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The effect of boundary conditions of two types at the cell walls—specular reflection with a partial
depolarization of atoms and diffuse reflection with a partial depolarization—on the separation of
a gas by spin projection in a circularly polarized optical field is analyzed. The degree of
magnetization of the gas in the cell depends strongly on the nature of the collisions of atoms with
the cell walls. The degree of polarization of the atomic beam leaving the cell is calculated.

1. Mechanisms for producing spatially nonuniform dis-
tributions of atoms in quantum states in electromagnetic
fields have recently been the subject of active research.'~’
The interest in these problems stems from the promising out-
look for the use of spatial separation of atoms by quantum
state to generate polarized beams of atoms, to separate iso-
topes, to produce population inversions, etc. Several
schemes for a spatial separation of quantum states have been
proposed: in a circularly polarized optical field,' in a linearly
polarized optical field and a longitudinal magnetic field,’
and in optical fields of different frequencies with a special
spatial configuration.>”” A feature common to all these
mechanisms is that the atomic density is locally at equilibri-
um (a Maxwellian distribution), while the velocities of the
atoms in different quantum states are locally not at equilibri-
um. The spatial-separation effects themselves stem from the
simultaneous selective effect of light on the translational and
internal degrees of freedom. The condition of a local density
equilibrium distinguishes these effects from the known ef-
fects of radiation pressure and photoinduced drift.

An important feature of all selective effects of light is a
cancellation of the particle fluxes at the boundaries of the
volume, which results in a spatial selection of quantum
states. Since the interactions of the particles with the walls
may differ in nature, the efficiency of the spatial selection
will in general depend on the nature of the boundary condi-
tions at the walls of the gas-filled cell. Identical boundary
conditions for atoms in different quantum states, specifical-
ly, absolutely elastic collisions (specular reflection), were
considered in Refs. 1-7. It is worthwhile to examine other
boundary conditions from the standpoint of their effect on
the efficiency of spatial selection in comparison with specu-
lar reflection.

In the present paper we use the model for the medium
which was proposed in Ref. 1 to examine some new bound-
ary conditions: absolutely elastic collisions with a partial de-
polarization and diffuse reflection with a partial depolariza-
tion. The boundary-value problem is formulated in
accordance with a known concept (§15in Ref. 8). The mani-
festations of boundary effects are analyzed in examples in-
volving a change in the efficiency of gas separation by spin
projection at the exit from a cell and in the degree of magne-
tization of a gas at the boundaries of a cell.

2. We begin with a brief description of the model of the
medium which we will use.! A single-component rarefied
gas of two-level atoms with spins j, =j, = 1/2 for the
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ground and excited states interact with a circularly polarized
resonant optical field
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The densities of atoms in the ground state, N, (z,v,¢), with
spin projections + 1/2, respectively, are described by a sys-
tem of one-dimensional balance equations in the approxima-
tion of a slight saturation:
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All types of collisions are ignored here, and the notation is as
follows, in accordance with Ref. 1: I' | (v) are the rates at
which the states are pumped, given by
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Iis the interaction energy in frequency units, &, is the degree
of circular polarization, d is the reduced dipole matrix ele-
ment, 2y is the rate of radiative decay of the excited state,
and § = w — o, is the deviation of the field frequency w from
the resonant frequency w,,.

The behavior of the spin densities NV, and fluxes j
was studied in sufficient detail in Ref. 1. As we have already
mentioned, boundary conditions corresponding to specular
reflection from the walls of a one-dimensional cell of length /
were used in Refs. 1-7:

4)

3. Following Ref. 8, we impose the following boundary
conditions (at z= 4+ //2) in the one-dimensional problem
in the general case:
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where v,0'>0; 2 = ( +, — ); and &' #a.

Here and below, the symbol (...),, which signifies an
average over velocity, is intended to also imply v > 0 and that
the integration is carried out over exclusively positive veloc-
ities.

The scattering of atoms by the walls in (5a) and (5b) is
described by w (v',v) and w, (v',v), which are the probabili-
ties that an atom with a given velocity v and a spin projection
a will, after colliding with the wall, be reflected with a veloc-
ity v’ and with, respectively, the same spin projection or an
altered spin projection. The normalization of these functions
is* (atz= —1/2, for example)

<w“(——;—; v'.—v)>,_, +< wi(——l?j; v',——v)> =1
(6)

a) For specular reflection without a change in the polariza-
tion of the atoms, (4), we have

w,=v,"'6(v—0"), w,=0,

where v, is the thermal velocity.

There is no difficulty in incorporating the depolariza-
tion of the atoms upon elastic reflection from the walls (be-
low we will use a subscript a to specify this case):

w=[(1+1) v )60 (v—0") . wo=hw, (7)
The quantity A in (7) determines the degree of depolariza-
tion ¢ of the spin AN = N, — N_ at the walls (for simpli-

city, we assume that the degree of depolarization ¢ is the
same for the two walls),

_A-a (VAN (I/2. —v)> _ (VAN (=1/2,v)>
TH+h | oAN(U2.0)>  eAN(=U2 —v)> ]

€

(3)
as the ratio of the average spin of the atoms moving away
from 1 cm? of wall surface area per second, on the one hand,
to the average spin of the incident particles, on the other.

The range of the parameter € would be — 1<e<1 in
general, but a boundary at which a spin reorientation £ <0
occurred would be difficult to imagine physically. For this
reason we will assume 0<e<1. The limiting cases corre-
spond to complete depolarization (¢ = 0) and to the preser-
vation of the spin after the collision (¢ = 1).
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b) We now consider the diffuse-reflection boundary

condition (which we will specify below by the subscript b):

N.(l/2,—v) N.(=1/2,v)
. IR

=0(ro—r)fo(v),

Y+ P=1. (9)

The meaning of this boundary condition is as follows: After
the atoms collide with the wall (z= + //2) they lose all
information about their initial velocity; i.e., they become
randomized with a Maxwellian distribution f; (v). The con-
stants C"? _ determine the average densities of the compo-
nents, NV, , near the walls for the outgoing particles. Their
normalization in (9) follows from the condition for a local
equilibrium in terms of the density n. A cell of radius r, is
modeled by a unit step function (x). In this case the scatter-
ing probabilities w, and w, are

w,=2v"[ (1+A)vs*]~'exp (~ v ) .

Uy~

wy=hwy.  (10)

4. The degree of magnetization of the gas is determined
by the macroscopic magnetic moment M(z) =y,
(AN(z,v) + AN(z, — v)) induced in the medium. This mo-
ment is directed along the z axis. Here 1, is the Bohr magne-
ton. For simplicity, we carry out a specific calculation of M
in the particular case of a linearly polarized spiral [§, = 0in
(3) 1. The profile M(z) is thus of odd parity along z for boun-
daries of both types, (7) and (10), and it reaches its maxi-
mum at the boundaries. We recall’ that in the case &, = 0 the
magnetic moment originates from a frequency separation of
“Bennett holes” in the different spin projections, and in the
case 6 = 0 we have M = 0.

We can write expressions for the magnetic moment.

a) In the case of specular reflection with a partial de-
polarization we have

A(z,v)
1+e—2eB(1/2,v) > ab

M,(z)
M

0

= 20(ro—r) (1+e) <
My=pon, A(z.v)=AnB(zv),

B(z,v)=exp (-x 2L) sh(xz),

_ 8+—8- _1

An, ‘g++g_ o ®= (r,+r2.). (12)
b) In the case of diffuse reflection with a partial de-

polarization [4(z) = (4(z,v)), B(z) = (B(z,v))] we have

M,(z)

i, = 20(ry—r) {A (z) +

2eB (z)u<vA(1/2,v)> }
1+e—2eulvB (l/2,v)>
u=2r"/v,. (13)

Let us explain the physical meaning of the notation
here: An,(v) is a uniform distribution of the difference
between the populations of states with spins of + 1/2 per
atom which is produced by the optical pumping x is the gain
per unit length; M, is the maximum value of the magnetic
moment; and the averaging over v,>01in (11) and (13) is
carried out with a Maxwellian distribution f;, (v).
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In the case of complete depolarization (¢ = 0), distri-
butions (11) and (13) lead to the same results

M(e=0)=20(ry,—r)A(z).

The fact that the result is the same reflects a specific feature
of the model': The gas as a whole is locally at equilibrium
(Maxwellian), and the depolarization of quantum states
with locally nonequilibrium velocity distributions implies
that these states are Maxwellized simultaneously.

To determine the dependence of the magnetization on
the type of wall (7) or (10), we compare magnetic moments
(11) and (13) at the cell walls locations z = + //2. We fo-
cus on the limiting cases of long cells (s> 1) and short cells
(s<1), where the characteristic parameter of the problem is

V(Y651 8] <,

vO-! l6] >0 (14)

s=Gkl {
Q = kv, is the Doppler width,and G =y~ (', + T _) <1
is the saturation parameter. At small deviations from reso-
nance, |6] <9, this saturation parameter is
G=7""I( yQ) ™', while at large deviations, |o|>Q, we
have G= 1572

In the limiting case of long cells, s> 1, and for deviations
on the order of the Doppler width, |§| = Q, the condition
kI>Q(yG) ' is thus satisfied for Na vapor at 7= 300 K in
cells of size /2 (200 G) ~' (centimeters). This condition is
easily met experimentally.

a) In the limiting case of short cells, s < 1, the value of
[M( +1/2)|is the same for the boundaries of the two types,
(7) and (10), and is independent of the degree of depolariza-
tion €:

l ." Ikl A+
‘ M(i -——) l =T 0(r,—r) ——1lm (LE)—) M..
2 2 € o+i\

(15)

where the special function w(x) is defined in Ref. 9, A = 6/
Q,and 0 = y/Q.
At low frequency deviations, |A| < 1, we have

I
at large deviations, [A|> 1, we have

il = 2V =2 0= | A exp (=A%) My
| (=5 =5

l
‘ M( + 9—\ ‘ = M,0(ro—r)s| M|~

b) In the limit of long cells, s> 1, |M( + [ /2)| does not
depend on the light intensity or the dimensions of the cell. It
is determined by the frequency deviation and by the nature
of the collisions of the particles with the walls:

l {+e
M.,( i—)—)’ MO(r,—r) —(—~—- |A|expy-E\(y),

(16)
I ) 1
M, iT = M0(ro—r) [~\|{;TOXDJ/-h‘,(,z/)
+ela—ay"exp yerfe !/”’]} ,
= \*+g2 (17)
Here E,(x) = — Ei( — x) is the integral exponential func-
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tion, and erfc(x) is the error function.’
At small deviations, |A|<1, we have |M,(+//2|
> |M, ( +1/2)|, while at |A|> 1 we have

| M (£1)2) | <|M,(£1/2)].

In principle, the difference between moments (16) and (17)
would make it possible to experimentally study the nature of
the interaction of atoms with a wall on the basis of the
strength of the magnetic field, since for a given distribution
M (z) the magnetic field B is equivalent to the magnetic field
of a solenoid'’ with a constant and nonuniform current in its
winding:

Jo(ry, 2)=—c6(r\—r)M(z) (18)
(we are using a cylindrical coordinate system here).
A current distribution with the property

J,(—2) = —j, (2) could be pictured as two windings with
a varying density of turns, in which the currents are flowing
in different directions.

5. The efficiency of the separation of a gas by spin pro-
jection can be determined from, for example, the degree of
polarization of a beam of atoms emitted from a small slit at
the end of the cell. Let us assume that this slit is at the bound-
ary z = [ /2. The degree of polarization,

o))

<¢[\ (1/2. b)~'\/ /2. v) ] < \V([
= vANV| —,
9
(19)

T[N (2, ) EN_ (12 o) D
is determined by the ratio of the difference between the
fluxes of the particles with the different projections which
are incident on the wall to the total flux of particles incident
on the wall.

In turns out that in the physically interesting limit of
long cells the degree of polarization in (19) does not depend
on the nature of the cells or the light intensity:

=0l Anf. (1)) =— oxp yrerfe gl

y=A\*+a%

The degree of polarization of the beam of incident atoms
reaches its maximum at frequency deviations on the order of
the Doppler width, |A| = Q, for which its value is |3 | =0.89.
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