the formulas for these

collision kernels is the advantage of this model.

In tie case when the interact ion potential is complicated a scattering

amplitude is not a simple function of velocities. As a result the

expressions for collision kernels are intricate and there is a necessity foi1

earring out numerical computations.

We discuss the collision kernels for Lennard-Jones potential

assuming the validity of the eikonal approximation for atomic paths.

Although this potential was considered by Avrillier et al.(1981), they

neglected the influence of the attractive term and concentrated their

discussion on the validity of semiclassical small angle scattering amplitudes,

while we discuss the physical features of collision kernels.

Section 2 is devoted to the general description of the collision

when the eikonal approximation holds, r h e T matrix elements evaluated

in section 2 allow us to obtain the general formula for the collision kernel

in eikonal approximation. A specific evaluation of the collision kernel

using the Lennard-Jones potential is made in Section 3, while Section 4 is

devoted to discussion about numerical results. The dependence of kernels

on Lennard-Jones parameters is also discussed in Section 4.
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?. THE ANALYSIS OF THE COLLISTON; THE EIKONAL APPROXIMATION

Let us assume that two-level-atoms interact resonantly with

in a gaseous environment. In order to define the physical situation we

assume that:

(t) the binary collision approximation is fulfilled. It means that the time

between active atom-perturber collision (Atc~10 s) is greater than the

-IP
duration of a collision (Tc~"I° '• The collisions between active atoms

are neglected.

Owing to this approximation one can consider each collision as an

independent event.

(it) The impact approximation (which already includes the binary collision

approximation) is valid. The implication of this approximation is that the

changes produced by the external field during the collision are negligible.

This allows us to consider independently the contributions from the

collisions and the external field to the density matrix.

(iil) The different collisional interactions for the active atoms levels.

We also assume that the collisions we deal with are "elastic" in such a

sense that they cannot change the internal state of the active atoms, but

can change the atomic velocity.

In stationary perturber limit the collision kernel is given by

(Berman 1976):

where v(v') is the velocity after (before) collision, f (v,v') is the

scattering amplitude for state i or the active atom and the delta function

ensures the conservation of energy.

One should mention that according to a discussion, presented by Berman

(198^) the assumption of the s'fcaticnery perturber does not severely restrict

our considerations. (Rigorous calculations carried out by Berman et al.

(1983) and KDchanov et al. (1977) confirm that a kernel width increases by

about 50* as varies from 0,01 to 100.)
m

The collision kernel depends on the product of f.-f. the forms of

which,in turn, depend on the specific interatomic potential. The scattering

amplitude can be expressed in terms1 of the T operator for the atomic state

i as

2.

where

(3)

The matrix elements of the T operator can be written as

(5)

where V and *Y \ are the interaction and the scattering wave function

of the atom in state s, respectively. n describes the internal quantum

numbers of the atomic state s.

Because the active atom'i energy levels are taken to be non-

degenerate and well-separated, it means that collisions do not possess

sufficient energy to induce transition between the levels, we limit our

considerations to diagonal in quantum numbers and off-diagonal in wave

vector matrix elements of the T operator.

These elements are defined by:

(6)

(The t ime dependence of the interatomic potential and the scattering wave



function corresponds to the interaction picture.) Thanks to the binary

collision approximation one is allowed to consider a collision process as

a plane-wave scattering in the potential V.

We define the operator U aa

where

This condition is satisfied when a classical trajectory is curved only slightly

uy the potential.

The eikonal approximation holds when the scattering angles

are small then one is allowed to substitute the real trajectory in the

center mass system by the straight 'line parallel to k t k. We choose the

coordinate system shown In figure 1 for describing the scattering.

The OZ axis is parallel to k t k\ OX is parallel to k - k'

iind the impact parameter b is associated with the trajectory:

(a) = b t x
(in

The operator U sa t is f ies the following equation: where

(9)

Substituting the above spations into (6) we get the general formula for the

time-dependent T matrix elements:

(10)

In order to obtain the collision kernel (1) for specific interaction
that

potential we assume/the eikonal approximation holds. This approximation

is one of the form of the classical paths approximation (Goldberger and Watson

1964). The eikonal approximation holds" when:

(i) the length of de Brogile wave is shorter than the typical interaction

range 11*1 ,

(ii) the following condition is fulfilled:

If,
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2M-

S is the angle between k and k'.

Owing to the fact that

(12)

I

after substituting the solution of the equation (9) into (10) we arrive at

the following expression:

t

(131

One can perform integration over time and finally we have

- 7 -



where J (2b sin —) arises as the result of the integration over if .

This is the general fornula for T matrix elements for an arbitrary

interaction potential in the eikonal approximation.

Introducing dimensionless parameters $ a n d a f o r t n e potential

which is charncterized by R and E (the position and the value of the

minimum energy)

R:
(15)

we can rewrite (14) in the following form:

K :

too

(16)

3 , THE COLLISION KERNEL FOR LENNARD-JONES POTENTIAL

Substituting equation (2) and (16) into (1) one gets the formal

expression for the collision kernel in the eikonal approximation.

This formula gives/opportunity of calculating the collision kernels for the

particular interatomic potential.
by

We illustrate this approach/taking into consideration the Lennard-Jones

potential:

u.

In this case the scattering amplitude for the given atomic state j has

the form:

(17)

where

without fri wpHcit expression for collision kernels we notice that the

coherence kernel, which depends on the product of scattering amplitudes

f,f,, is generally complex. It i*s possible for the real and imaginary part

to oscillate and to go negative-

The population kernel gives the probability density per unit time

that a collision changes the velocity of the active atom in the state i

from v' to v and, as it follows from (17) and (1), can only be posi tive.

Considering excitation of atom by the laser beam we assume that the field

propagates Blong the 07t axis. It leads to the conclusion that the atomic

densi ty matrix may bo factor!zed as follows:

(18)
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where v is the velocity transverse to 0Z axis.

The transverse component of the density matrix O (v ) may be

taken as constant in time. This is not rigorously true when collisions
that

occur, but one might still assume/the factorization (IB) ' hoi fin to a

first approximation. Averaging over v according to the following

formula:

(19)

results in one dimension collision kernels.

We assume the p..(v ) is described by the thermal distribution:

The averaging procedure is vitlelydiscussed in a p^er by Berman et al.(19B2)

and therefore we do not repeat their arguments. Introducing the folLowing

notation:

U M - R:-A

'"

a
(20)

We finally obtain the one dimension collision kernel for the Lennard-Jones

potential;
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THE NUMERICAL RESULTS.DISCUSSION

(21)

Having obtained the intricate but explicit formula for the

collision kernel one can perform numerical calculations.

But before presenting the numerical results thanks to notation

(20) we can qualitatively discuss expression (19). To examine the influence

of the potential parameters on the collision kernel's width we assume the

average velocity u corresponds to the temperature of the order 500 K.

Although we are fully aware of the two-level-atom model rectricted

validity, it seems reasonable to choose an alkal atom as the example,

especially in view of further applications'of collision kernels.

Typically, for the alkal atoms we can estimate the magnitude of the

dimensionless constant

One should note that the argument of the sine function is proportional
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WP f irst, ronsider the case when

- i (2?)

One can see t-hat •'inr in equ3tion (21) oscillates and therefore the

i
For l̂ vi co noia •kernel's shape depends on the parameter ' _ . For (2?) to hold

has to be of the order of 10~ erg vhirh is too big for the alkal atom

minimum energy (Baylis 1969).

One the other hand when

k I

one can average 'line runction so formula (21) is determined by the
i

Bessel function. The argument of this runction is proportional to R

i
but it does not depend on the energy e .

We conclude that for r. ;>, 10 erg the shape of the kernel depends

only on one of the Lennard-Jones potential parameters R .

Performing the numerical calculations we choose parameters that

correspond loosely to a typical alkal atom.

As can he seen from figures ?, and 3 numerical results confirm our

qualitative analysis. These figures show the dependence of the radius R

on the collision kernel's width. One should stress that the width does

not increase very much when the radius decreases. This in lh" main difference

between collision kernels for the Lennard-Jones potential and for the hard sp

scattering model. The analytical expression for the collision kernel

for the harO sphere model has been given by Berman et al.(19B2) and Liao

et al, U980). This kernel is charactered by the square exponential

-x?

decay (e 1 and, as one can see from figure A, strongly depends on the

radius.

The results of numerical calculations of collision kernels for the

Lennard-Jones potential for some selected values of R and e are

shown in figures 5 and 6. Due to the complex scattering amplitude (17)

the coherence kernel consists of the real and imaginary partt.
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the phenomenological kernel proposed by KotLston and Stor-r

(,,5?) or the hard sphere kernel have th« Caussi.n shape. Thfi analysis

of the numerical results shows that for small velocities v^ the Lennard-

.lones collision kernels decay slower then exp(-»v ). It is interesting

to note that the exponential approximation is justified only for the

kernel1 r. wing (figure 7). As a conclusion one can say that if one

uses more realistic interaction potential the resulting collision kernels

must be computed numerically.
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FIGUHE CAPTIONS

Fig. 1 The geometry for description of scattering.

Fig. 2 The influence of the radius R on the Lennard-Jones collision.

kernels

b 10"13erg R1 = 10 A (al

- 8 A (b)

= 5 A (c) .

The plotted results were calculated for u = 6,1.0 cm/s, m = 4.10

The same applies to figures 3 - 6 (v = 0 ) .

i -14
Fig. 3 The same as in figure 4 for energy t = 5-10 erg.

Fig. 4 The dependence hard sphere collision kernel on the radius

R = 12 A (a)

= 6 A (b)

= 6 A (c)

= 4 A (dl -

Fig. 5 The collision kernels Tor the Lennard-Jones interaction potential

R o = 6 , 5 A

1 -15
E Q = 5 10 erg

Ho = 10 A

erg

Fig. 6 The same as in figure 5 for

1 »
Ro - b A
1 -15E ^ 5-10 erg

RQ = 10 A

2 -13
« 0 = 5-10 erg

Fig. 7 Parameters for a), b), c) the same as in figure 3,

: o " 3 ) 2 .
u
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