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Pumping efficiency in an optically pumped rubidium beam
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We investigate the population differences between ground-state hyperfine le®ls,F52 and 55,),,
F=1) of an optically pumped’Rb beam in a static magnetic field, taking into account the various kinds of
atomic coherenc€&Zeeman, hyperfine, and optigalhe pumping lasers are monochromatic and in resonance
with the (5S;,,F=1<5P,;,F’=1) transition. By varying the polarization configuration of the pumping
lasers, we find that the pumping efficiency is substantially enhanced wherp@larized laser and a
m-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.[S1050-294{®8)07810-X]

PACS numbeps): 42.50.Gy, 42.50.Hz, 42.65.An

I. INTRODUCTION (o+ m)-polarized lasers. In this paper, we verify theoreti-
cally the above-mentioned experimental results of eeal.
Optically pumped atomic beam frequency standards havgl4]. For simplicity, we choose th&’Rb beam instead of the
been studied in several laboratori¢s—9]. The optical Cs beam.
method is expected to improve the stability and the accuracy Over the years, the optical pumping efficiency for alkali
of frequency standards in comparison to the conventionatoms has been studied under various conditions. @eat
method using magnets. Optical pumping by lasers induces dii5] calculated the population difference buildup for a ce-
atomic population redistribution in hyperfine levels of the sium beam pumped by two lasers under a weak magnetic
ground state of alkali-metal atoms. Since the redistributiorfield. They compared results derived from a direct phenom-
depends on characteristics of the pumping lasers, e.g., ttenological approackrate equationsto those obtained with
intensity, the polarization, the linewidth, and the optical tran-the Bloch equation approach. For each approach, both mono-
sition, etc., we must choose appropriate pumping lasers tohromatic and broadband excitations were considered. How-
accumulate more atoms in one hyperfine level of the grounéver, it is now well established that monochromatic excita-
state. tion, under which atomic coherence plays important roles,
In the case of one-laser pumping, according to the repontequires Liouville or Bloch equationid 6] that include den-
by Avila et al. [10], a o-polarized laser, tuned to thé=( sity matrix elements between ground states and excited
=4+ F'=4) transition or to thef =4« F'=3) transition states, while broadband excitation can be calculated with rate
of the CsD, line, is the most appropriate pumping schemeequationg17] for the ground- and excited-state populations.
to achieve the largest population difference between the two Avila et al.[10] used the rate equation model to calculate
hyperfine levels==4 andF=3 of the ground state ;. the population difference in a cesium beam using broadband
Here, ac-polarization is a linear polarization perpendicular laser diodés) under a weak magnetic field. With a rate equa-
to the static magnetic field, while a-polarization is a linear tion model including Zeeman coherences, Theolw=ilal.
polarization parallel to the static magnetic field. [11] investigated the population trapping bycapolarized
However, when ar-polarized laser is used, some atomsbroadband laser diode at a low magnetic field and found a
are not pumped in the ground state when there is a lowlip in the pumping efficiency curve versus the external mag-
magnetic field. This phenomenon is analyzed as the nonlinRetic field. Tremblay and JacqugE3] presented a new the-
ear Hanle effect originating from Zeeman coherences amongretical model to evaluate the pumping efficiency of two-
the ground-state Zeeman sublevélsl]. Although an in-  laser pumping schemes in a weak magnetic field, taking into
crease of the magnetic field is one way to remove the popuaccount optical coherence, hyperfine and Zeeman coherences
lation trapping, a high magnetic field affects the microwaveof ground and excited states, neighboring transitions, and
interaction region. Therefore, in this case, magnetic shieldfluctuating laser fields. Recently, Jun and I[&@] calculated
ings should be used to separate regigt. the population difference between the ground-state hyperfine
Recently, Shirley and Drullingdrl3] suggested a polar- levels of the®’Rb atom produced by a monochromatic laser
ization switching technique usings@ ) polarization for in the presence of an external magnetic field with various
removing the population trapping in the ground state and Leenagnitudes. The pumping laser waspolarized, in reso-
et al. [14] showed experimentally that the population trap-nance with the (8,,,F=2<5P,,,,F'=1) transition. They
ping of Cs atoms could be removed by counterpropagatingsed the Bloch equation formalism with density matrix ele-
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- FIG. 2. Definitions of polarization angle8, and 3, relative to
m the B field and propagation directions of laser field 1, laser field 2,
and the®Rb beam.

(S, F=1) (5812, F=2) the initial, intermediate, and final levels, respectively. The
dipole moment operator of this system in the interaction pic-

. . . a7
FIG. 1. Numbering convention for tH&, line of the ®‘Rb atom. ture is written as

Zeeman splittings of hyperfine levels 1, 2, and 34e, A,,, and
A, respectively. Definitions of the pumping laser frequengy

and the pump detuning,, . =2 u™eqexpliwmt)|my(nl, (2.2
m,n

ments between all the Zeeman sublevels of ground and ex- )
cited hyperfine states, and consequently took into account tghérem andn denote state numbers of Fig. 1 and
various kinds of atomic coherencé&eeman coherence, hy- .
perfine coherence, and optical cohergnce > ly+Qx A

In this paper, we apply the calculation tool developed in €=~ 2 lal+(1-a)(1+a)z 2.3
our previous worK 19] to various polarization configurations
of pumping lasers that are in resonance with th&(hF with
=1-5P,,,F'=1) transition. However, in this work we
take into account all the Bloch equations of motion between g=me(m)—mg(n)=—1, 0, 1. (2.4)
elements of the entire density matrix in contrast to our pre-

vious work, which ignored equations of motion between co- \ye set the quantization axis parallel to thexis. The

herence density matrix elements. _ ~ atomic transition frequency is defined such that
In Sec. I, we illustrate our notations and derive equations
of motion for the relevant system(Fig. 1) of 8’Rb atoms in wmn=(EX—E%)/4, 2.5

a static magnetic field. In Sec. Ill, we numerically calculate
the magnetic-field dependence of the population differencg,

under various polarization configurations and the laser inteng,, ,aism andn. This system interacts with the pumping laser
sity dependence. We also calculate the time dependence '

| . .
the population difference for the counterpropagating ( ﬁeld El([vt) and (or) the counterpropagating pumping laser
+ r)-polarization configuration under various external mag-field Ex(r,t). Figure 2 shows the situation schematically for
netic fields. Discussion of the results is included in Sec. Ilithe case where the quantization axis is parallel to the external
and the conclusion follows in Sec. IV. magnetic field. In this paper, we consider only linear polar-
izations for both fields. In Fig. 2 we also find definitions of
pump polarization angleg, and B, with respect to theB
IIl. EQUATIONS OF MOTION field and propagation directions of laser fields and $fRb

The master equation is the generalized Bloch equation beam. The*’Rb beam propagates in the x direction, passing
through the cw pumping lasers at right angles. The total field

E(r,t) is expressed as a sum Bf(r,t) andE(r,t)

ereEﬁ1 and Eﬂ are unperturbed energy eigenvalues of sub-

o A " " n n ~n
h—p(H)=—i[A(Dp(H) —p(OAM]-ATH(), (2D
E(r,t)=Ey(r,t) +Ey(r,t)

wherep(t) is the density operatofi(t) is the Hamiltonian —LE,(t)eexp( —iwet+Kiy)
operator, and™ describes the effects of spontaneous emis- L - )
sion. In this paper, we consider only a specific example of +i:Ea(t)eexplimpt+koy) +He. (2.6

the 8Rb D, line, in which atoms in hyperfine level 1 A A

(5S;2,F=1) proceed to hyperfine level 2 §,,F=2) wheree; ande, are polarization unit vectorg; andw, are
through hyperfine level 3 (B,,,,F'=1). All of these levels angular frequencies, anki, and k, are wave numbers of
have magnetic sublevels that are Zeeman split by the statimorresponding fields. In this paper, we consider the case that
magnetic field. Figure 1 shows the numbering convention ofv; = w,=w, and consequentlk,=k,=k,. We generally

this system and the Zeeman splittings,, A, , andAp, of  start with the nonvanishing pump detunidg .
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Using basis vectorfm), the generalized Bloch equation Equation(2.10 becomes
can be expressed as the equation for the density matrix ele-

ment, 1 4 . " ,
+HI dtexp(i A ,t) = 3C(L9{explik,y)2a(t)cosp,
P i
ﬁpmn(t):—g;[Hm(t)Pm(t) +exp(—ikpy)Qq(t)cosB}. (2.14
d Similarly,
_Pml(t)Hln(t)]+(a_t) Pmn(t). (2.7
sp. 1
Now FHT1dtexpiag)
H(t)=Hg(t)+H,(t) =%C(l,lO)%{—exqikpy)ﬂz(t)sinﬂz
=—p-E(r,t)— M-B. (2.8

—exp(—ikyy)Q4(t)sinBq}. (2.15
Matrix elements of the electric dipole interaction Hamil- o ) o
tonian,HY (t), become, in the rotating-wave approximation 10 Simplify expressions we use definitions
(RWA): _
C(y,t)=explikpy)Q,(t)cosB,

Ha (1) =(m|— u-E(r,0)|n) +exp—ikyy)Qy(t)cosg, (216

= — u™ex i wmn(t)13 expli wpt) eglexpik,py) and

X Ep(t)ey+exp(—ikpy)Eq(t)e}. (2.9 S(yst) = — explik,y) Qa()sin,

Since the pumping lasers induce an optical transition be- —exp(—ikpy)Q4(t)sinB;. (2.17)
tween hyperfine level 1 and hyperfine level 3, the matrix P
d

elementsH, (t) (m<n) are nonzero only whenIm=3  Here we use the written lettérto avoid confusion with the
and 9<n=<11. Matrix elementsH? (t) can be expressed coefficientC(m,n) of Eq. (2.11). Then,

using polarization angles instead of polarization unit vectors
like HY (1), 1 4 . L

. . ngyg(t)exp(lApt): 5C(y,1) (2.18
~yd ; —_ = 19 ;

7 HigtexpiAyt) o7 M 1explik,y)Ex(t)cosB, and

+exp(—ikpy)Eq(t)cosBy}. (2.10

_pnd i -
Now, dipole componentg.® can be further expressed h HiadOexpia,h) 2\/§S(y,t). (219
[15] by use of the Wigner-Eckart theorem as

p10= (34| ]| o) (— 1)L+ +Io+ForFa-meg Lhne) ;errenalnlng nonvanishing matrix elemerﬂﬁm(t) (m
X (2Fg+1)Y42F,+1)12
1 1
Fo 1 Fy\[Fg 1 F —HI Jt)expiAt)=—=8(y,t),
o 9 1[9 1J ﬁz,g()F(p)z\/ES(Y)
—Mgg 4 Meg/(Jp | Jg
=(J4l|u[|36)C(1,9), (2.11 1 _ 1
7 HeDeXRIAD = (y.0),
where(J;||u||Jq) is proportional to the reduced matrix ele- 2V2
ment and() and{} are, respectively, Band § symbols that (2.20
can be obtained from standard tables. EHd (OexpiA ) 1 Sy
Using definitions PRREE! p —2\/5 iU,
Ea(t)
T (Jall 1[99} = Qa(1) (2.12 1 . )
gHgyll(t)eprApt):EC(y,t).
and

On the other hand, matrix elements of the Zeeman inter-
Ea(t) action HamiltonianH? (), survive the RWA only ifm is
— — mn ’
# (Jalll139) =€22(1), (213 equal ton such that
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1 1 I
7 Han(t) = 7 (m[ = M:-B[n) (2.21)
(—1 ugB
TTmF(n)z—Am,,mF(n) when 1=sn<3
1 /.LBB
= ETmF(n)zAmmF(n) when 4<n<8 (2.22
_1 ,LLBB
?TmF(n)=—Am,mF(n) when 9<n<11.
\

If we define slowly varying functiong,,(t) from the original functiong,,(t) such that
pmn(t)exp(—iApt)  when I=m<3 and 9<n<11
pmn(D)=1 pPma(DeXiApt)  when 9<=m=<11 and kn<3 (2.23
pmn(t)  otherwise,
and similarly for the elements ¢t/ (t) in terms ofH,,(t), then Bloch equations for density matrix elemepis(t) can be

expressed in terms df | (t) as follows:
11

(9 ! H ! I ’ ! ! !
P D=18pp0(0) =5 2, [HL(Dpfa(D) = pr(DH (D] +

G| p®), 224
sp.

where the termA pp, (t) appears only when€ms=3, 9<n=<11 or 9=<m=<11, 1s<n<3.
Now, decay terms due to spontaneous emission can be obtained from the master equation for an atomic system of
multi-Zeeman sublevels interacting with a vacuum resei\d®f. Using the set of indices (&) to denote a Zeeman sublevel

m, where the index represents the hyperfine levels and the indexpresents themg value, results are summarized in the set
of equations

d ' d 1,j
gt Pmn() = qi) Pak
sp. sp.

KK o
Fk,a‘*’q;k,ﬁ*’qﬂi,a;i,chflﬁ'q,ﬁ‘*'q_EK Ii_wpap wheni=j

=

g

= (2.25
_OS(ZI( Fi_,k-l—; Fj—»k) pllli"l[j; when |:r'éj
|
Furthermore, Ip1y c c
. 7 =—ilAppi1t §P9,1+ mpm,l
mk=ri,k§ C((i,a),(k,a+q))
. c* S*
XC((i,a),(k,a+q)) (2.26 - Am//131,1+7l)1,9+ ﬁpl,w
and
Fk’a+q;k,ﬁ+q~>i,a;i”3:I‘k’ic((k,a"_q),(i,a)) +F2,1C((21_1)1(11_ 1))C((21_ 1)1(11_ 1))p5,5
xC((k.p+a).(1.8). (2.2 +T51C((2,0,(1,~1))C((2,0,(1,~1))pes
where
) 3 +1'31C((3,—1),(3,—1))C((3,—1),(3,—1))pgg
(il [ 2] 3))? @ i)
Fi,j: 37T80ﬁC3 (22& +F3,1C((310)1(11_ 1))C((370)7(11_l))p10,10
0 if i<j. c s o o
From now on, for convenience, we delete the prime from =1 5poat 2 2P0 3 Pre” ﬁplio

pmn(t) andH/ (t). Then, for example, the Bloch equation
for py 4(t) becomes +1'3109,9% 31010 10- (2.29
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This model has 11 atomic levels and, therefore, requires 12

density matrix elements in order to describe its dynamics o —,

fully. Since the density matrix is Hermitian, there are 66 I
independent matrix elements. We display the remaining 6¢ 09 Mo, sttt e (G2
coupled differential equations in the APS epffi@0] for fu- I *
ture use. Since the system is closed, the differential equatior
are degenerate. Therefore, we impose a constraint equatic
by normalizing the sum of the populations.

08 |-
0.7 |- W) /’ .

06 |- LN

Population Difference

IIl. NUMERICAL SIMULATIONS AND DISCUSSION
05| e

Although we generally construct Bloch equations to treat . , L
the caseA,#0, in this paper, we consider only thg,=0 -300 -200 -100 0 100 200 300
situation where pumping fields are in resonance with the Magnetic Field (mG)
transition between hyperfine levels 1 and 3. To solve the o _
coupled partial differential equations, we use the subroutine FIG. 3. Population differences between hyperfine levels 1 and 2,
ims|_f_ode_runge_kutta in the IMSL C numerical library. P2~ P1=(Paatpsstpeet prrtped = (P11t pastpsd, as a
Since diagonal elements of the density matrix represerftnction of the magnetic field under parametdrs 10 us and|
populations in the corresponding Zeeman sublevel, we norz 94 m\_N/crﬁ due toa single pumping _Iaser with; =0 (solid
malize the sum of diagonal elements at each instance. V\)t"—:ne.)’ asingle .laserw'tm1:7/2 (ciaShed “Eg two counterpropa-
specifically choose the initial state such that the population ating pumping lasers With, = m/2,5,=m/2 (squares f;

o L . . = = i , B1=m/2,8,=0 (triangles.
are statistically distributed in the ground-state hyperfine lev- ml2,8,= ml4 (circles, fy=m/2,8,=0 (iangles

els: of the pumping efficiencyFig. 6). We calculate the popula-
tion difference under five different polarization configura-
p11(0)=pyA0)=ps40)= 1 tions of the pumping las&s): a single laser with eithetr
1,1 2, 3, 6’

polarization (3;=0) or o polarization 3,=m/2), and two
counterpropagating lasers with eithes« o) polarization

1 (B1=ml2, B,=m/2) or (o+7) polarization (3,

P240)=ps50)=pe0)=p740)=pse0)= 75, =ul2, B,=ml4) or (oc+m) polarization B,=m/2,5,
(3.2 =0), wherew polarization is a linear polarization with its
polarization anglef= /4 relative to the static magnetic
P9.o0)=p101d0)=p11140)=0. field. The curve in the case af polarization shows no popu-

lation trapping phenomenon, as expected, and the curve for
Since the lasers are monochromatic, the broadband Fothe case otr polarization shows the typical coherence dip of
rier components from sudden turn-on of the lasers are neglihe Hanle effecf11,14,19. At B=0 the pumping efficiency
gible. Therefore, we approximate the initial situation suchof the =-polarized laser is equal to that of tlepolarized
that the lasers suddenly turn on, i.e., we set the initial valuekaser, because there is no difference between the two cases in
of all off-diagonal elements to zero. In order to obtain athe absence of a magnetic field.
meaningful value at the final time T, we should average over The three new curves in the cases off{ o) polarization,
the space because the density matrix elements depend on the+ 7) polarization, and ¢+ ) polarization all show the
position of the®’Rb beam. This procedure is especially im- coherence dip of the Hanle effect. Among these three cases,
portant when the®’Rb beam interacts with two counter- the pumping efficiency of the«{+ o-)-polarized lasers turns
propagating lasers. In this case, due to wave interference, tlsit to be the lowest and is even lower than the pumping
polarization of the resultant laser field varies overylwom-  efficiency of theo-polarized laser. The pumping efficiency
ponent of the®’Rb beam positior{21]. In this paper, we of the (o+ m)-polarized lasers turns out to be the highest
select the inverse of the spontaneous decay rate from hypesind is higher than the pumping efficiency of thepolarized
fine level 3 to hyperfine level 153 ,=1/T'3,=0.176 us, to  laser. It is very noticeable that the depth of the coherence dip
be the measure of the interaction tifieand the saturation becomes smaller when the polarization configuration
intensity for 55,,—5P,,, transition, |;=1.4 mWi/cnt, to changes from ¢+ o)- to (o+ ) polarization. Conse-
be the measure of the laser intendity quently, when we pump th&’Rb beam with two counter-
Figure 3 shows the magnetic field dependence of theyropagating ¢+ )-polarized lasers, we obtain the highest
population difference between hyperfine level 1 and hyperpumping efficiency even under a weak magnetic field.
fine level 2. The interaction time is 1ks (=56.8 73,) A few years ago, this phenomenon was reported in the Cs
and the pumping laser intensity is 0.4 mWfkm frequency standard experiment by Leeal. [14]. This is a
(=0.29 |¢). Since the value of the population difference very desirable phenomenon because we do not need to use
does not vary significantly after 1@s (Fig. 6), we neglect magnetic shielding to separate the pumping region and the
the effect of different transverse velocities but take a fixedmicrowave interaction regiof2].
interaction time, 10us. Although the interaction time for Now, the qualitative behavior of ther(+ 7) curve of Fig.
the Cs beam experiment was 20s [14], we take 10us as 3 can be compared with that of experimental da#§. When
an interaction time in the numerical simulation for thf®b  Lee et al. [14] pumped a Cs beam with ar+ 7)-polarized
beam in order to show clearly the magnetic-field dependenckaser with intensity 0.76 mW/cfntuned to theF=4—F’
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FIG. 4. Populations of hyperfine levels(dolid line), 2 (dashed FIG. 5. Population differences between hyperfine levels 1 and 2,

line), and 3(dotted ling in addition to the population difference p,—p, as a function of the intensity ofs(+ ) polarized lasers.
(squarep between hyperfine levels 1 and 2, as a function of ther=10 us. The solid line, the dashed line, and the dotted line rep-
magnetic field under parametefs=10 us, 1=0.4 mW/cnt,B;  resent cases under the magnetic fiBld 250 mG, B=125 mG,
=/2, andB,=0. andB=0 mG, respectively.

=3 transition, the Cs population difference was 0.98 in the N . . .
presence of a strong magnetic fietd250 mG. In Fig. 3 the Finally, in Fig. 6, we plot the time evolution behavior of
corresponding’Rb population difference also reads as 0.98N€ Population difference between hyperfine levels 1 and 2
whenB= =250 mG. In the absence of the magnetic field under various pumping intensities and external magnetic
the Cs population difference byt )-polarized lasers was "fields. All curves start at zero since we choose thg evenly
slightly reduced to 0.97, while the Cs population differenceP0Pulated state as the initial state, and they grow rapidly to L.
by the o-polarized laser was substantially reduced to 0.70. The population difference grows more rapidly when there is
In the absence of a magnetic field, we can also find in Fig? 250 mG magnetic field in comparison to the 0 mG case as

3 that the®Rb population difference ford+ m)-polarized in Fig. 5. However, the pumping efficiency difference be-
lasers is reduced to 0.88, while tféRb population differ- tween theB=0 mG case anq th“s‘.;_ZSO mG case be- .
ence for theo-polarized laser is substantially reduced to comes narrower as the interaction time becomes longer. This

0.57. During the experiment, the temperature of the Cs ove eans that it is necessary to pump &b beam for the

was set at 114 °C. The degree of vacuum inside the chamb gnger interaction time to induce the more desirable phenom-
was 5<10-° Pa .under the normal beam operation Theehon in the frequency standard experiment. On the other

: A : and, the pumping efficiency difference, between the
f h the | ) . :
mean interaction time of Cs atoms with the laser beam waE'IO MG case and thB =250 mG case at a fixed interaction

20 us since the mean velocity of Cs atoms is 248 m/s af. . :
114'%C The ¢+ ) polarizatioz was made by superposing %me (e.g., 10 us), becomes narrower as the laser intensity
X becomes stronger. This means that it is necessary to pump

a o-polarized laser on ar-polarized laser that was made . . . .
o-p h the 8’Rb beam with a greater intensity to induce the more

from the incidento-polarized laser with a quarterwave plate desirable phenomenon in the frequency standard experiment
and a reflector placed at the site of the back window of the P q y P :

vacuum chamber. From now on, we restrict our attention to

the (o + m)-polarization configuration, as it is the most in-
teresting one. or e enesaneanass

In Fig. 4 we show the magnetic-field dependence of the ST eaeen

; . . 08 a2 oT

population of three relevant hyperfine levels 1, 2, and 3 in g AT e
addition to the magnetic-field dependence of the population & sl H {o+n) polarization
difference between hyperfine levels 1 and 2. The interaction % il
time, 10 us (=56.8 73, and the pumping laser intensity, S sl iy o I=0.4 mWient, B=0 mG
0.4 mWicnt (=0.29 |, are the same as those of Fig. 3. & I8 +- =04 mWent, B=250 mG
The population of excited hyperfine level 3 remains almostat & o, | ! > =10 mien?, B=0 mG
zero as the magnetic field grows. However, the population of & < 10 mWen, B=250 mG
hyperfine level 12) slowly decrease€ncreaseksas the mag- ool .
netic field grows, and consequently we observe a shallow L L L L L

0 5 16 15 20

coherence dip. Interaction Time (pis)

In Fig. 5, we plot the intensity dependence of the popula-

tion difference between hyperfine levels 1 and 2 after/i9 FIG. 6. Population differences between hyperfine levels 1 and 2,
interaction time. We find that as the pumping intensityp,—p,, as a function of the interaction time of-¢ 7) polarized
grows, the pumping efficiency grows rapidly to 1. Since thejasers. Open squares, solid squares, open triangles, and solid tri-
external magnetic field destroys the Zeeman coherence thmgles represent cases of =0.4 mW/cnf, B=0 mG), (
pumping efficiency grows more rapidly as the external mag—=0.4 mwicnt, B=250 mG), (=1.0 mW/cnt, B=0 mG), and
netic field becomes stronger. (1=1.0 mWi/cn?, B=250 mG), respectively.
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As we observed in Fig. 5, the population difference growsbeam with counterpropagatingo (- 7)-polarized lasers.
more rapidly wher is equal to 1.0 mW/cm(=0.71 1) in Since the coherence population trapping is removed even
comparison to thé=0.4 mWi/cnt (=0.29 I,) case. under a weak magnetic field, this phenomefbd] is very
The rate equation models treat only the populations of thelesirable in the frequency standard experiment. To our
sublevels, i.e., the diagonal matrix elements. Since we adopnowledge, these impressive numerical findings are not pre-
simple initial conditions for off-diagonal elements in this dicted by any other treatment. It is also numerically con-
Bloch equation model, the initial conditions are effectively firmed that it is necessary to pump tA&Rb beam by coun-
the same as those of the rate equation models. Howeveerpropagating ¢+ )-polarized lasers at greater intensity
since the rate equation models can only adopt the crude trafer a longer interaction time in order to obtain a higher
sit relaxation mode[22], they might not explain the subtle pumping efficiency with a shallower coherence dip.
effects discussed above. Since the ¢+ 7)-polarization configuration is also used
in the laser cooling method by polarization gradief4],
we plan to apply our scheme to calculate relevant physical
IV. CONCLUSION quantities such as the radiative force, the equilibrium tem-
For optical pumping of a multisublevé’Rb beam in a Perature, etc. Furthermore, it is straightforward to generalize
static magnetic field by monochromatic lasers in resonanc&nd apply this approach to another laser cooling method by
with the transition between hyperfine levels 1 and 3, we inthe two circular polarization configuratida1].
vestigate numerically the population difference between
ground state hyperfine levels 1 and 2 by use of the Bloch
equation formalism that rigorously takes into account various
atomic coherence effects. By varying the polarization con- This work was supported by the Star Projéetoject No.
figuration of the pumping lasers, we find that the pumping97-NQ-05-01-A of the Korea Ministry of Science and Tech-
efficiency is substantially enhanced when we pump®fiRb  nology.
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