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Eft'ect of radiation trapping on the polarization of an optically pumped alkali-metal atomic beam
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Calculations of the limitations imposed by radiation trapping on the polarization of an alkali-
metal atomic beam by optical pumping are presented. In an atomic beam radiation trapping limits
the density of alkali-metal atoms that can be highly polarized by optical pumping. This density is
about

3
the density of an alkali-metal vapor that can be highly polarized by optical pumping. In a

low magnetic field the maximum intensity of an atomic beam that can be optically pumped is a few
particle milliamperes.

I. INTRODUCTION

Optical pumping can be used to polarize an alkali-
metal vapor target or an alkali-metal atomic beam. ' The
absorption of circularly polarized resonance radiation fol-
lowed by spontaneous emission results in the polarization
of the alkali atoms. Radiation trapping can seriously lim-
it the polarization of alkali atoms by optical pumping.
Radiation trapping occurs when the density of alkali
atoms is high enough that multiple scattering of light
occurs for one or more radiative decay branches of the al-
kali vapor. Previous papers have examined theoretically
the effect of radiation trapping on the polarization of an
optically pumped alkali-metal vapor in both weak and
strong magnetic fields. ' Experiments agree well with
the previous calculations. In this paper we analyze
theoretically the effect of radiation trapping on the polar-
ization that can be produced by optical pumping of an
alkali-metal atomic beam in either a weak or a strong
magnetic field. The radiation trapping of an alkali-metal
beam is somewhat different from the radiation trapping
of an alkali-metal vapor target because the photon emis-
sion or absorption line shape of a beam depends strongly
on the angle between the direction of the alkali-metal
beam and the direction of the photon. The absorption
linewidth is nearly the natural width in a direction per-
pendicular to the atomic beam and is comparable to the
vapor Doppler width in a direction parallel to the atomic
beam.

The use of optical pumping to produce a polarized
alkali-metal atomic beam is of current interest. Polarized
Na negative-ion beams have been formed as follows. An
atomic beam of Na is polarized by optical pumping in a
low magnetic field. The polarized atomic beam is surface
ionized by a heated tungsten surface. The resulting
alkali-metal positive ions are nuclear polarized. The po-
larized positive ions are extracted and accelerated. These
polarized positive ions are then partially converted into
polarized negative ions by charge-changing collisions in
an alkali-metal vapor target. A polarized alkali-metal
atomic beam may also be useful as a target in a storage
ring. The calculations in this paper show that in a low
magnetic field the possible Aux of alkali-metal atoms that

can be polarized by optical pumping is limited by radia-
tion trapping to a few particle mA or less.

II. OPTICAL PUMING OF AN
ALKALI-METAL ATOMIC BEAM

The atoms in an atomic beam have a large average
component of velocity parallel to the atomic beam axis
(u~~- /4kT/m—and a small average component of their
velocity perpendicular to the atomic beam axis (uj =0).
For an atomic beam formed by effusion from an oven, the
distribution in vI~ is large, being comparable to the aver-
age value of vI~. For an atomic beam formed by using a
supersonic nozzle the distribution in

u~~
can be much

smaller than the average value of
u~~

due to the adiabatic
cooling that occurs as the beam emerges from the nozzle.
In this paper we restrict our calculations to the effects of
radiation trapping on the polarization by optical pump-
ing of an alkali-metal atomic beam formed by effusion
from an oven with only a few comments at the end of the
paper on the effects of radiation trapping on the polariza-
tion by optical pumping of an alkali-metal beam formed
using a supersonic nozzle.

For an atomic beam formed by effusion from an oven
at a temperature T the beam intensity (in atom/s) with
velocities between v and v +du is given by

I( )u=2I ouexp( —u /a )/a

where a=(2kT/m)' and Io is the total intensity in-
tegrated over all velocities. The density of atoms in the
atomic beam (in atoms/cm ) with velocities between u

and u +du is given by

p(u) =I(u)/(u A) =2Iou exp( —u /a )/a A

where 2 is the cross-sectional area of the atomic beam.
An atomic beam can be polarized by optical pumping
with the light beam making an arbitrary angle with the
atomic-beam axis. Of course, there must be a static mag-
netic field parallel to the light beam in order to maintain
the polarization produced by the optical pumping. In
this paper we consider the two cases where the optical-
pumping light beam is either nearly antiparallel (or paral-
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lel) to the atomic-beam axis or is perpendicular to the
atomic-beam axis.

In order to simplify the problem we assume that all the
atoms in the atomic beam have zero component of veloci-
ty perpendicular to the atomic-beam axis. This perfect
collimation of the atomic beam produces the most serious
possible radiation trapping by the atomic beam. We con-
sider a Na atomic beam in order to make the discussion
concrete.

A. Optical pumping in a weak magnetic field
with the light beam parallel to the atomic-beam axis

For optical pumping in a weak magnetic field with the
light beam antiparallel (or parallel) to the atomic beam
the absorption line shape seen by the optical-pumping
light beam is obtained by substituting
U =+c[(v—vo)/vo] into Eq. (2) where the + sign corre-
sponds to the light beam antiparallel to the atomic beam
and the —sign corresponds to the light beam paralle1 to
the atomic beam. The resulting normalized absorption
line shape seen by the optical-pumping light is given by

Na atom with zero nuclear spin. We label the ground
S,~2 states with m = —

—,
' and m =

—,
' as states 1 and 2, re-

spectively, and the lowest I'
& &2 excited states withI= —

—,
' and —,

' as states 3 and 4, respectively. This same
simplification and notation was used in Refs. 2 and 3. We
take the Na atomic beam to be 0.5 cm in radius, and we
assume the atomic beam has a constant density of the Na
inside this radius and zero density outside this radius.
We take m =23 u, A, =589 nm, and A =6.1X10 s ' for
our idealized Na atom and we take T=600 K as the oven
temperature. The low-field rate equations for the optical
pumping of the idealized Na atomic and the approxima-
tions and methods used in the numerical solution of these
equations are given in Ref. 3. The notation in this paper
is the same as that used in Ref. 3 so that we need not
reproduce the rate equations from Ref. 3 in this paper.

The normalized line shape g for the emission or ab-
sorption of radiation at an angle 0 to the atomic-beam
axis is obtained by solving v=vo(1+U cos8/c) for U and
substituting the resulting expression for U into Eq. (2)
with the appropriate normalization. The normalized line
shape obtained is

4A, m
v'~ 2kT

3/2 ( mc (v —vo)2 2

(v —vo) exp-
2kTvo

4A, Ig= v'~ 2kT
(v —vo)

exp
icos 8i

mc (v —vo)
(4)

2kTvgcos'8i

(3)

The absorption line shape seen by the optical-pumping
light has maxima for v —vo=+vo(2kT/mc )'~ . The +
and —signs again correspond, respectively, to the light
beam antiparallel or parallel to the atomic beam. The
full width at half maximum (FWHM) for the absorption
line shape seen by the optical-pumping light is
b,vs —= 1.7vo(2kT/mc )' . For a Na atomic beam
formed by eA'usion from an oven at T=600 K the absorp-
tion line shape seen by the optical-pumping light beam
has a FWHM of Av~ =1.89X10 Hz. For a Na beam
in a weak magnetic field the absorption line shape for
each transition out of either of the ground hyperfine lev-
els will have a line shape given by Eq. (3) and with a
width Avz. Since the ground-level hyperfine separation
of Na is AvH„s=1. 77X10 Hz the light source used for
optical pumping of a Na atomic beam either antiparal-
lel (or parallel) to the atomic beam in a weak magnetic
field must provide frequency coverage of about
Av =—AvHFs+ Avz =3.66 X 10 Hz. The static magnetic
field must be parallel to the light beam.

In an atomic beam the collision rate is small so that the
relaxation rate T, is very small. The polarization that
can be obtained is therefore determined by the intensity
and the frequency distribution of the optical-pumping
light, the light-atom interaction time, and the atomic-
beam density and geometry, which determine radiation
trapping by the beam. The light-atom interaction time is
the time for an atom to cross the optical-pumping light
beam.

In order to estimate the eQ'ect of radiation trapping on
the polarization that can be produced by optical pumping
we simplify the problem by considering an "idealized"

This line shape depends on both v —vo and 0. Note that
Eq. (4) differs from Eq. (3) in that Eq. (3) is the absorption
line shape seen by the optical-pumping light and hence
Eq. (3) is equal to Eq. (4) evaluated at 8= 180'. At 8=90'
the line shape g is zero if volvo, i.e., the line shape at
8=90' is a 6 function so that g(v —vo)=6(v —vo). The
FWHM of g is zero at 0=90 . At 0=90 the correct line
shape should be the natural Lorentzian line shape with a
FWHM of Av&= 3/2~=10 Hz. At 0=90' the line
shape is not correctly given by g. Since Av~ &&Avz the
line shape g is correct over all angles 0 except for a small
range of angles 0 near 0=90'. The range of angles over
which Av& is greater than the FWHM of g is from
8=90' to 8=arccos(+Ave/ Ave)=+89. 66. Thus g ac-
curately represents the correct emission or absorption
line shape except over a fraction of a degree near 0=90'.
Therefore we utilize g at all angles ignoring the fact that
this overemphasizes the radiation trapping very near
0=90'.

The question as to what magnetic field is considered
weak is now addressed. The field is considered weak in
our calculations when emission on one transition can be
absorbed by another transition. For example, when the
photon emitted by a transition from state 3 to state 1 can
be absorbed by the transition from state 2 to state 4. In
order that this be the case independent of the direction of
emission, one must have gJp&K/h & Eve, where gJ is the
ground-level gyromagnetic ratio factor, p~ is the Bohr
magneton, and H is the magnetic field. This restricts the
field to less than about 3 G.

The normalized line shape g of Eq. (4) is used together
with Eqs. (1)—(11) and Eqs. (Al) —(A15) in Ref. 3 to cal-
culate the ground-level populations as a function of the



43 EFFECT OF RADIATION TRAPPING ON THE POLARIZATION. . . 4885

light-atom interaction time. The initial conditions are
taken as n, =nz= —,'. The rate equations are integrated
numerically from time t =0 to a time equal to the light-
atom interaction time yielding the state populations. The
numerical integrations are carried out as described in
Refs. 2 and 3. If the light beam and the atomic beam are
exactly antiparallel (or parallel), the light-atom interac-
tion time can be large. In the design of a practical sys-
tem, however, one might have the light beam and the
atomic beam cross at a small angle g. If the light beam
has radius Rl, then the light-atom interaction time for an
atom crossing the center of the light beam is approxi-
mately 2R /(u sing), where u is the most probable veloci-
ty of an atom in the atomic beam. We arbitrarily take
the light-atom interaction time as 10 s in our calcula-
tions. Using a fixed-light interaction time ignores the dis-
tribution in velocities and in the position of atoms cross-
ing the laser beam. We take the light-beam intensity as
0.25 W distributed uniformly in space over the light-
beam diameter of 1 cm and distributed uniformly in fre-
quency over Avz. Thus the light intensity per unit fre-
quency is taken as 1.68X10 ' W/cm Hz. We further
assume that the light-beam intensity is constant along the
direction of propagation and is not decreased by absorp-
tion. For the assumed light intensity the calculated
values of the polarization as a function of the atomic-
beam intensity are relatively insensitive to the value of
the light-atom interaction time. We take the polarization
of the laser beam as o. so that the atoms are pumped out
of state 2. The calculated value of the polarization P
=(nz n, )/—(n +2n, ) is determined for different total
atomic densities in the atomic beam. The results of our
calculations are shown in Fig. 1 where P is plotted as a
function of XD, the product of X, the total density in the
atomic beam, times D, the diameter of the atomic beam.

As can be seen with the assumed conditions one cannot
produce a high polarization by optical pumping in an
atomic beam with a diameter of 1 cm (a radius of 0.5 cm)
if the atomic density is greater than about 10"
atoms/cm . The atomic-beam intensity corresponding to
this density is estimated by multiplying the density by the
ratio of the atomic-beam intensity to the atomic-beam
density (8kT/nm)'~, times th. e cross-sectional area of
the beam. For a temperature of 600 K the value of
(8kT/arm )'~ is 4. 5 X 10 cm/s and for R =0.5 cm the
value of the cross-sectional area of the beam is 0.78 cm .
For these values the maximum beam intensity that can be
highly polarized by optical pumping is 3.7 X 10'
atoms/s. This corresponds to about six particle milliam-
peres. It is noted that the polarization depends on XD.
Thus the value of the polarization as a function of N for
any D other than D = 1 (R =0.5 cm) is easily obtained.

B. Optical pumping in a weak magnetic Beld
with the light beam perpendicular

to the atomic-beam axis

For optical pumping in a weak magnetic field with the
light beam perpendicular to the atomic beam the absorp-
tion line shape that must be covered by the optical-
pumping light consists of two absorption lines, one out of

3/2
4A, m
v'~ 2kT

( v —vo)
X exp-

/cos P/ /sin 8/

mc (v —vo)
, (5)

2kTvosin 8cos P

where the angles 8 and P are such that zlr=cos8,
x/r =sin8cos(t, and y/r =sin8sing. The rate equations
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FIG. 1. A plot of the polarization I' as a function of the
product of the atomic-beam density times the atomic-beam di-
ameter ND. The various curves are for the following situations:
(a) optical pumping of an atomic beam parallel to the beam axis
in a weak magnetic field; (b) optical pumping of an atomic beam
perpendicular to the beam axis in a weak magnetic field; (c) op-
tical pumping of an atomic beam parallel to the atomic axis in a
strong magnetic field; (d) optical pumping of an atomic beam
perpendicular to the atomic axis in a strong magnetic field; (e)
optical pumping of a vapor target in a weak magnetic field; (f)
optical pumping of a vapor target in a strong magnetic field.
For optical pumping of the atomic beam the optical-pumping
light-atom interaction time is taken as 10 s, and for optical
pumping of the vapor cell the relaxation time is taken as 10 s.
The optical-pumping light is assumed in all cases to cover uni-
formly the absorption line and to have an intensity per unit fre-
quency of 1.68X 10 ' W/cm Hz.

each of the ground hyperfine levels. Each of the two ab-
sorption line shapes is Lorentzian with Avz = A /2'
= 10 Hz.

In order to estimate for this case and for an idealized
alkali-metal with I =0 the effect of radiation trapping on
the polarization that can be produced by optical pump-
ing, we again use the equations from Ref. 3. The problem
of pumping with the light beam perpendicular to the
atomic beam differs from that where the light beam is
parallel to the atomic beam in that the normalized line
shape for emission or absorption differs from the normal-
ized line shape given in Eq. (4). We take the x direction
as parallel to the atomic-beam axis and the z axis as
parallel to the laser beam and hence the magnetic field.
The normalized line shape for emission or absorption de-
pends on the spherical coordinate angles 8 and P as well
as v —vo and is given by
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are again solved numerically as a function of the time
with the initial condition n& =n2= —,

' for di6'erent total
densities in the atomic beam. In this situation the numer-
ical solutions include an integration over P as well as over
r and 0. The integrations are over r from 0 to
R /(cos 8+ sin 0 sin P)', over 9 from 0 to m, and over P
from 0 to 2~. The integrations over r and 0 are carried
out as described in Refs. 2 and 3, and the integration over

P is carried out using Gaussian integration of moments
with 20 terms as described in Ref. 8. The state popula-
tions are determined for a time equal to the light-atom in-
teraction time. If the light beam has a radius RL, then
the laser-atom interaction time is about ~=2RI /v, where
v is the most probable velocity for an atom in the atomic
beam. We arbitrarily take the same light-atom interac-
tion time 10 s as was used for the parallel-pumping cal-
culations. We also assume the light intensity per unit fre-
quency is the same as for the parallel-pumping calcula-
tions. The results of our calculation for n, and n2 at
diA'erent atomic-beam densities are combined to give P as
a function of the density of the atomic beam. The results
are again shown in Fig. 1. As can be seen the maximum
value of the density times atomic-beam diameter for an
atomic beam that can be highly polarized by optical
pumping is nearly the same for perpendicular pumping as
for parallel pumping, i.e., about AD=10" atoms/cm .
Also shown in Fig. 1 are calculations of the possible po-
larization for an idealized Na vapor target with a relaxa-
tion time of T, = 10 s. The polarization of the vapor
target is calculated as described in Ref. 3. The maximum
density of an atomic beam that can be highly polarized
by optical pumping using either parallel or perpendicular
pumping is about a factor of 3 less than the density of a
vapor target that can be highly polarized by optical
pumping. These results are relatively insensitive to the
light-atom interaction time for a light intensity as large as
we have used.

Since the absorption cross section at line center is very
large for pumping perpendicular to the atomic-beam axis
one might wonder whether it is possible to maintain even
approximately a constant intensity of the pumping light
across the atomic beam if the atomic beam is dense
enough that radiation trapping is important. It is possi-
ble to make the fractional absorption small by using a
laser light source detuned from line center by an ap-
propriate amount. In this case the light intensity can be
nearly constant across the entire atomic beam. In order
that the absorption be adequate for optical pumping, it is
necessary that the laser intensity be larger than is needed
for optical pumping at line center by g(0)/g(v —vo),
where v —vo is the frequency detuning of the laser. Thus
although our calculations are carried out for an intensity
per unit frequency of 1.68X10 ' %/cm Hz at line
center, an actual experiment might require a laser de-
tuned from the line center and with a narrow bandwidth
and a larger value of the intensity per unit frequency in
order to obtain the calculated optical pumping with near-
ly constant light intensity across the atomic beam. For
the low-field absorption one must have absorption out of
each ground hyperfine level. One might need to use two
lasers, one detuned above the upper-ground hyperfine lev-

el and the other detuned by an equal amount below the
lower-ground hyperfine level.

C. Optical pumping in a strong magnetic field
with the light beam parallel to the atomic beam

For optical pumping in a high magnetic field with the
optical-pumping light beam parallel to the atomic beam,
the absorption line shape seen by the light beam is given
by Eq. (3). In a high magnetic field FIO the Na ground
Zeeman hyperfine energy levels are given by

gJp'&0m J +~vHFSm 1~1/2

where m J and mI are, respectively, the electronic and nu-
clear magnetic quantum numbers and where AvH„s is the
ground hyperfine splitting. In order to optically pump
Na in a high magnetic field, one must have light coverage
such that there is absorption out of each of the four states
with quantum numbers mz = —

—,', mI (or the four states
with quantum numbers mJ= —,', mI). The absorption out
of each state with m J z m~ has a FWHM of Avz.
The optical-pumping light must, therefore, provide a
frequency coverage of about Av= Av~ +3hvH„s/
4=3.2X10 Hz.

The magnetic field is considered strong for our calcula-
tions provided the light emitted on one transition cannot
be absorbed by another transition. In order that this is
the case for emission in all directions, one must have a
magnetic field large enough that gzp&Ho ))Avz.

The rate equations for optical pumping of an "ideal-
ized" alkali-metal with zero nuclear spin in a high mag-
netic field are Eqs. (4)—(6) in Ref. 2. The normalized line
shape for emission or absorption is given by Eq. (4) in this
paper. The equations are solved numerically as a func-
tion of the time up to the light-atom interaction time for
various total densities in the atomic beam. The polariza-
tion P =(nz n, )/(n2+n, ) at a—time equal to the light-
atom interaction time is then determined as a function of
the density in the atomic beam. The results for the same
light-atom interaction time and for the same light intensi-
ty per unit frequency as for the low field cases are shown
in Fig. 1. As can be seen an atomic beam can be highly
polarized by optical pumping only for densities up to
about —,

' the density to which a vapor target can be highly
polarized by optical pumping.

D. Optical pumping in a high magnetic field
with the laser beam perpendicular to the atomic beam

For optical pumping in a high magnetic field with the
laser beam perpendicular to the atomic beam, the absorp-
tion profile that must be covered by the optical-pumping
light consists of four lines each with natural line shape.
These lines wiH correspond to the absorption from the
four levels with quantum numbers m J = —

—,', mr (or
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mJ =
—,', mr).

The rate equations for the optical pumping of an
"idealized" Na atom with I =0 are given in Eqs. (4)—(6)
in Ref. 2. The normalized line shape for emission or ab-
sorption is given by Eq. (5). The rate equations are solved
numerically as a function of the time from time t =0 to a
time equal to the light-atom interaction time for different
total densities in the atomic beam. The polarization that
can be obtained by optical pumping is then determined.
The polarization as a function of the total density in the
atomic beam is shown in Fig. 1. The polarization as a
function of the total density for perpendicular pumping
in a high field is similar to the polarization for parallel
pumping.

K. Optical pumping of a ribbon-shaped atomic beam

The optically pumped, polarized alkali-metal ion
source uses an optically pumped atomic beam that is
roughly circular in cross section, as do other proposed ap-
plications. However one might wonder whether an
atomic beam with a different cross-sectional shape might
have different radiation-trapping limits. In this section
we discuss briefly the limitations on the polarization that
can be produced by optical pumping of a ribbon-shaped
beam. For a ribbon-shaped atomic beam, a cross section
of the beam is a rectangle with one side appreciably
longer than the other side.

After carrying out some computer calculations we
recognize that one can understand this problem as fol-
lows. Take the cross-sectional shape of the beam to be a
rectangle with sides of a and b, where b )a. Consider the
ribbon beam as made up of b/a small, side-by-side tubes
each with a square, cross-sectional shape with the side of
the square having a length a. The effect of radiation trap-
ping of each square, cross-section tube on a side is close
to the effect of radiation trapping by a circular, cross-
section tube of diameter a. The effect of the other tubes
that are side by side is to reduce the density that can be
optically pumped to a high polarization by about a factor
of 0.5. Thus for a ribbon-shaped atomic beam in a low
magnetic field, one can optically pump the beam to a
high polarization provided Na ~ 5 X 10' atoms/cm,
where a is the thin dimension of the atomic beam using
either parallel or perpendicular pumping. Computer cal-
culations indicate that this description is essentially
correct. Thus by using a ribbon-shaped atomic beam,
one can obtain a higher optically pumped atomic-beam
intensity in atomss than can be obtained in a circular,
cross-section beam of diameter a. In fact the atomic-
beam intensity for a ribbon beam is comparable to the in-
tensity possible for a circular beam of diameter b. This
advantage may, however, be offset for some applications
by the necessity to optically pump a ribbon and by the
rectangular shape of the polarized atomic beam. For ex-
arnple, for the polarized negative alkah-metal ion source
of Ref. 5 the extracted alkali-metal ion beam might have
a large ernittance if the alkali-metal atomic beam were
ribbon shaped.

III. CONCLUSIONS

Figure 1 shows plots of the polarization that can be ob-
tained using optical pumping for an idealized Na atomic
beam (I =0) as a function of ND for a light-atom interac-
tion time of 10 s. Also shown are plots of the polariza-
tion of an idealized Na vapor as a function of ND for a
vapor with a relaxation time of T& =10 s. There are
plots for both weak and strong magnetic fields. All plots
assume an optical-pumping light intensity per unit fre-
quency of 1.68X10 ' W/cm Hz. Radiation trapping
does limit the polarization in an atomic beam to a value
that depends on the product of the total density in the
atomic beam times the diameter of the beam. The polar-
ization depends only weakly on whether the optical-
pumping light is parallel or perpendicular to the atomic
beam. This result seems reasonable since the radiation
trapping depends primarily on the total density rather
than on the direction of the pumping beam. The polar-
ization that can be produced depends on the magnetic
field. The polarization that can be produced in an atomic
beam with a given value of ND is lower than can be pro-
duced in a vapor target of the same ND in either a weak
or a strong magnetic field. This occurs because the
optical-absorption cross section for an atomic beam is
very large in a direction perpendicular to atomic-beam
axis. The maximum value of the optical-absorption cross
section for an atomic beam is proportional to (Eve)
parallel to the direction of the atomic beam and is pro-
portional to (b.v~) perpendicular to the direction of
the atomic beam. For a vapor the peak optical-
absorption cross section is proportional to the inverse of
the Doppler width, (hvD) '. For a Na vapor at 600 K
the Doppler width is AvD =1.7X10 Hz. For an atomic

Na beam formed by effusion from the oven at 600 K the
beam line width is Eve =1.89X10 Hz. Since Av~ and
AvD are nearly the same and since Av~ ((Av~, it is clear
that radiation trapping of an atomic beam must occur at
lower density than for a vapor target. The fact that an
atomic beam is severely radiation trapped at a density
that is a factor of 3 lower than a vapor target is under-
stood qualitiatively from the fact the photons are severely
trapped perpendicular to the atomic-beam axis and can
only escape when they have a considerable component of
their wave vector along the atomic-beam axis.

If an atomic beam is formed using a supersonic nozzle,
the beam has a large average value of

U~~
but has a small

distribution in U
~~

due to the adiabatic cooling as the beam
emerges from the nozzle. In this situation the normalized
line shape for absorption or emission will be narrow, and
the optical-absorption cross section will be large, even
parallel to the atomic beam axis. This leads to severe ra-
diation trapping at atomic-beam densities even lower
than for an atomic beam formed by effusion from an
oven. In fact the density in a beam formed using a super-
sonic nozzle is limited by radiation trapping to a value
that is comparable to an atomic beam formed by effusion
from an oven at a temperature of T„where T& is the
temperature of the beam after adiabatic cooling when it
emerges from the supersonic nozzle.

The atoms in an atomic beam may have a significant
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component of velocity perpendicular to the atomic-beam
axis except for very highly collimated atomic beams. If
the component of velocity perpendicular to the atomic
beam is greater than about 1% of the most probable com-
ponent of velocity parallel to the atomic-beam axis, then
the normalized line shape for absorption or emission per-
pendicular to the line shape is determined by the spread
in the atomic velocities perpendicular to the atomic-beam
axis. As the spread in atomic velocities perpendicular to
the atomic-beam axis becomes large, the absorption cross
section decreases. The density of the atomic beam, at
which radiation trapping becomes important, increases
toward the density at which radiation trapping becomes
important in a vapor.

Radiation trapping limits the intensity of an atomic
beam that can be polarized by optical pumping. As men-
tioned, the maximum atomic-beam intensity that can be
optically pumped in a low magnetic field is a few particle
milliamperes for an atomic beam that is 1 cm in diame-
ter. In a high magnetic field somewhat higher atomic-
beam intensities can be obtained.

Finally a brief discussion of the approximations uti-
lized in the solution to the rate equations may be ap-
propriate. There is no alkali-metal atom that has nuclear
spin 0. The nuclear spin of Na is —,'. The total angular
momentum F of the Na atom is the vector sum of the
electronic angular momentum plus the nuclear-spin an-
gular momentum. For both the 3 S,&2 level and the
3 P&/2 level, F =2 or 1. In the 3 S,&2 level, the F =2
and F = 1 levels are separated by the ground-level
hyperfine splitting. In the 3 P»2 level the F=2 and

F =1 levels are separated by a hyperfine splitting of
1.92X10 Hz. As a result of these hyperfine splittings,
the optical-. absorption cross section for light of a given
frequency v is less than it would be if the alkali metal had
zero nuclear spin and therefore no hyperfine structure.
Thus, radiation trapping produces smaller eff'ects for the
real alkali-metal vapor than for a vapor of idealized
alkali-metal atoms with I =0. It is expected that the po-
larization obtained by optical pumping at a given density
can be somewhat higher than predicted by our calcula-
tions.

We have also made the assumption of uniform atomic-
state densities n, , n2, n3, and n. 4 throughout the cylindri-
cal atomic beam. Since radiation may escape the beam at
r =R, the excited-state density is expected to be less near
r =R than at the axis of the cylinder. Our assumption of
spatially flat-state densities presumes too large an
excited-state density near r =R. This causes our calcula-
tions to overestimate the amount of depolarizing scat-
tered radiation, thereby exaggerating the effects of radia-
tion trapping. Thus, the assumption of uniform atomic-
state densities also results in an underestimate of the po-
larization that can be produced by optical pumping.
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