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Effect of radiation trapping on the polarization of an optically
pumped alkali-metal vapor in a weak magnetic field
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Calculations are presented on the eft'ect of radiation trapping on the electron-spin polarization
that can be produced by optical pumping of an alkali-metal vapor in a weak magnetic field. Radi-
ation trapping severely limits the polarization that can be obtained in a weak magnetic field.

In an earlier paper ' we examined theoretically the
effect of radiation trapping on the polarization of an op-
tically pumped alkali-metal vapor in a magnetic field
strong enough that the various Zeeman components of
the radiation emitted in a transition from the lowest
PI &2 level to the Si&z ground level were completely iso-

lated. Recent experimental results agree well with our
theoretical calculations. In this paper, we present the
results of similar calculations on an optically pumped
alkali-metal vapor in a magnetic field weak enough that
the various Zeeman components of the Pi&2 ~ S~&2 res-
onance transition have wavelengths that fall within the
Doppler linewidth of the ground level to excited level
absorption so that radiation emitted on any Zeeman
transition between an excited state and a ground state
can be absorbed by other Zeeman transitions.

We use the same notation, the same state labels, and
make assumptions similar to those described in Ref. 1.
We analyze the effects of radiation trapping on the opti-
cal pumping of an "idealized" alkali-metal atom with an
electron spin S = —,

' and with zero nuclear spin. The
states are labeled as follows: The S&&2, m = ——,

' and
m = —,

' states are labeled 1 and 2, respectively, and the

P&&2, m = —
—,
' and m = —,

' states are labeled 3 and 4, re-
spectively. We assume that the pumping utilizes o.

light so that it is absorbed only by the 2~3 transition.
We assume that the intensity of the pumping light is the
same throughout the alkali-metal vapor, and that it cov-
ers the absorption line with constant intensity per unit
frequency I . The alkali-metal vapor is assumed to be
confined to an infinitely long cylinder of radius R and
with completely absorbing walls. We also assume that
the densities of atoms in states 1, 2, 3, and 4 are in-
dependent of position in the cylinder. These assump-
tions are discussed in detail in Ref. 1. Our assumptions
tend to exaggerate the effects of radiation trapping some-

what; the results that we obtain with these calculations
represent a lower limit to the polarization.

Using these assumptions, we can write the rate equa-
tions governing the time evolution of the system. The
rate equation for state 2 is the following:

dn2

dt
(n2 —n&)

(1l 2 tl 3 ) + n 3 A 32 + 1l 4 3 42hv 4~ Ti

—n 3(R (3 2) 2 +R (3 1) 2 )

—n4(R(4 2)2+R(4 l)2) .

In the rate equation, n i, n 2, n 3, and n4 are, respectively,
the densities of atoms in states 1, 2, 3, and 4. The Ein-
stein A coefficients for spontaneous emission from the
excited states are A3} A3$ A4J A4z, and A = A3i
+ A 32

——A 4& + A 42. The ratio of the A coefficients is
A 32 / A» ——A 42 / A 4 i

——2. The wavelength and frequency
of the pumping light are, respectively, A, and v. The
ground-state relaxation time is Ti. The rate equations
for states 1, 3, and 4 are given in the Appendix.

The first term in the low-field rate equation for n2 de-
scribes the absorption and induced emission of the
pumping light. The next two terms represent the spon-
taneous emission from states 3 and 4 to state 2. The
next term is the ground-level relaxation between states 1

and 2. The remaining terms labeled R are due to the ra-
diation trapping. The subscript in parentheses is the
transition from which the radiation originates and the
second subscript is the state affected. For example, the
first radiation trapping term in the rate equation,
n3R(3 2)2 represents the rate of change in n2 due to ra-
diation from spontaneous emission from state 3 to state
2.

The radiation trapping terms are the following:
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the optical pumping of an optically thick alkali metal
are much more complicated in a weak magnetic field
than in a strong magnetic field. Since n &, n 2, n 3, and n4
are taken to be independent of position we only need
solve for these state populations at one location in order
to obtain them at all locations. We solve for the state
populations at the center of the long cylindrical volume
and we call this location r=0.

and

cr+', =cr+I ——o (1+cos'0),

+] &
sin 0cos 0

0+ =~0
(1+cos 0)

(10)

o = Ag(v —vo) .8'
The expression for n 3R(3 2) 2 has the following interpre-
tation. Atoms in state 3 at position r' make the transi-
tion 3~2, emitting radiation with a Doppler line shape
g(v —vo) and at an angle 0 with respect to the magnetic
field. The radiation is attenuated exponentially as it
travels from position r' to position r due to absorption
by the transitions 2~3, 2 ~4, 1 ~3, and 1 ~4. After
attenuation, the radiation is absorbed by atoms in states
2 at position r by the transitions 2~3 and 2~4. The
other radiation trapping terms have a similar interpreta-
tion. In the rate equation for state 2, we have made use
of the assumption that the state populations n &, n 2, n3,
and n4 are independent of the positions, so that Eq. (1)
of this paper corresponds to Eq. (4) of Ref. 1; a compar-
ison of these equations shows that the rate equations for

The integrations over frequency, angle, and radius in
the radiation trapping terms are performed in a manner
identical to that in Ref. 1. We calculate the integrals
over frequency and angle numerically, using Hermitian
and Gaussian integration, respectively. The integration
over radius is carried out exactly. Numerical solutions
of the rate equations are then calculated using
n

&

——n2 ———, and n3 ——n4 ——0 as the initial conditions. This
yields the state densities and the electron-spin polariza-
tion of the alkali-metal vapor target, P = (n 2

—n, ) I
(n2+n&), as a function of time. We use the following
parameters: target temperature T =600K, cylinder ra-
dius R =7.5)&10 m, alkali-metal atomic mass m =23
u, wavelength of the resonance radiation A, =589 nm,
and spontaneous decay rate of the excited state
3 =6. 1 X 10 sec '. These parameters are appropriate
for an "idealized" Na target for which the nuclear spin
is taken to be 0 rather than —', .

In Fig. 1, we compare the results of these weak mag-
netic field calculations with the results of previous strong
magnetic field calculations. Figure 1 shows the steady-
state polarization as a function of the target density
N =n&+n2+n3+n4 for a target with T, =150 ps and a
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light intensity per Hz of I =2.85& 10 W/cm Hz.
The steady-state polarization obtained by optical pump-
ing in a low magnetic field decreases rapidly for densities
greater than N =1/o+, where oo=(A, /8')Ag(v=vo)
is the absorption cross section at line center and R is the
radius of the cylindrical Na target.

In Table I we present the steady-state polarization as a
function of the intensity per unit frequency of the pump-
ing light, total density, and relaxation time. This can be
directly compared with Table I of Ref. 1. It is seen that
very low polarizations result for the optical pumping in
a low magnetic field if the target density is high.

The steady-state solution to the rate equation is not
necessarily unique for all initial conditions. For infinite
ground-state relaxation time and initial conditions
n

&

——1V and n2 ——n3 ——n. 4 ——0, so that P =1, the rate equa-
tions indicate that the system remains permanently in
this condition. Nevertheless, it is not possible to reach a
state with P =1 by optical pumping for any other initial
condition if radiation trapping is important, even if
Ti = 00.

At high density and weak magnetic field, the trapped
radiation rapidly removes atoms from states 1 and 2,
producing excited states 3 and 4, which decay radiative-
ly to states 1 or 2. Thus the radiation trapping produces
a rapid mixing of states 1 and 2 so that a high polariza-
tion cannot be obtained if the alkali-metal atomic densi-
ty is large enough that radiation trapping is important.
We find that the polarization of the alkali-metal vapor is
almost independent of ground-level relaxation time when
radiation trapping is important. This occurs because the
net mixing rate of states 1 and 2 is dominated by radia-
tion trapping rather than by relaxation. Thus even a
very long relaxation time does not enable one to produce
a high polarization under these conditions.

These weak magnetic field results are in marked con-

FIG. 1. Steady-state polarizations reached as a function of
alkali-metal vapor density, N. The arrow indicates the density
for which (k /8~) Ag (v=v0)NA =1. We contrast the cases of
strong and weak magnetic field. For the calculations we use a
cell radius of R =7.5)&10 ' m, a ground-state relaxation time
of T1 ——150 ps, and a pumping intensity of I,, =2.85&(10
W/m' Hz, which corresponds to a laser power of 1 W distri-
buted uniformly over the cross-sectional area of the cylinder
and over the frequency bandwidth, g (v= v0) ', which is nearly
the Doppler linewidth.

trast to the strong magnetic field results. In a strong
magnetic field, it is possible to achieve a high polariza-
tion in an alkali-metal vapor via optical pumping, pro-
vided the radiation trapped decay rate into the highly
populated ground state is large compared to the relaxa-
tion rate out of this state. Thus in a strong magnetic
field, a long ground-level relaxation time is helpful for
producing a high polarization via optical pumping.

Radiation trapping acts as an effective mixing of the
excited states as well as the ground states. We have also
carried out calculations for the case where collisional
mixing of thc cxcltcd states ls lncludcd in thc rate equa-
tions. We find that the polarization produced by optical
pumping is almost independent of the rate of collisional
mixing for the excited states if radiation trapping is im-
portant.

Many problems in radiation trapping can be solved by
replacing the spontaneous decay rate y between an excit-
ed state and a ground state, with a density-dependent
trapped decay rate y,z. This approach, however, is not
satisfactory when the resonant radiation can cause a
transition into a second excited state whose population is
not proportional to the population of the original excited
state. In this case, it is not a single transition that is
trapped, and the trapping mixes the two excited states.
A simple substitution of y,z for y ignores this mixing

N(m ') W 1 W 4 W

T1 ——1.5 ~ 10 s

T1 ——1.5~ 10 s

T1 =1.5X10 ' s

0
1p17

1 p18

1O"
1020

0
1O"
1018

1p19

1p20

0
1O"
1018

1 p19

1 p20

0
1P17

1018

1O"
1020

0,894
0,866
0.161
0.003

& 10
0.988
0.972
0.163
0.003( 10—3

0.9990
0.998
0.164
0.003

& 10
1.0oo
1.000
0.164
0.003

10—3

0.966
0.954
0.219
0.008

&10
0.996
0.995
0.221
0.008

&10
0.9997
0.9995
0.221
0.008

&10
1.000
1.000
0.221
0.008

&10

0.987
0.980
0.275
0.015

&10
0.998
0.998
0.276
0.015

& 10
0.9998
0.9998
0.276
0.015

&10
1.000
1.000
0.276
0.015

& 1o-'

TABLE I. Steady-state polarizations reached as a function
of the ground-state relaxation time, T1, and the total atomic
density, N =n1+n2+n3+n4. The cases shown are for pump-
ing intensities per unit frequency, I-, , of 7. 13 )& 10
2. 85 g 10, and 1. 14&& 10 W/m Hz. These correspond to
laser powers of —' W, 1 W, and 4 W, respectively, distributed
uniformly over the cross-sectional area of the cylinder and over
the frequency bandwidth, g (v= v0) ', which is nearly the
Doppler linewidth. We have used parameters consistent with
sodium in a cylindrical target of radius 0.75 cm at a tempera-
ture of 600 K.
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and therefore gives an incomplete description of radia-
tion trapping. This is the case for optical pumping of an
alkali metal in a weak magnetic field; a photon from any
radiative transition may cause an excitation from any
ground state to another excited state. On the other
hand, for an alkali metal in a strong magnetic field, the
Zeeman components of the P&&2~ S]&z transition are
energetically distinct, so that the effect of radiation trap-
ping on the polarization produced in an alkali-metal va-
por by optical pumping may be treated with the use of a
density- and polarization-dependent effective lifetime.

There is no alkali-metal atom that has nuclear spin 0.
The nuclear spin of Na is —', . The total angular
momentum of the Na atom, F, 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]&z level, the F =2
and F =1 levels are separated by a hyperfine splitting of
1.77&10 Hz, and in the 3 P]&z level the F =2 and
F =1 levels are separated by a hyperfine splitting of
1.92&10 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 struc-
ture. Thus, radiation trapping produces smaller effects
for the real alkali-metal vapor than for a vapor of ideal-
ized alkali-metal atoms with I =0. It is expected that
the polarization obtained by optical pumping at a given
density will be somewhat higher than predicted by our
calculations.

We have made the assumption of uniform atomic-state
densities n&, n2, n3, and n4 throughout the cylinder.
Since we allow the ground-level relaxation time to
exceed several Aight times across the target, it is expect-
ed that the ratio of n

&
and n2 will not depend greatly on

the radial position in the target. However, since radia-
tion may escape the target at the walls, the excited-state
density is expected to be less near r =R than at the axis
of the cylinder. Our assumption of a spatially Bat
excited-state density presumes too large an excited state
density near the walls of the cylinder. This causes our
calculations to overestimate the amount of depolarizing
scattered radiation, thereby exaggerating the effects of
radiation trapping. Thus, the assumption of uniform
atomic-state densities results in an underestimate of the
polarization that can be produced by optical pumping.

We conclude that in a weak magnetic field radiation
trapping prevents one from obtaining a large polariza-
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Huber, and J. E. Lawler for helpful conversations. We
acknowledge the support of this work by the United
States Department of Energy.

APPENDIX

The rate equations for states 1, 3, and 4 are as follows:

dn 1 (n2 —n, )
=n3 A3)+n4A4)+

dt T]

3 (3 )) ) (3 2) )

—n4(R(4 )) ) +R(4 2) ) ) (Al)

dn3

dt
A (n2 —n3) —An3+n3(R(3 ))3+R{3 2)3)hv 4'

+n4(R)4-)) 3+R)4-2) 3)

dn4 = —An4+n3(R(3 ))4+R(3 2)4)dt

+n4(R(4 ))4+R(4 2)4) . (A3)

In these equations, the radiation trapping terms are

tion in an optically pumped alkali-metal vapor if the tar-
get density exceeds (opR) ', even if the ground-level re-
laxation time is very long. This result has been known
experimentally for some time. It is possible to produce
a larger polarization by the use of a buffer gas such as
N2 at a pressure high enough to quench the alkali-metal
excited states, provided the ground-level relaxation time
is large compared to the pumping time. It is also possi-
ble to produce a large polarization in a magnetic field
that is large enough to cause complete Zeeman separa-
tion of the various transitions between excited and
ground states, provided the ground-level relaxation time
is long compared to the radiatively trapped decay rate
into the highly populated state. '

3 1+cos 0
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For the radiation trapping terms, the cross sections cr& ' ',b,",,"~;";,„are given in the text, in Eqs. (6)—(11).
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