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Pumping efficiency in an optically pumped rubidium beam
with s1p linearly polarized counterpropagating lasers
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Department of Computational and Electronic Physics, Inje University, Kimhae 621-749, Republic of Korea

Ho Seong Lee
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We investigate the population differences between ground-state hyperfine levels (5S1/2,F52 and 5S1/2,
F51) of an optically pumped87Rb beam in a static magnetic field, taking into account the various kinds of
atomic coherence~Zeeman, hyperfine, and optical!. The pumping lasers are monochromatic and in resonance
with the (5S1/2,F51↔5P1/2,F851) transition. By varying the polarization configuration of the pumping
lasers, we find that the pumping efficiency is substantially enhanced when as-polarized laser and a
p-polarized laser are counterpropagating. In this case, the pumping efficiency remains high even in a weak
magnetic field, which explains qualitatively experimental data reported previously from a cesium beam ex-
periment.@S1050-2947~98!07810-X#

PACS number~s!: 42.50.Gy, 42.50.Hz, 42.65.An
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I. INTRODUCTION

Optically pumped atomic beam frequency standards h
been studied in several laboratories@1–9#. The optical
method is expected to improve the stability and the accur
of frequency standards in comparison to the conventio
method using magnets. Optical pumping by lasers induce
atomic population redistribution in hyperfine levels of t
ground state of alkali-metal atoms. Since the redistribut
depends on characteristics of the pumping lasers, e.g.
intensity, the polarization, the linewidth, and the optical tra
sition, etc., we must choose appropriate pumping laser
accumulate more atoms in one hyperfine level of the gro
state.

In the case of one-laser pumping, according to the rep
by Avila et al. @10#, a s-polarized laser, tuned to the (F
54↔F854) transition or to the (F54↔F853) transition
of the Cs-D2 line, is the most appropriate pumping schem
to achieve the largest population difference between the
hyperfine levelsF54 andF53 of the ground state 5S1/2.
Here, as-polarization is a linear polarization perpendicul
to the static magnetic field, while ap-polarization is a linear
polarization parallel to the static magnetic field.

However, when as-polarized laser is used, some atom
are not pumped in the ground state when there is a
magnetic field. This phenomenon is analyzed as the non
ear Hanle effect originating from Zeeman coherences am
the ground-state Zeeman sublevels@11#. Although an in-
crease of the magnetic field is one way to remove the po
lation trapping, a high magnetic field affects the microwa
interaction region. Therefore, in this case, magnetic shie
ings should be used to separate regions@12#.

Recently, Shirley and Drullinger@13# suggested a polar
ization switching technique using (s1p) polarization for
removing the population trapping in the ground state and
et al. @14# showed experimentally that the population tra
ping of Cs atoms could be removed by counterpropaga
PRA 581050-2947/98/58~5!/4095~7!/$15.00
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(s1p)-polarized lasers. In this paper, we verify theore
cally the above-mentioned experimental results of Leeet al.
@14#. For simplicity, we choose the87Rb beam instead of the
Cs beam.

Over the years, the optical pumping efficiency for alk
atoms has been studied under various conditions. Clerqet al.
@15# calculated the population difference buildup for a c
sium beam pumped by two lasers under a weak magn
field. They compared results derived from a direct pheno
enological approach~rate equations! to those obtained with
the Bloch equation approach. For each approach, both m
chromatic and broadband excitations were considered. H
ever, it is now well established that monochromatic exci
tion, under which atomic coherence plays important rol
requires Liouville or Bloch equations@16# that include den-
sity matrix elements between ground states and exc
states, while broadband excitation can be calculated with
equations@17# for the ground- and excited-state population

Avila et al. @10# used the rate equation model to calcula
the population difference in a cesium beam using broadb
laser diode~s! under a weak magnetic field. With a rate equ
tion model including Zeeman coherences, Theobaldet al.
@11# investigated the population trapping by as-polarized
broadband laser diode at a low magnetic field and foun
dip in the pumping efficiency curve versus the external m
netic field. Tremblay and Jacques@18# presented a new the
oretical model to evaluate the pumping efficiency of tw
laser pumping schemes in a weak magnetic field, taking
account optical coherence, hyperfine and Zeeman cohere
of ground and excited states, neighboring transitions,
fluctuating laser fields. Recently, Jun and Lee@19# calculated
the population difference between the ground-state hyper
levels of the87Rb atom produced by a monochromatic las
in the presence of an external magnetic field with vario
magnitudes. The pumping laser wass polarized, in reso-
nance with the (5S1/2,F52↔5P1/2,F851) transition. They
used the Bloch equation formalism with density matrix e
4095 ©1998 The American Physical Society
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4096 PRA 58JIN WOO JUN AND HO SEONG LEE
ments between all the Zeeman sublevels of ground and
cited hyperfine states, and consequently took into accoun
various kinds of atomic coherences~Zeeman coherence, hy
perfine coherence, and optical coherence!.

In this paper, we apply the calculation tool developed
our previous work@19# to various polarization configuration
of pumping lasers that are in resonance with the (5S1/2,F
51↔5P1/2,F851) transition. However, in this work we
take into account all the Bloch equations of motion betwe
elements of the entire density matrix in contrast to our p
vious work, which ignored equations of motion between c
herence density matrix elements.

In Sec. II, we illustrate our notations and derive equatio
of motion for the relevantL system~Fig. 1! of 87Rb atoms in
a static magnetic field. In Sec. III, we numerically calcula
the magnetic-field dependence of the population differe
under various polarization configurations and the laser in
sity dependence. We also calculate the time dependenc
the population difference for the counterpropagatings
1p)-polarization configuration under various external ma
netic fields. Discussion of the results is included in Sec.
and the conclusion follows in Sec. IV.

II. EQUATIONS OF MOTION

The master equation is the generalized Bloch equatio

\
]

]t
r̂~ t !52 i @Ĥ~ t !r̂~ t !2 r̂~ t !Ĥ~ t !#2\Ĝr̂~ t !, ~2.1!

wherer̂(t) is the density operator,Ĥ(t) is the Hamiltonian

operator, andĜ describes the effects of spontaneous em
sion. In this paper, we consider only a specific example
the 87Rb D1 line, in which atoms in hyperfine level 1
(5S1/2,F51) proceed to hyperfine level 2 (5S1/2,F52)
through hyperfine level 3 (5P1/2,F851). All of these levels
have magnetic sublevels that are Zeeman split by the s
magnetic field. Figure 1 shows the numbering convention
this system and the Zeeman splittingsDm9 , Dm8 , andDm of

FIG. 1. Numbering convention for theD1 line of the 87Rb atom.
Zeeman splittings of hyperfine levels 1, 2, and 3 areDm9 , Dm , and
Dm8 , respectively. Definitions of the pumping laser frequencyvp

and the pump detuningDp .
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the initial, intermediate, and final levels, respectively. T
dipole moment operator of this system in the interaction p
ture is written as

mW 5(
m,n

mmneWqexp~ ivmnt !um&^nu, ~2.2!

wherem andn denote state numbers of Fig. 1 and

eWq52
i ŷ1qx̂

A2
uqu1~12q!~11q!ẑ ~2.3!

with

q5mF~m!2mF~n!521, 0, 1. ~2.4!

We set the quantization axis parallel to thez axis. The
atomic transition frequency is defined such that

vmn5~Em
0 2En

0!/\, ~2.5!

whereEm
0 andEn

0 are unperturbed energy eigenvalues of su
levelsm andn. This system interacts with the pumping las
field EW 1(rW,t) and ~or! the counterpropagating pumping las
field EW 2(rW,t). Figure 2 shows the situation schematically f
the case where the quantization axis is parallel to the exte
magnetic field. In this paper, we consider only linear pol
izations for both fields. In Fig. 2 we also find definitions
pump polarization anglesb1 and b2 with respect to theB
field and propagation directions of laser fields and the87Rb
beam. The87Rb beam propagates in the x direction, pass
through the cw pumping lasers at right angles. The total fi
EW (rW,t) is expressed as a sum ofEW 1(rW,t) andEW 2(rW,t)

EW ~rW,t !5EW 1~rW,t !1EW 2~rW,t !

5 1
2 E1~ t !ê1exp~2 iv1t1k1y!

1 1
2 E2~ t !ê2exp~ iv2t1k2y!1H.c. ~2.6!

whereê1 andê2 are polarization unit vectors,v1 andv2 are
angular frequencies, andk1 and k2 are wave numbers o
corresponding fields. In this paper, we consider the case
v15v25vp and consequentlyk15k25kp . We generally
start with the nonvanishing pump detuningDp .

FIG. 2. Definitions of polarization anglesb1 andb2 relative to
the B field and propagation directions of laser field 1, laser field
and the87Rb beam.
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Using basis vectorsum&, the generalized Bloch equatio
can be expressed as the equation for the density matrix
ment,

]

]t
rmn~ t !52

i

\(
l 51

11

@Hml~ t !r ln~ t !

2rml~ t !Hln~ t !#1S ]

]t D
sp.

rmn~ t !. ~2.7!

Now,

Ĥ~ t !5Ĥd~ t !1Ĥz~ t !

52mW •EW ~rW,t !2MW •BW . ~2.8!

Matrix elements of the electric dipole interaction Ham
tonian,Hmn

d (t), become, in the rotating-wave approximatio
~RWA!:

Hmn
d ~ t !5^mu2mW •EW ~rW,t !un&

52mmnexp@ ivmn~ t !# 1
2 exp~ ivpt !eWq$exp~ ikpy!

3E2~ t !ê21exp~2 ikpy!E1~ t !ê1%. ~2.9!

Since the pumping lasers induce an optical transition
tween hyperfine level 1 and hyperfine level 3, the mat
elementsHmn

d (t) (m,n) are nonzero only when 1<m<3
and 9<n<11. Matrix elementsHmn

d (t) can be expresse
using polarization angles instead of polarization unit vect
like H1,9

d (t),

1

\
H1,9

d ~ t !exp~ iDpt !52
1

2\
m1,9$exp~ ikpy!E2~ t !cosb2

1exp~2 ikpy!E1~ t !cosb1%. ~2.10!

Now, dipole componentsm1,9 can be further expresse
@15# by use of the Wigner-Eckart theorem as

m1,95^J1uumuuJ9&~21!11I 1J91F91F12mF9

3~2F911!1/2~2F111!1/2

3S F9 1 F1

2mF9 q mF1
D H F9 1 F1

J1 I J9
J

5^J1uumuuJ9&C~1,9!, ~2.11!

where^J1uumuuJ9& is proportional to the reduced matrix ele
ment and~! and$% are, respectively, 3j and 6j symbols that
can be obtained from standard tables.

Using definitions

2
E1~ t !

\
^J1uumuuJ9&5V1~ t ! ~2.12!

and

2
E2~ t !

\
^J1uumuuJ9&5V2~ t !, ~2.13!
le-

-
x

s

Equation~2.10! becomes

1

\
H1,9

d ~ t !exp~ iDpt !5 1
2 C~1,9!$exp~ ikpy!V2~ t !cosb2

1exp~2 ikpy!V1~ t !cosb1%. ~2.14!

Similarly,

1

\
H1,10

d ~ t !exp~ iDpt !

5 1
2 C~1,10!

1

A2
$2exp~ ikpy!V2~ t !sinb2

2exp~2 ikpy!V1~ t !sinb1%. ~2.15!

To simplify expressions we use definitions

C~y,t !5exp~ ikpy!V2~ t !cosb2

1exp~2 ikpy!V1~ t !cosb1 ~2.16!

and

S~y,t !52exp~ ikpy!V2~ t !sinb2

2exp~2 ikpy!V1~ t !sinb1 . ~2.17!

Here we use the written letterC to avoid confusion with the
coefficientC(m,n) of Eq. ~2.11!. Then,

1

\
H1,9

d ~ t !exp~ iDpt !5 1
2C~y,t ! ~2.18!

and

1

\
H1,10

d ~ t !exp~ iDpt !5
1

2A2
S~y,t !. ~2.19!

The remaining nonvanishing matrix elementsHm,n
d (t) (m

,n) are

1

\
H2,9

d ~ t !exp~ iDpt !5
1

2A2
S~y,t !,

1

\
H2,11

d ~ t !exp~ iDpt !5
1

2A2
S~y,t !,

~2.20!
1

\
H3,10

d ~ t !exp~ iDpt !5
1

2A2
S~y,t !,

1

\
H3,11

d ~ t !exp~ iDpt !5 1
2C~y,t !.

On the other hand, matrix elements of the Zeeman in
action Hamiltonian,Hmn

z (t), survive the RWA only ifm is
equal ton such that
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1

\
Hmn

z ~ t !5
1

\
^mu2MW •BW un& ~2.21!

55
21

2

mBB

\
mF~n!52Dm9mF~n! when 1<n<3

1

2

mBB

\
mF~n!5DmmF~n! when 4<n<8

21

6

mBB

\
mF~n!52Dm8mF~n! when 9<n<11.

~2.22!

If we define slowly varying functionsrmn8 (t) from the original functionsrmn(t) such that

rmn~ t !5H rmn8 ~ t !exp~2 iDpt ! when 1<m<3 and 9<n<11

rmn8 ~ t !exp~ iDpt ! when 9<m<11 and 1<n<3

rmn8 ~ t ! otherwise,

~2.23!

and similarly for the elements ofHmn8 (t) in terms ofHmn(t), then Bloch equations for density matrix elementsrmn8 (t) can be
expressed in terms ofHmn8 (t) as follows:

]

]t
rmn8 ~ t !5 iDprmn8 ~ t !2

i

\ (
l 51

11

@Hml8 ~ t !r ln8 ~ t !2rml8 ~ t !Hln8 ~ t !#1S ]

]t D
sp.

rmn8 ~ t !, ~2.24!

where the termiDprmn8 (t) appears only when 1<m<3, 9<n<11 or 9<m<11, 1<n<3.
Now, decay terms due to spontaneous emission can be obtained from the master equation for an atomic s

multi-Zeeman sublevels interacting with a vacuum reservoir@16#. Using the set of indices (i ,a) to denote a Zeeman sublev
m, where the indexi represents the hyperfine levels and the indexa represents themF value, results are summarized in the s
of equations

S d

dtD
sp.

rmn8 ~ t !5S d

dtD
sp.

ra,b8 i , j

5H (
k,q

Gk,a1q;k,b1q→ i ,a; i ,bra1q,b1q8k,k 2(
k

G i→kra,b8 i ,i when i 5 j

20.5S (
k

G i→k1(
k

G j→kD ra,b8 i , j when i 5” j .

~2.25!
om
n

Furthermore,

G i→k5G i ,k(
q

C„~ i ,a!,~k,a1q!…

3C„~ i ,a!,~k,a1q!… ~2.26!

and

Gk,a1q;k,b1q→ i ,a; i ,b5Gk,iC„~k,a1q!,~ i ,a!…

3C„~k,b1q!,~ i ,b!…, ~2.27!

where

G i , j5H u^Ji uumuuJj&u2v i j
3

3p«0\c3
if i . j

0 if i , j .

~2.28!

From now on, for convenience, we delete the prime fr
rmn8 (t) and Hmn8 (t). Then, for example, the Bloch equatio
for r1,1(t) becomes
]r1,1

]t
52 i FDm9r1,11

C
2

r9,11
C

2A2
r10,1

2S Dm9r1,11
C*
2

r1,91
S*

2A2
r1,10D G

1G2,1C„~2,21!,~1,21!…C„~2,21!,~1,21!…r5,5

1G2,1C„~2,0!,~1,21!…C„~2,0!,~1,21!…r6,6

1G3,1C„~3,21!,~3,21!…C„~3,21!,~3,21!…r9,9

1G3,1C„~3,0!,~1,21!…C„~3,0!,~1,21!…r10,10

52 i F C2 r9,11
S

2A2
r10,12

C*
2

r1,92
S*

2A2
r1,10G

1G3,1r9,91G3,1r10,10. ~2.29!
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This model has 11 atomic levels and, therefore, requires
density matrix elements in order to describe its dynam
fully. Since the density matrix is Hermitian, there are
independent matrix elements. We display the remaining
coupled differential equations in the APS eprint@20# for fu-
ture use. Since the system is closed, the differential equat
are degenerate. Therefore, we impose a constraint equ
by normalizing the sum of the populations.

III. NUMERICAL SIMULATIONS AND DISCUSSION

Although we generally construct Bloch equations to tr
the caseDp5” 0, in this paper, we consider only theDp50
situation where pumping fields are in resonance with
transition between hyperfine levels 1 and 3. To solve
coupled partial differential equations, we use the subrou
imsl_f_ode_runge_kutta in the IMSL C numerical librar
Since diagonal elements of the density matrix repres
populations in the corresponding Zeeman sublevel, we n
malize the sum of diagonal elements at each instance.
specifically choose the initial state such that the populati
are statistically distributed in the ground-state hyperfine l
els:

r1,1~0!5r2,2~0!5r3,3~0!5
1

6
,

r4,4~0!5r5,5~0!5r6,6~0!5r7,7~0!5r8,8~0!5
1

10
,

~3.1!

r9,9~0!5r10,10~0!5r11,11~0!50.

Since the lasers are monochromatic, the broadband F
rier components from sudden turn-on of the lasers are ne
gible. Therefore, we approximate the initial situation su
that the lasers suddenly turn on, i.e., we set the initial val
of all off-diagonal elements to zero. In order to obtain
meaningful value at the final time T, we should average o
the space because the density matrix elements depend o
position of the87Rb beam. This procedure is especially im
portant when the87Rb beam interacts with two counte
propagating lasers. In this case, due to wave interference
polarization of the resultant laser field varies over they com-
ponent of the87Rb beam position@21#. In this paper, we
select the inverse of the spontaneous decay rate from hy
fine level 3 to hyperfine level 1,t3,151/G3,150.176 ms, to
be the measure of the interaction timeT and the saturation
intensity for 5S1/2↔5P1/2 transition, I s51.4 mW/cm2, to
be the measure of the laser intensityI .

Figure 3 shows the magnetic field dependence of
population difference between hyperfine level 1 and hyp
fine level 2. The interaction time is 10ms (556.8 t3,1)
and the pumping laser intensity is 0.4 mW/cm2

(50.29 I s). Since the value of the population differenc
does not vary significantly after 10ms ~Fig. 6!, we neglect
the effect of different transverse velocities but take a fix
interaction time, 10ms. Although the interaction time fo
the Cs beam experiment was 20ms @14#, we take 10ms as
an interaction time in the numerical simulation for the87Rb
beam in order to show clearly the magnetic-field depende
1
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of the pumping efficiency~Fig. 6!. We calculate the popula
tion difference under five different polarization configur
tions of the pumping laser~s!: a single laser with eitherp
polarization (b150) or s polarization (b15p/2), and two
counterpropagating lasers with either (s1s) polarization
(b15p/2, b25p/2) or (s1h) polarization (b1
5p/2, b25p/4) or (s1p) polarization (b15p/2,b2
50), whereh polarization is a linear polarization with it
polarization angleb5p/4 relative to the static magneti
field. The curve in the case ofp polarization shows no popu
lation trapping phenomenon, as expected, and the curve
the case ofs polarization shows the typical coherence dip
the Hanle effect@11,14,19#. At B50 the pumping efficiency
of the p-polarized laser is equal to that of thes-polarized
laser, because there is no difference between the two cas
the absence of a magnetic field.

The three new curves in the cases of (s1s) polarization,
(s1h) polarization, and (s1p) polarization all show the
coherence dip of the Hanle effect. Among these three ca
the pumping efficiency of the (s1s)-polarized lasers turns
out to be the lowest and is even lower than the pump
efficiency of thes-polarized laser. The pumping efficienc
of the (s1p)-polarized lasers turns out to be the highe
and is higher than the pumping efficiency of thes-polarized
laser. It is very noticeable that the depth of the coherence
becomes smaller when the polarization configurat
changes from (s1s)- to (s1p) polarization. Conse-
quently, when we pump the87Rb beam with two counter-
propagating (s1p)-polarized lasers, we obtain the highe
pumping efficiency even under a weak magnetic field.

A few years ago, this phenomenon was reported in the
frequency standard experiment by Leeet al. @14#. This is a
very desirable phenomenon because we do not need to
magnetic shielding to separate the pumping region and
microwave interaction region@12#.

Now, the qualitative behavior of the (s1p) curve of Fig.
3 can be compared with that of experimental data@14#. When
Lee et al. @14# pumped a Cs beam with a (s1p)-polarized
laser with intensity 0.76 mW/cm2 tuned to theF54→F8

FIG. 3. Population differences between hyperfine levels 1 an
P22P15(r4,41r5,51r6,61r7,71r8,8)2(r1,11r2,21r3,3), as a
function of the magnetic field under parametersT510 ms and I
50.4 mW/cm2 due to a single pumping laser withb150 ~solid
line!, a single laser withb15p/2 ~dashed line!, two counterpropa-
gating pumping lasers withb15p/2,b25p/2 ~squares!, b1

5p/2,b25p/4 ~circles!, b15p/2,b250 ~triangles!.
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53 transition, the Cs population difference was 0.98 in t
presence of a strong magnetic field,6250 mG. In Fig. 3 the
corresponding87Rb population difference also reads as 0.
when B56250 mG. In the absence of the magnetic fiel
the Cs population difference by (s1p)-polarized lasers was
slightly reduced to 0.97, while the Cs population differen
by thes-polarized laser was substantially reduced to 0.70

In the absence of a magnetic field, we can also find in F
3 that the87Rb population difference for (s1p)-polarized
lasers is reduced to 0.88, while the87Rb population differ-
ence for thes-polarized laser is substantially reduced
0.57. During the experiment, the temperature of the Cs o
was set at 114 °C. The degree of vacuum inside the cham
was 531025 Pa under the normal beam operation. T
mean interaction time of Cs atoms with the laser beam w
20 ms since the mean velocity of Cs atoms is 248 m/s
114 °C. The (s1p) polarization was made by superposin
a s-polarized laser on ap-polarized laser that was mad
from the incidents-polarized laser with a quarterwave plat
and a reflector placed at the site of the back window of t
vacuum chamber. From now on, we restrict our attention
the (s1p)-polarization configuration, as it is the most in
teresting one.

In Fig. 4 we show the magnetic-field dependence of t
population of three relevant hyperfine levels 1, 2, and 3
addition to the magnetic-field dependence of the populat
difference between hyperfine levels 1 and 2. The interact
time, 10 ms (556.8 t3,1), and the pumping laser intensity
0.4 mW/cm2 (50.29 I s), are the same as those of Fig.
The population of excited hyperfine level 3 remains almos
zero as the magnetic field grows. However, the population
hyperfine level 1~2! slowly decreases~increases! as the mag-
netic field grows, and consequently we observe a shal
coherence dip.

In Fig. 5, we plot the intensity dependence of the popu
tion difference between hyperfine levels 1 and 2 after 10ms
interaction time. We find that as the pumping intens
grows, the pumping efficiency grows rapidly to 1. Since t
external magnetic field destroys the Zeeman coherence
pumping efficiency grows more rapidly as the external ma
netic field becomes stronger.

FIG. 4. Populations of hyperfine levels 1~solid line!, 2 ~dashed
line!, and 3 ~dotted line! in addition to the population difference
~squares! between hyperfine levels 1 and 2, as a function of t
magnetic field under parametersT510 ms, I 50.4 mW/cm2,b1

5p/2, andb250.
e
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e
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Finally, in Fig. 6, we plot the time evolution behavior o
the population difference between hyperfine levels 1 an
under various pumping intensities and external magn
fields. All curves start at zero since we choose the eve
populated state as the initial state, and they grow rapidly t
The population difference grows more rapidly when there
a 250 mG magnetic field in comparison to the 0 mG case
in Fig. 5. However, the pumping efficiency difference b
tween theB50 mG case and theB5250 mG case be-
comes narrower as the interaction time becomes longer.
means that it is necessary to pump the87Rb beam for the
longer interaction time to induce the more desirable pheno
enon in the frequency standard experiment. On the o
hand, the pumping efficiency difference, between theB
50 mG case and theB5250 mG case at a fixed interactio
time ~e.g., 10 ms), becomes narrower as the laser intens
becomes stronger. This means that it is necessary to p
the 87Rb beam with a greater intensity to induce the mo
desirable phenomenon in the frequency standard experim

e

FIG. 5. Population differences between hyperfine levels 1 an
P22P1 , as a function of the intensity of (s1p) polarized lasers.
T510 ms. The solid line, the dashed line, and the dotted line r
resent cases under the magnetic fieldB5250 mG, B5125 mG,
andB50 mG, respectively.

FIG. 6. Population differences between hyperfine levels 1 an
P22P1 , as a function of the interaction time of (s1p) polarized
lasers. Open squares, solid squares, open triangles, and soli
angles represent cases of (I 50.4 mW/cm2, B50 mG), (I
50.4 mW/cm2, B5250 mG), (I 51.0 mW/cm2, B50 mG), and
(I 51.0 mW/cm2, B5250 mG), respectively.
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As we observed in Fig. 5, the population difference gro
more rapidly whenI is equal to 1.0 mW/cm2 (50.71 I s) in
comparison to theI 50.4 mW/cm2 (50.29 I s) case.

The rate equation models treat only the populations of
sublevels, i.e., the diagonal matrix elements. Since we ad
simple initial conditions for off-diagonal elements in th
Bloch equation model, the initial conditions are effective
the same as those of the rate equation models. Howe
since the rate equation models can only adopt the crude
sit relaxation model@22#, they might not explain the subtl
effects discussed above.

IV. CONCLUSION

For optical pumping of a multisublevel87Rb beam in a
static magnetic field by monochromatic lasers in resona
with the transition between hyperfine levels 1 and 3, we
vestigate numerically the population difference betwe
ground state hyperfine levels 1 and 2 by use of the Bl
equation formalism that rigorously takes into account vario
atomic coherence effects. By varying the polarization c
figuration of the pumping lasers, we find that the pump
efficiency is substantially enhanced when we pump the87Rb
ys
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pt

er,
n-

e
-
n
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-

g

beam with counterpropagating (s1p)-polarized lasers.
Since the coherence population trapping is removed e
under a weak magnetic field, this phenomenon@14# is very
desirable in the frequency standard experiment. To
knowledge, these impressive numerical findings are not p
dicted by any other treatment. It is also numerically co
firmed that it is necessary to pump the87Rb beam by coun-
terpropagating (s1p)-polarized lasers at greater intensi
for a longer interaction time in order to obtain a high
pumping efficiency with a shallower coherence dip.

Since the (s1p)-polarization configuration is also use
in the laser cooling method by polarization gradients@21#,
we plan to apply our scheme to calculate relevant phys
quantities such as the radiative force, the equilibrium te
perature, etc. Furthermore, it is straightforward to genera
and apply this approach to another laser cooling method
the two circular polarization configuration@21#.
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