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We describe the effect of light-induced drift, while allowing for adsorption of the active atoms on the wall of the cell. Assuming 
a rapid rate of adsorption and desorption, we express this effect by a modification of the diffusion equation for the volume density 
in the boundary layer near the wall. Explicit solutions are discussed in opposite special cases, corresponding to a large or a small 
mean free path of the active atoms. 

1. Introduction 

Light-induced drift (LID) can occur when opti- 
cally active atoms immersed in a buffer gas are 
excited in a velocity-selective fashion, so that the 
excited atoms have a nonzero preferential velocity 
[ 1,2]. The effect arises from a difference in thermal- 
ization rate of the velocity distribution for both states 
of the atoms, due to different cross sections for elas- 
tic collisions with buffer-gas particles. In the steady 
state, this leads to a flow of excited atoms that is not 
exactly counterbalanced by an opposite flow of 
ground-state atoms, and a net flow of the atoms 
remains. This net flow of atoms can set up a density 
gradient in a closed cell [ 31. For an optically thick 
system, where the intensity of the light passing 
through the medium can display a strong variation 
in the propation direction, this density gradient can 
become dramatic. The light can effectively sweep 
away the atoms towards the dark end of the cell, while 
leaving the buffer-gas particles untouched. This pis- 
ton action of light, which was predicted in ref. [ 21, 
has recently been demonstrated for Na atoms in argon 
[ 4, 51. However, the observed drift velocity in these 
experiments was appreciably lower than predicted by 
simple gas-kinetic considerations. This difference was 
attributed to the effect of adsorption of the sodium 
atoms on the wall of the capillary vapor cell. 

In the present paper, we study the effect of adsorp- 
tion and desorption in more detail. The effect is 

expressed by a modification of the diffusion equa- 
tion for the atomic density in the boundary layer near 
the wall. We specify solutions of this modified diffu- 
sion equation in some cases of practical interest. 

2. Diffusion equation and absorption equation 

First we recall some results from a theoretical 
description of LTD. The flow of active atomsj(r, t), 
irrespective of their state, can be put in the form 

j(r,t)=--Dgradn(r,t)+u(r,t) n(r,t), (1) 

where n is the volume density of active atoms. The 
first term on the righthand side of ( 1) is the ordinary 
diffusive flow, with D the diffusion constant for 
ground-state atoms in the buffer gas. The second term 
is the light-induced flow with u the drift velocity, 
defined as the average velocity of the active atoms at 
position r and time t. A treatment based upon the 
separation of time scales for the radiative transitions 
and for the macroscopic drift effect leads to an 
expression for the drift velocity u as a function of the 
light intensity I( r, t) at the same position and time, 
for a given light frequency. The drift velocity is 
directed along the propagation direction of the light, 
which we take as the z-direction. When the saturated 
homogeneous linewidth is small compared with the 
Doppler width, the drift velocity obeys the equality 
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tin= -~q alfaz , (2) 

when the parameter q is defined by the equality 

Dq= - (K’ -K) u~I[KZI w (A+K)] (3) 

in terms of the thermalization rates K’ and K for 
excited atoms and ground-state atoms, and the spon- 
taneous decay rate A. The Doppler selected velocity 
vo= (w - w,)lk is nonzero only when the light fre- 
quency w is off-resonance from the transition fre- 
quency wo. The intensity variation follows from the 
absorption equation [ 71 

auaz= - nf(z) , (4) 

where fis a function of the intensity I. Without sat- 
uration, we have f(Z) = Q1, with Q the absorption 
cross section, that is proportional to the Maxwell dis- 
tribution at the selected velocity vo. Explicit expres- 
sions for the saturation behavior of f(Z) at higher 
values of I are discussed in ref. [ 71. 

The diffusion equation for the atomic density n 
follows if we substitute (1) into the continuity 
equation 

an(r, t)l&= -divj(r, t) . (5) 

The diffusion equation for the density, together with 
the absorption equation (4) constitutes a pair of 
coupled differential equations. Explicit solutions 
have been obtained in special cases. One such case 
arises in the stationary case, where both I and n are 
independent of time. Another solution of practical 
interest is the solitary density packet, with a tixed 
shape, and moving with a uniform velocity w. In this 
case, both n and I are a function of z- wt alone [ 6, 
71. Both these special solutions are one-dimensional 
in the sense that n and I do not vary with x and y, but 
solely with the z coordinate indicating the position 
along the propagation direction of the light. 

3. Surface density and volume density 

A position r within the volume of the vapor cell 
can be specified by the distance p to the nearest point 
on the wall, and the two-dimensional coordinate 0 
indicating that point on the wall. We model the pro- 
cess of adsorption and desorption by adopting two 
closely related assumptions. First we consider an 
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atom adsorbed to the wall at the position denoted by 
the wall coordinate 0’. We assume that at desorption, 
the atom is deposited in the volume at the position 
r= (p, a) with a probability distribution b(p) over 
the distance to the wall. By definition, this distribu- 
tion is normalized, and we write 

c0 

s @b(P)=1 > 
0 

(6) 

provided that the range of b is small compared with 
the smallest dimension of the cell. The second 
assumption is that the adsorption rate of an atom in 
the volume at a distance p from the wall is propor- 

tional to this same function b(p). As one easily 
checks, this second assumption follows from the first 
one if we require that in adsorption-desorption 

equilibrium the volume density n is constant as a 
function of p in the boundary layer near the wall. A 
natural assumption for the distribution b(p) would 
be the exponential function 

b(p) =I-‘exp( -p/l) , (7) 

with A the free path of an atom in the buffer gas. 
With these two assumptions, we can write down 

the coupled rate equations for the volume density 
n(r) and the surface density Y( 17). For simplicity we 
suppress the surface coordinate 6, and we indicate 
explicitly only the distance p from the surface. When 
the desorption rate of an atom adsorbed at the wall 
is denoted as I, the rate equations take the form 

(a/at+ -YV+CW~~, (8) 

wdtbw =ap)v 

-wW) n(p) -divApI , 

with 

(9) 

fi= s 40b(p) 0) , (10) 

a weighted average of the volume density in the 
boundary layer near the surface point a. The particle 
flow j in the last term in (9) is defined in eq. (1). 
This last term is the rate of change of the density n 
due to diffusion and light-induced drift. The other 
terms in (8) and (9) represent adsorption and 
desorption. The parameter cx is a proportionality 
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constant which has the physical significance of the 
equilibrium ratio between the surface density v and 
the volume density n. This also means that 

cwy=pv,l4 ) (11) 

with v. the average thermal velocity of an atom, and 
p the sticking probability for an atom that hits the 

wall. 
The effect of adsorption on LTD must be distin- 

guished from the wall effects discussed in refs. [ 81 
and [ 91. In that work the wall effectively contributes 
to the LID effect, by a difference in the velocity ther- 
malization for excited atoms and ground-state atoms 
at a wall collision. In the present paper, the adsorp- 
tion to the wall temporarily removes atoms from the 

interaction with the light field, thereby affecting the 
LID effect produced by the buffer gas. 

4. Separation of time scales 

We now adopt the simplifying assumption that the 
time scale y-l, characteristic for the approach to 
adsorption-desorption equilibrium is rapid, so that 
during time lapses of this order the macroscopic flow 
due to diffusion and light-induced drift has had no 
time to cause any appreciable change in the density. 
Then we may assume that the rapid change described 
by the terms proportional to y in (8) and (9) drive 
n and v to their steady-state ratio, determined by these 
terms. This means that after a rapid transient of the 
order of y-‘, v and n have the ratio 

cwA=v=an(p) , (12) 

at least for values of p within the boundary region 
where b(p) is not negligible. This result may be sub- 
stituted into any equation that contains exclusively 
the slow evolution. Such an equation may be con- 
structed by taking the linear combination of (8) and 
(9) in the form 

= -cxyb(p) [n(p) -A] -div j(p) . (13) 

Note that the first term on the right-band side of (13) 
still contains the rapid rate y, but it is multiplied by 
the deviation n - fi of the density from its average in 
the boundary layer, which is a small quantity. If we 

now substitute eq. (12) into (13), we arrive at the 
approximate evolution equation 

(a/&)[ 1 +a?@)] n(p) = -div j(p) (14) 

for the volume density alone. The surface density v 
is effectively eliminated, since it is assumed to follow 

the variations of the volume density n in the bound- 
ary layer in an adiabatic way. 

Eq. (14) is the basic result of this paper. It dem- 
onstrates that the adsorption to the wall affects the 
equation of motion for the volume density in the 
boundary layer. Outside this layer, b(p) is zero, and 
(14) reduces to (5). In order to illustrate the signif- 
icance of (14)) we consider two opposite special cases. 

5. Large free path 

When the free path 2 of the atoms is large com- 
pared with the diameter of the cell, then each 
desorbed atom is deposited homogeneously distrib- 
uted over the cross section of the cell, and b may be 

considered as a constant. This means that each posi- 
tion in the cell is within the boundary layer. Since 
according to eq. (9) the parameter ayb is the rate of 
adsorption of an atom in the volume, while y is the 
desorption rate, we may conclude that ab is the ratio 
of the number of atoms adsorbed to the wall and the 
number of atoms in the volume of the cell. Then eq. 

(14) may be written as 

(alat)n=-sdivj, (15) 

with s= (1 + ab) - ’ the fraction of atoms within the 
volume of the cell. This illustrates that in this case of 
a large free path, the effect of adsorption is simply to 
slow down the evolution of the density by a factors. 

This is quite understandable, since at any instant only 
a fraction s of the atoms participate actively in the 
process of diffusion and drift. A similar result has 
already been discussed in ref. [ 51. 

6. Small free path 

Now we assume that the free path A is small com- 
pared with the diameter of the cell. Then we may 
separate the volume in a small boundary layer of 
thickness a few times I, and the remaining volume of 
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the cell. In the boundary layer, adsorp- 
tion-desorption processes dominate, and drive the 
density n(p) to a constant value, while fixing the ratio 
v/n to the value a. As viewed from the main volume 
of the cell, the normalized distribution b(p) is very 
narrow, and may be considered as a delta function. 
Outside this narrow boundary layer, eq. (5) deter- 
mines the evolution of the density, with the atomic 
flow given in (1). A change in n at the boundary is 
accompanied by a corresponding change in the sur- 
face density v = cyn. This change in the surface den- 
sity must be reflected in a nonzero value of the normal 
component of the atom flowj orthogonal to the wall 
surface. We find 

(16) 

wherej, is the component of the flow (1) at the wall, 
in the direction perpendicular to the wall, and point- 
ing inwards. This equation may be viewed as a sin- 
gular part of the continuity equation, with v = on a 
density with a delta-function behavior in one direc- 
tion. Obviously, eq. (16) imposes a boundary con- 
dition on the evolution equation for the volume 
density. When (Y = 0, no surface density arises, and 
we recover the usual boundary condition that 
orthogonal flow components must vanish. In conclu- 
sion, we notice that the effect of adsorption and 
desorption to the wall can be accounted for simply 
by imposing the boundary condition (16) to the 
solution of eqs. ( 5) and (1). 

An explicit solution for a solitary density packet 
can be obtained, for the model case of a large flat 
boundary surface parallel to the propagation direc- 
tion of the light. We take the propagation direction 
as the z-direction, and the wall as the yz-plane, so that 
the boundary condition (16) refers to the x-compo- 
nent of the flow. Generalizing the solitary-packet 
solution in one dimension [ 6, 71, we look for a solu- 
tion in which the density packet moves in the z- 
direction with a constant shape, and a uniform 
velocity w. In order to take care of the boundary con- 
dition (16)) we allow for a linear displacement of the 
density packet with the x-value, as sketched in fig. 1. 
Hence we look for a solution in the form 

n(x, z, t)=m(z-nx-wt) , (17) 

1(x, z, t) =J(z-vx-wt) ) (18) 
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with m and Jone-parameter functions. The diffusion 

equation (5) takes the form 

-wdm(z)ldz=D(1+q2)d2m(z)ldz’ 

+Dqd2J(z)ldz2, (19) 

and the absorption equation (4) now reads 

dJ(z)/dz= -m(z)f(J(z)) . (20) 

The boundary condition (16) gives the relation 

r,~=awlD, (21) 

after using eq. (1)) while noting that u is parallel to 
the z-direction, and therefore gives no contribution 

to j,. 
A solitary-packet solution is only possible for a 

finite optical thickness, and the function m(z) must 
vanish in the limits z+ * co. The incident intensity 
Z, must be equal to J(z) for z+ -co. If we integrate 
eq. (19) twice, while introducing the integrated 

density 

M(z)= 1 dz’ m(z’) , (22) 

we obtain the equation 

-wM=D(~+I]*)~M/~~-D~[I~-J(M)], (23) 

with 

dJldM= -f(J) . (24) 

For z+co, the density Mldz must vanish, and we 
find the relation 

w=Dq(Z, -I,)lM, (25) 

between the packet velocity w, the incident intensity 
IO, and the integrated density M,, which is a meas- 
ure for the optical thickness. The intensity Z, = J( co ) 
after passage through the packet is negligible for an 
optically thick system. 

Eq. (25) is exactly the same as in the one-dimen- 
sional solution without wall effects [ 6, 71, so that the 
relation between packet velocity wand optical thick- 
ness is unaffected by adsorption in this model case. 
On the other hand, the adsorption effect in eq. (23)) 
as expressed by the presence of the factor q2, indi- 
cates that the density distribution of the atoms is 
stretched in the z-direction by the factor 1 +q2. As 
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1 
Fig. 1. Sketch of the density distribution n as a function of x and 
z at a certain instant of time t. The angle 4 denotes the angle of 
the line indicating the density maximum with the plane of the 
wall, and it is related to the parameter n by eq. (26). 

sketched in fig. 1, the parameter rl obeys the relation 

v= tan@, (26) 

with @ the angle between the line connecting the 
maxima of the density with the x-axis, normal to the 
boundary plane. The stretched factor 1 + q2 is there- 
fore equal to coss2 @. The particle flow j has a z- 
component 

j,(x,z,t)=--D[m’(z-_llx-wt) 

+qJ’(z-~x-wt)] ) (27) 

with m’ and J’ the derivatives of m and J. Moreover, 
the flow has an x-component given by 

jX(x, z, t) =Dqm’(z-qx-wt) , (28) 

which is needed to respect the continuity equation 
(5) in the present form (19). 

7. 


