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We present experimental and theoretical investigations of the ground-state levels of the Cs cycling transition.
We show that in such multilevel nondegenerate systems, the populations of the extreme Zeeman sublevels,
under optical pumping, can have asymmetric (“dispersive’) line shapes as a function of laser frequency. A
density-matrix model which takes into account optical, Zeeman, and hyperfine coherences, and allows for a
fluctuating laser field, correctly predicts the experimental observations. A comparison of the density-matrix
model with a rate-equation model demonstrates the role of coherences in the population distribution. Investi-
gation of the effect theoretically and experimentally for o and 7 laser polarizations is presented in the paper.

PACS number(s): 42.50.Gy, 32.80.By

L. INTRODUCTION

Coherences play a crucial role in the population dynamics
of optically pumped systems. Recently a number of authors
[1] have addressed the creation of inversionless lasers and
highly nonlinear but nonabsorbing systems through the use
of coherences between Zeeman sublevels. In most real
atomic systems which are amenable to experiment, the num-
ber of sublevels is large and some level of coherence can be
established between almost any two sublevels of a system.
The strong influence of coherences on the populations of the
sublevels is well known and leads to many novel phenomena
such as the cancellation of absorption, variable gain, high
indices of refraction, and high nonlinearities. Population
trapping due to Zeeman coherences and ‘““dark resonances”
arising from coherent trapping of the population in the lower
level have been demonstrated in numerous experimental and
theoretical treatments [2—5]. In general, it is difficult to ex-
actly identify which of the coherences are responsible for the
observed effects. This is due to the fact that a given coher-
ence between any two states is in general dependent on the
populations and coherences between all the other states in
the system. This creates a highly complex and connected
problem which cannot, in general, be simplified either theo-
retically or experimentally.

As a particular example, in the analysis of the laser spec-
troscopy of the Cs D, line one has to consider 48 Zeeman
sublevels, (F=3,4 in the ground state and F'=2,3,4,5 in the
excited state), thus forming a problem with 1176 linear dif-
ferential equations. This leads to many different, interdepen-
dent, complex, coherence terms. While the effect of coher-
ences on the overall behavior of an atomic system is very
important, in dealing with such a large number of equations,
it is often difficult to point to the physically important terms
responsible for an observed effect. The significance of the
coherence terms can be estimated, however, by comparing a
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rate-equation calculation of a given system (which ignores
all coherences) with a calculation which includes them
through the use of the full density matrix.

In this paper we present the results of experiments which
measure the population of a single ground-state Zeeman sub-
level of the Cs atom when it is optically pumped at the
cycling transition frequency. We also compare the results of
a full density-matrix calculating [6] and rate-equation calcu-
lations with experimental results for both o and 7 polarized
light. We show that the quantitative analysis of the experi-
mental results requires the density-matrix calculation, with
the inclusion of the coherences. While the rate-equation cal-
culation predicts the observed functional forms for the mea-
sured Zeeman sublevel populations [7,8], the population sig-
nals predicted by this model are orders of magnitude too low.
To understand the physical origin of the observed population
distributions in the sublevels, however, the rate-equation
model is a useful guide.

The observed population redistribution in our experiments
is not due to coherent population trapping, which has been
discussed in connection with dark resonances [2-5]. For
V-shaped systems such as the Cs 65 ,,F=4—6P;,F'=5
cycling transition, it has been shown both theoretically [3]
and experimentally [2] that there is no coherent trapping of
populations in the ground-state levels. This is because the
extreme m’ states of the upper F' =35 level are each coupled
to only one m state in the lower level involving only one
component of the o light [i.e., o™ or ¢{7]. This can also
be confirmed by measuring the excited-state fluorescence as
a function of the magnetic field, which shows ‘“normal”’ be-
havior without any sign of dark resonance behavior (Fig. 5 of
Ref. [2]). Thus the origin of the dispersive shape is due to an
additional means of population redistribution present in op-
tical pumping of a multilevel system.

In Sec. II we describe the experimental setup and present
the observations. Section III presents the density-matrix
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model that was used to perform the calculation and in Sec.
IV we present the much simplified rate-equation model we
use to understand the physical origin of the observed effects.
Section V contains a comparison of the various models with
the observations and discusses some interesting predictions
of the full density-matrix calculation.

II. EXPERIMENTAL OBSERVATIONS

In the experiments we measured the population of one of
the extremum Zeeman sublevels of the 6S,,F=4 ground
state of atomic Cs as a function of laser frequency. Specifi-
cally, the experiment employed the Cs D, line cycling tran-
sition, 68 ,F=4—6P;,F' =5, at 852.1 nm, in an atomic
beam. The atom-laser interaction region, where the atoms are
optically pumped, takes place in the presence of a small
(maximum 500 mG), variable and uniform magnetic field,
the “C” field, in which each hyperfine state with quantum
number F is split into (2F+ 1) nearly degenerate Zeeman
sublevels. The size of the splitting is 350 Hz/mG for the
6S,,F=4 sublevels, and 560 Hz/mG for the 6P,F' =5
sublevels. The signal we detect is the flux of atoms in the
atomic beam after the beam traverses a very strong inhomo-
geneous magnetic field. In the strong-field region the most
convenient quantum basis is in terms of |JImm,) instead of
the |JIFmp) quantum numbers used in zero field. Thus the

6S1pF=4, mp=+4,...,—3 states transform into the
my=+1/2, m;=+7/72,...,—7/2 states while the
6S1,F=3, mp=+3,...,—3 states and the F=4,
mp=—4 transform into m;=—1/2, m;=-7/2, ...,+7/2

states. The force on the atoms in the atomic beam as they fly
through the strong inhomogeneous field region depends on
their m; quantum number and thus the atoms are separated
into two beams according to m;. (The differences in trajec-
tories for different I’s, in our apparatus is negligible.) The
signal detected in the experiments is either of the two beams
formed after the passage through the strong field. In the ab-
sence of interaction with light the number of atoms in either
of these beams is stable to better than 1%. If a laser tuned to
the cycling transition frequency interacts with the atoms, any
change in the number of atoms detected in the m ;= —1/2
beam can only come about as a consequence of optical
pumping, which changes the population of the 6S,,F =4,
mrp=—4 Zeeman sublevel. This in effect allows us to mea-
sure directly the population of a single Zeeman sublevel, the
6S1,F=4, mp=—4. A condition for the validity of this
statement is that leakage to neighboring transitions can be
neglected. Since these transitions are far from resonance with
the laser frequency and the magnetic fields used in our ob-
servations are small, leakage in our experiments is negli-
gible.

A measurement of the number of atoms in the
m ;= +1/2 beam (the ‘“‘plus beam”) for incident o polarized
laser light is shown in Fig. 1. When the laser is resonant with
the 65 ,F =4—6P3,F’ =3 and F' =4 transitions the “plus
beam” signal decreases since the atoms excited to these lev-
els can decay to the 65 ,F =3 ground state and are thus lost
from the “plus beam.” The resonances are essentially Dop-
pler free, with the observed width due to a combination of
natural lifetime broadening, residual divergence of the
atomic beam and laser linewidth. For a laser at the
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FIG. 1. The plus beam current as a function of laser frequency
for typical experimental conditions: B=200 mG, I=2.8 mW/cm?,
o polarization. The laser was a stabilized diode laser (SDL-5402)
with feedback from a holographic grating and had a linewidth of
~100 kHz (FWHM). The dashed lines indicate the position of the
resonances. The F=4 to F'=4 transition almost completely de-
pletes the plus beam current to zero (defined by the frame of the
figure) and the residual current is tube background current.

6S,F=4—6P;,F'=5 cycling transition frequency, how-
ever, the atoms can decay back only to the 65 ,F =4 ground
state and thus a signal at this transition frequency is indica-
tive of a redistribution of populations between the Zeeman
sublevels of the F=4 state. As shown in the figure, the cy-
cling transition signal was found to have a “dispersive”
shape as a function of laser detuning from resonance, with
the dispersion centered at exact resonance. The ‘‘minus
beam” in this case shows, as it should, the mirror image of
the dispersive line shape. This therefore implies that the
population of the 65,F =4, mp= —4 sublevel has a disper-
sive shape as a function of laser detuning from the cycling
transition frequency.

The data shown in Fig. 1 were obtained with a ~ 100 kHz
linewidth external cavity diode laser, but we have obtained
similar results using many kinds of lasers as the source of the
optical pumping, including a broad linewidth diode laser
[full width at half maximum (FWHM) variable from ~ 10
MHz to ~30 MHz], and a stabilized ring dye laser (FWHM
~1 MHz). The laser linewidth influenced the amplitude of
the dispersive shape and its width but the basic dispersive
nature shown in Fig. 1 remained common to all the lasers.
This implies that the dispersive shape of the population of
the extremum Zeeman sublevels in multilevel system is a
general phenomena irrespective of whether the laser line-
width is much greater (even by more than 3 orders of mag-
nitude) or of the same order of magnitude as the Zeeman
splitting of the optically pumped levels.

The experimental setup has been described previously [7]
and consists of a modified Cs atomic clock tube [9] which
we used in a Stern-Gerlach configuration. An oven (80 °C)
with an atomic beam collimator yields a Cs beam with an
~8 mrad divergence and a Maxwell-Boltzmann distribution
of populations in the ground-state sublevels. The beam goes
through a magnetically shielded region where the optical
pumping is performed. The laser is introduced into this re-
gion through a small aperture hole (~5 mm diameter)
drilled in the magnetic shield. In this shielded region we can
apply a magnetic field, the “C” field, controlled by a pair of
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Helmboltz coils, which determines the quantization axis. The
“C” field is perpendicular to the propagation direction of the
atomic beam, and the laser polarization can be aligned to be
either parallel (7) or perpendicular (o) to the field. The
direction of the laser beam propagation is perpendicular to
the atomic beam with an accuracy that is better than 2°. The
alignment of the “C” field axis with the linearly polarized
laser polarization direction (parallel or perpendicular) is
maintained to within an accuracy of 5°.

Following the pumping region, at a distance of approxi-
mately 15 cm, the beam is split according to its m; quantum
number by a strong inhomogeneous separation magnet
((B)~1.2 T) and either the m;=+1/2 or —1/2 beam is
ionized by a hot niobium wire (wire width of 1.8 mm) and
detected by an electron multiplier. For most of the data pre-
sented in this paper the laser source was a diode laser (SDL-
5402) with optical feedback from a holographic grating
(1800 lines/mm) in a Littrow configuration. The laser line-
width was measured by a self-beat homodyne method using
a 4 km length of optical fiber. It was found to be of the order
of 100 kHz. The laser beam profile was 1 mmX 1.7 mm
which for our measurements implies a ~10 usec interaction
time between the atoms in the atomic beam and the laser.
The niobium wire location is variable and it was positioned
such that it selected atoms either from the plus or minus
beam, provided they had a velocity along the atomic beam of
~ 100 m/sec * 15 m/sec. Such a wire position ensures that
the signal-to-noise ratio remains high while only very rare,
high velocity, plus (or minus) beam atoms show up in the
detected minus (or plus) beam.

II1. DENSITY-MATRIX MODEL

The density-matrix model is based on the semiclassical
approach using the density operator formalism [10] and in-
cludes the effects of a fluctuating laser field [6]. The model
corresponds closely to the actual optical pumping experiment
on the cesium beam since it takes into account the effect of
the atomic coherences, those of the neighboring transitions
and the fact that the lasers have Lorentzian line shapes with
a linewidth of the order of the natural linewidth of the ce-
sium transitions involved. The model also includes the effect
of an applied external magnetic field which modifies both the
energy levels as well as the transition probabilities [12]. The
diagonal elements p;; of the density matrix p represent the
populations of the ith levels, and the off-diagonal elements
p;; — the coherence between levels i and j. The time evo-
Iution of the density matrix obeys the analog of Liouville’s
equation in classical statistical mechanics [11] to which a
supplementary term, R(¢), has been added phenomenologi-
cally to take into account spontaneous emission and relax-
ation processes:

d 1
Ep(t)=%[H(f)sP(t)]+R(t), (1)

where H(t) is the Hamiltonian which is the sum of the un-
perturbed Hamiltonian H,, and the Zeeman Hamiltonian
H; present when an external static magnetic field B is ap-
plied:

Y. NAFCHA, M. ROSENBLUH, P. TREMBLAY, AND C. JACQUES 52

Hz=(_TMB)B‘(L+gsS+gII)’ 2

and a term V(¢) describing the interaction between the atom
and the optical field expressed as

V(t)=—-D-E(1), 3)

where D is the electric-dipole moment, and E(z) is the elec-
tric field of the pumping light.

The precise knowledge of the behavior of the atom under
such conditions necessitates the evaluation of the energy and
the state vector of each particular Zeeman sublevel [12].
Thus we must find the eigenvalues and the eigenvectors
| W) of the sum of the Hamiltonians Hy+ H, . The eigenvec-
tors can be expressed in terms of the unperturbed atomic
state vectors |F,,m,) and |F,,m,):

|\P(F/anl,)>:F2 g}"Fe|Fe ’me>’ (4)
for an excited state, and

(W (F,m) =2 Trp,|Fgomg) ®)

for the ground state. The sums are done only on eigenvectors
with the same m in zero magnetic field since the perturbation
introduced by the magnetic field couples only states with the
same m.

The components of the electric-dipole moment D are

(W(F',m") Dy | W (F.m))=2(¥(F',m"); ¥ (F,m);q)

3meghc? 12
X|—=—TI| . 6)

3
weg

The “modified” transfer coefficients are expressed as

AV (F',m');V(F,m);q)

= > Zppa(Fem, Fgmg:q)Crp, (1)
F, F ¢ &

4

where a(F,,m,;F,,m,;q) are uriperturbed transfer coeffi-
cients having the following definition [10]:

a(Fe’me;Fg’mg ’q):(_ 1)1+1+JE+F6,+Fgfme

XA\2F,+1\2F,+1\2J,+1

( F, 1 F,\[F, 1 F,
X .
-m, q mg/|\J, I J,

®)

The parentheses and curly brackets denote, respectively, 3-j
and 6-j coefficients [13]. The last two equations illustrate the
fact that although the coefficient a(F,,m,;F,,m,;q) may
be zero for some transitions in zero magnetic field, the coef-
ficient A(V(F',m'); ¥ (F,m);q) will in general be nonzero
in a magnetic field, thus allowing usually forbidden transi-
tions. Moreover, transitions which were equally probable in
the absence of a magnetic field, such as the Am=*1 tran-
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FIG. 2. The populations of the various my Zeeman sublevels of
the 6S,,F=4 ground state as a result of optical pumping with o
polarized light for interaction times from 5 to 40 usec. The initial
population of the levels was assumed to be Maxwell-Boltzmann,
with each sublevel having 6.25% of the population, as indicated by
the dashed horizontal line. The populations shown are for a laser
exactly on resonance with the 6S,,F=4—6P,,F' =5 transition,
with an intensity of 2.8 mW/cm?, a laser linewidth of 1 MHz, and
in a magnetic field of 330 mG.

sitions starting from the ground-state m =0 sublevel, become
different to first order in the field B.

The optical electric field E(¢), which is assumed to be
spatially uniform over the interaction region, can be ex-
pressed as

E(t)=E[1+&(t)]{cos[ wt+ ¢(t)+ Ole,
—sin[ wz+ ¢(2) + Oe;}, )

where E is the mean amplitude, w the mean angular fre-
quency, and e, and e; are, respectively, the real and imagi-
nary parts of the unit vector representing the light polariza-
tion. The random initial phase @ is uniformly distributed over
the interval ]— 7r,7r]. The amplitude and phase fluctuations
are respectively denoted by &(¢) and ¢(¢). They are zero
mean stochastic processes assumed wide-sense stationary,
mean-square continuous, and uncorrelated to 8. The field can
be rewritten as

E(t)=§[£(t)ei“"e+ $*(n)e” e*] (10)

in terms of the fluctuations £(¢), which are
L)=[1+&(r)]el?O* e (11)

These fluctuations contain all the stochastic processes of the
optical field.

The evaluation of the time evolution of the density-matrix
elements is made by substituting the representation of the
electric field E(z), Eq. (10), and the electric-dipole moment
D, Eq. (6), in the analog of Liouville’s equation, Eq. (1). The
full development of the latter is done in Tremblay and
Jacques [6]. The random nature of the laser field is taken into
account by evaluating expected values of the atomic popula-
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FIG. 3. The populations of the F=4 Zeeman sublevels as in
Fig. 2 but with the laser detuned from exact resonance by (a) 1
MHz to the blue and (b) 1 MHz to the red of the
6S,,F=4—6P;,F'=5 transition. The dashed line indicates the
initial population as in Fig. 2.

tions and coherences. The results of the assumption of a
Lorentzian laser line shape appear as supplementary terms
(proportional to laser linewidth) to the spontaneous emission
and relaxation related terms. When the laser linewidth is
larger than the natural linewidth of the atomic transition, the
density-matrix model tends asymptotically towards a rate-
equation model which includes the excitation of neighboring
transitions and the effects of a static magnetic field [14]. On
the other hand, for a highly monochromatic laser, the solu-
tion reduces to the standard density-matrix operator formal-
ism [10].

The hyperfine splitting parameters used through the cal-
culations were taken from Arimondo, Inguscio, and Violino
[15] and Tanner and Wieman [16]. The complete model con-
sists of a set of 1176 coupled linear differential equations
that can only be solved numerically. It is not possible as with
the rate-equation model, to obtain an analytical solution
which would allow us to easily distinguish the important
coherence terms responsible for the observed effects.

Numerical results

The transition probabilities for F=4—F' =5 ¢ polarized
transitions are such that the extremum my Zeeman sublevels
are preferentially populated. This can be seen in Fig. 2,
which shows the populations of the various mp levels as a
result of optical pumping for various interaction times. The
maximum interaction time chosen corresponds approxi-
mately to the maximum observable interaction time in the
experiments. The initial population of the levels was as-
sumed to be Maxwell-Boltzmann, with each sublevel thus
having 6.25% or 1z of the normalized population. The opti-
cally pumped populations shown are for a laser exactly on
resonance. The slight asymmetry is explained by the change
in the transition probabilities due to the static magnetic field.
Detuning the laser to the red, even by as little as 1 MHz,
preferentially populates the F=4, mp= —4 state, as shown
in Fig. 3(a), which in our experiment would be detected as a
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FIG. 4. The predictions of the density-matrix model for the plus
beam signal as a function of laser detuning from the cycling tran-
sition resonance frequency for a o polarized laser. Shown are (a)
the population for various atom-laser interaction times at a mag-
netic field of 330 mG and (b) the population for various magnetic
fields at an interaction time of 20 usec. The laser intensity was 2.8
mW/cm? and the laser linewidth was 1 MHz.

decrease in the plus beam current. Detuning to the blue in-
creases the population of F=4, mp=+4 state, as shown in
Fig. 3(b).

The asymmetry in the optically pumped populations for
o polarization corresponds to the ‘““dispersion” shape of the
plus beam signal as a function of the laser frequency (Fig. 4).
In Fig. 4(a) we show the calculated plus beam signal in a
magnetic field of 330 mG for various interaction times.
While for very small detunings the dispersive shape quickly
reaches its steady-state value, as the detuning from resonance
increases the steady-state value of the population requires an
ever increasing interaction time. In Fig. 4(b) we show the
same calculated signal shown in Fig. 4(a), but now for a 20
usec interaction time and for various magnetic fields. Both
the amplitude and width of the dispersive shape changes as a
function of magnetic field as will be discussed further in Sec.
V.

For 7 polarization the transition probabilities are such
that they tend to concentrate the populations in the central
Zeeman sublevel, so that the optical pumping empties the
extremum levels. In this case detuning of the laser to either
side of resonance does not result in a significant population
difference, and the extremum sublevel populations remain
close to zero. The time-dependent solution for the population
of the F=4, my= —4 state as a function of laser frequency
will therefore have the shape of a dip. At resonance the popu-
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= 0438
0 10 20 30 40

interaction time (usec)

FIG. 5. The population of all the Zeeman sublevels of the
6S,F =3 level as a function of interaction time for a o polarized
laser, resonant or nearly resonant with the F=4— F'=35 transition.
The various symbols indicate the detuning from the
F=4—F'=35 resonance in MHz. The F=3 level population
changes due to leakage to it from the laser driven F=4—F’'=5
transition, thus acquiring monotonic growth as a function of inter-
action time. The parameters used for the calculations were as fol-
lows: laser intensity of 2.8 mW/cm?, laser linewidth of 1 MHz, and
magnetic field of 330 mG.

lation is close to zero, and as the detuning gets larger, the
population increases up to the thermal Boltzmann distribu-
tion for large detuning, which gives a population of 6.25%.

The density-matrix model used for this calculation takes
into account the population leakage to and from levels very
far off resonance from the laser. There are two causes of
leakage: the first is due to the finite linewidth of both the
laser and the atomic transition. For our experiment, the pre-
dominant leakage transition due to this effect is the
F=4—F'=4 transition. The second cause is due to state
mixing by the magnetic field which thus allows usually for-
bidden transitions. The predominant leakage transition due to
this effect is the F=3«F'=5, which occurs predominantly
as a relaxation process. For a magnetic field of 330 mG the
spontaneous emission rate for this transition is 107°T". Since
the F=3 level is not subjected to repumping in this experi-
ment, it acts as a trap, as shown by the monotonic growth of
the population of F =3 with interaction time (Fig. 5). Here
we can see that the /=3 population has a steady, albeit very
slow, growth, and for very long interaction times, all the
population would eventually concentrate in the F'=3 state.
The leakage rate is larger for red detunings from the
F=4—F'=35 resonance since then the laser is closer to the
F=4—F'=4 transition. Very near the cycling transition
resonance, the leakage rate has a local minimum, since the
F=4 ground-state population is depleted due to the strong
and preferential pumping between the cycling transition lev-
els.

Although the effects of leakage are always present, for
laser linewidths of the order of 1 MHz, low magnetic fields
and short laser-atom interaction times, they are negligible, as
shown in Fig. 6. In the figure we plot the calculated popula-
tion of the plus beam (F=4, mp=+4,...,—3) as well as
the calculated population of the F'=4, m;= —4 Zeeman sub-
level subtracted from 9/16, as a function of the laser fre-
quency. Since all the populations are normalized so that the
total ground-state population (F=3 and F=4) equals 1,
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FIG. 6. Calculated populations of the plus beam (m ;= 1/2) and
the population of the Zeeman sublevel (F=4, mr=—4) as a func-
tion of laser detuning. The latter is subtracted from 9/16, the nomi-
nal population of the total F=4 state [9/16— the (F=4,
mp= —4) population], in order to display the small effects of leak-
age to the 65,,F =3 level. The difference between the two curves
is the population leakage as a function of laser detuning from the
cycling transition frequency. Without any leakage to F=3, the two
curves would be identical. The parameters used for the calculation
were the same as in Fig. 5 and are for an interaction time of
40 usec. For shorter interaction times the difference between the
two curves is even smaller.

9/16 is the nominal Boltzmann population of the F'=4 state
before the optical pumping. To demonstrate that the differ-
ence between the two curves in the figure is just equal to the
leakage from the =4 to the FF=3 state, we first note that
the plus beam population is equal to [1—{the minus beam
population}]. If there would be no leakage to F =3, the popu-
lations of the F=3, mpy=+3,...,—3 would be a constant
equal to 7/16. If there is leakage to F=3 then [1— {the mi-
nus beam population}] is equal to [1—{(7/16)+(F=4,
mp=—4)+ (leakage)}] which is equal to [9/16—(F=4,
mp=—4)— (leakage)]. Thus the difference between the plus
beam population and [9/16—(F=4, mp= —4)] is the leak-
age from F=4 to F=3, and as shown in the figure, this
difference is negligibly small.
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FIG. 7. The evolution of the population of the F=4, mp=—4
level population as a function of interaction time for (a) a laser
resonant and with negative (red) detunings and (b) positive (blue)
laser detunings in MHz. The calculations are for B=330 mG, o
polarization, laser intensity of 2.8 mW/cm?, and linewidth of 1
MHz.
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FIG. 8. Energy-level diagram for the Cs cycling transition,
showing the simplification made for the 8 level rate-equation
model. The central seven Zeeman sublevels in both upper and lower
states have been lumped into a single effective sublevel.

The time evolution of the population of the F=4,
mp=—4 sublevel, for o polarization, is typical of a multi-
exponential decay curve (Fig. 7). The numerous contribu-
tions of the many single-photon and multi-photon paths to-
wards and away from the mp= —4 sublevel makes the
comprehensive understanding of all the exponential compo-
nents difficult. For very short times all the curves, for either
positive or negative laser detuning, show an initial popula-
tion growth, due to the redistribution of population towards
the extreme Zeeman levels, m = * 4. This process, the result
of which is shown in Fig. 2, is very efficient due to the large
transition probabilities and the efficient absorption and
stimulated emission. After a few microseconds, the popula-
tion due to this process reaches a quasiequilibrium and fur-
ther population changes occur in response to the coherence
terms. For these terms, depending on the laser detuning and
the magnetic field, a number of time scales become impor-
tant as can be seen in the structure of the time dependence in
Fig. 7. As expected, equilibrium populations are reached
much more quickly for small detunings (1-10 MHz) from
line center. For larger detunings the time scale becomes very
long.

IV. RATE-EQUATION MODEL

The rate-equation model we use considers only the sub-
levels involved in the cycling transition and specifically ig-
nores the possibility of population ‘leakage” to the
6S1,F =3 ground state. This assumption is justified on the
basis of the full density-matrix calculation, as outlined
above, which shows that the population of the F=3 ground
state remains practically unchanged under a broad range of
experimental conditions, including the parameters used in
our experiments. This assumption greatly simplifies the rate-
equation model, and makes it amenable to interpretation.

The model is solved numerically for the case of the Cs
D, cycling transition, thus resulting in 20 equations for the
20 sublevels. We also solved the rate equations for a much
reduced system with as few equations (sublevels) as pos-
sible, that still retains the essential features of the full rate-
equation model. For the reduced system we assumed that all
sublevels with |mg|<3 can be lumped into one effective
central sublevel. Thus the reduced system, shown in Fig. 8,
consists of 3 sublevels in the ground state: my=— 1,0,1 and
5 sublevels in the excited state: m,= —2, ... ,+2 thus yield-
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ing a total of 8 sublevels instead of the 20 sublevels actually
present for the Cs cycling transition. Numerically we find
that the overall behavior of both the reduced and full system
are the same. However, because the reduced system can be
solved analytically, it allows us to obtain an analytic expres-
sion for the functional shape of the population of the extre-
mum levels. The absolute numerical values of the popula-
tions obtained from such a reduced system of sublevels are
clearly of no relevance since the oscillator strengths used for
the lumped sublevels are fictional.

The 20 (or 8) equations that have to be solved in the rate
equation model have the form

dNF’, !
*Eizz (NF,m—-qWF,m-qu’,m’

q

——NF’,m’WF'm’—»F,m—q)

m+1
_NFI’ ! E AF' m —ka’ (12)
k=(m—1)
dNp
dtmz—NF,mE WF,m—>F’,m’+q
q

+E NF’,m’+qWF’,m'+q—->F,m
q

m'+1

+ E NF’,kAF',k—»F,m9 (13)
k=(m'—1)

where selection rules dictate that m=m'. The range of m’
values for F'=5 is m'=+5,...,—5 in Eq. (12), (or for
F'=2, m'=-=2,...,+2 in the reduced system) and for
F=4, m=+4,...,—4 in Eq. (13) (or for F=1,
m=—1,0,+1 in the reduced system). The polarization vec-
tor index is ¢ with g==*1 for o polarization, and ¢g=0 for
7 polarization. Ny, is the population of the {F:m} state,
A Fan—F'm! is the spontaneous transition rate with
aFm_*F, m! = TAF m—p' . m Where agp,_,pr ¢ is defined in
Eq. (8) and 7 is the transition lifetime. Wg ,,_,ps v is the
induced transition rate derived from the convolution of the
laser line shape and the line shape for the transition between
the Zeeman sublevels:

3N,

w f ot = ——— A .
F.m—F' m 87ThC F.m—F' m

<" g Moy, (1)

\ is the laser wavelength, £ is Planck’s constant, ¢ the speed
of light, I, the laser intensity in W/m? (for o polarization
I; should be multiplied by a factor of 1/2 due to the fact that
o polarization consists of equal amounts of o™ and ¢~
components), and g(v) and p;(v) are the atomic transition
and laser line shapes, respectively. We take both line shapes
to be normalized Lorentzians, and with this assumption Eq.
(14) becomes
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W 3N (y+ L)
Fm=ELm' = 8a?he | (W= VEmorrm) 2+ (¥ + v1)?
XAF mesF'omts (15)

where 2y and 27y, are the FWHM of the atomic and the
laser linewidths in Hz.

A. Solution for the extremum levels — o polarization

For the 8 level reduced system we obtain an analytic so-
Iution for the steady-state extremum level populations, pro-
vided we make a number of assumptions: (i) as in the
density-matrix model, Wg ,,,_,ps ,,+ is assumed to be constant
as the atom traverses the laser beam (i.e., we assume that the
laser beam profile is uniform, implying that /; has no spatial
dependence), (ii) the laser intensity is sufficiently low so that
the stimulated rates are much smaller than the spontaneous
rates, and (iii) the relative transition probabilities be-
tween the states are independent of magnetic field, and
can be evaluated from Eq. (8). In order to simplify the
notation we define T, , =T_, m’—apm~+F' s W
=Wgm—arF'm's Vmm' = Vmu — Vpy is the energy-level differ-
ence (in Hz); A, ,,»=v;— v, , is the laser detuning and
v, is the laser frequency. The population of the ground-state

m= —1 sublevel is then given by
W_ipo
N, =|1+a -
&1 ( Wio
(1= ®){W_ 1o/ Wy} +B{W_1o/Wo_1} } ) N
{Wo /Wy -1} +a ’
(16)
a=(1-T9)/T15. B=Too/(T1oT1,), (17)
which can be further simplified to
1 R (Ao tf,) (4f;+K)

N To @ e T 2

(A 10475+ K(fo+£,)2)/(4f,+ K)})

(A2—1o+ ) '
(18)
where
Q=2+TyoT10/(T1,1T0,4),
R=4f,{2T o+ T1To0/(T1 To1)— 1},
(19)

K=2(fs+fp)To0T10/(T1,1T,1),

yr=(y+ L),

and f,f, are the ground-state and excited-state sublevel
Zeeman splittings (in Hz). The first term in Eq. (18) is a



52 COHERENCE-INDUCED POPULATION REDISTRIBUTION IN . .. 3223

constant, but the second and third terms result in a dispersive
shape, as a function of laser detuning, A, having the form
A/(A*+const). The sign of R depends on the sign of
(T %,0_ T,,Ty,) and for the cycling transition R is negative,
so both the second and third terms in Eq. (18) have the same
sign. The frequency separation between the zero crossings of
the two dispersive shapes is of order f, and in small mag-
netic fields (as in our case), yr>f,, so that the individual
dispersive shapes are indistinguishable.

The source of the dispersive shape, as can be seen in Eq.
(16), is the term with the form W, /W, ... These terms
represent the ratio between two slightly separated Lorentz-
ians and thus result in a dispersionlike function. Increasing
the magnetic field increases the Zeeman splitting, i.e., the
separation between the Lorentzians increases, so the final
dispersive amplitude can be expected to grow with magnetic

|

field. Physically, such ratios appear due to the competition
between the optical pumping of two slightly displaced tran-
sitions.

B. Solution for the central levels — o polarization

An interesting result of the reduced model is that the cen-
tral level population, with m,=0, has a double-peaked line
shape. This implies that a maximum in the population differ-
ence between the Am =0 clock levels of Cs (the ‘“atomic
clock levels”), (N4o—N3), is obtained by optical pumping
a few MHz away from exact resonance with the cycling tran-
sition, F=4—F'=35. This is shown as the inset in Fig. 9.
The asymptotic analytic solution for the population of this
level (with the same assumptions as were made for the popu-
lations of the extremum levels) has the form

[8(8+2f,)+ au(u+2f,)]A5 o= Sp(1+a)(vi+f3)

N,o=AB—2A*B

ASo+2(Vi— ) Aot (V3+13)?

—0.5(AB)?TL+0.5ABT{Wo,+ Wy +[(1+ )/ BI(W, o+ W_ )}, (20)

where
A=[2+2a+ ],
a=(1=T)/T,p,

B= TO,O/( T0,1T1,1),

21)
0=fp—fs»
u=fp=fs,
Yr=v+t v

The definition of L is
L=[(1+a)/BI(Wi,+W_, )+ &Wy,+Wy_1)

+[B3/BT 1) J(W_ 10+ W),
(22)

T\, (ToaT1o—To1—2Tp)
TO,OTI,O(TI,O— 1)

£=1+

The first term in Eq. (20) is a constant. The second term is
a polynomial of second order (aA%—b) divided by polyno-
mial of fourth order (A*+ gA%+h) which gives a double-
peaked shape. The third and the fourth terms have Lorentzian
shapes, with each containing several W, ,,, Lorentzians,
slightly shifted from one another with a shift of order f;. In
small magnetic fields these shifts are negligible compared to
the width of the Lorentzian, y;, and thus these terms con-
tribute a Lorentzian shape. The total line shapes is thus a
Lorentzian with a double-peaked line center.

For comparison with this result we show in Fig. 9 the
result for the population difference of the two ground-state
mp=0 sublevels, (Nyy—N3p), as obtained from the full
density-matrix calculation. Shown are calculations for
B =60 and 330 mG, and interaction times 10 and 40 usec for
each magnetic field. As we mentioned above, the leakage to
the F=3 levels is negligible, and the population of the
mpr=0 sublevel of the F=3 state is approximately a con-
stant. Thus the shape shown in Fig. 9 represents changes in
the population of the 6S,F =4, mr=0 level, which, as in

0
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FIG. 9. Population difference, (Nyo— N3,), of the ground-state
hyperfine levels (the “clock levels™) with m =0, calculated from
the density-matrix model in magnetic fields of 60 and 330 mG and
for interaction times of 10 (dashed line) and 40 (solid line) usec
with a laser tuned to the 65,,F=4—6P;,F'=5 transition with
linewidth of 1 MHz and /=2.8 mW/cm?. The shape of the popu-
lation difference is determined mostly by the population of the
6S,F=4, mp=0 level, because of the negligible effects of leak-
age to the F=3 levels. The inset shows the asymptotic solution for
the same population difference obtained from the 8 level rate-
equation model for a magnetic field of 330 mG.
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FIG. 10. Calculated and experimentally observed plus beam sig-
nal for o polarization in normalized units (where 1 is the total
population of all the ground states of the Cs hyperfine levels). The
laser used was a stabilized HLP-1400 diode laser with laser inten-
sity of 2.8 mW/cm?, the magnetic field was 330 mG, and the atom-
laser interaction time was ~20 usec.

the rate-equation model, has the characteristic double-peaked
shape.

C. Solution for the extremum levels — 7= polarization

The analytic solutions for 7 polarization are much sim-
pler since the laser couples only pairs of Zeeman sublevels
possessing the same mjy quantum number. The steady-state
solution for the extremum levels is

Ng 4

=M|1+26

A_y_—{8(05+M)+(P—U)./(26)}
Az—l,—l+7%‘ ’
(23)

where I, is the laser intensity, 8, yr, and A_, _ are defined
as in Eq. (21), and

M=[2+To T /(T-1To0)]1" ",

P=m| 24220
T_ o

-1 To,—lTl,l) )\S'YTT-I,—I

T_ 1,0T0,0 6 ’7T3h C ’ (24)

NyrTo -

U:(T—l,—1+T0,—1)%

The parameter U is included here to describe the contribu-
tion of the decay of the atoms left in the excited states after
the interaction with the laser. Since for 7 polarization the
population tends to concentrate in the central Zeeman sub-
levels, leaving close to zero population in the extremum lev-
els, relaxation from the excited states can be a significant
source of extremum level population. For o polarization,
however, this relaxation contribution is relatively small and it
was included only in the numerical calculations.

For m polarization, the steady-state population of the
F=4, mp=—4 sublevel, as given by Eq. (23), is also a
dispersive function, but because the population of the extre-
mum levels is very close to zero, the dispersive amplitude is
very small and thus it cannot be resolved. As it was for o
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FIG. 11. The calculated and observed peak-to-valley width (a)
and amplitude (b) of the dispersive shape for o polarization as a
function of magnetic field for several interaction times. The 10-
usec interaction time data were measured with an SDL-5402, sta-
bilized diode laser, and the 20-usec interaction time data were mea-
sured with a stabilized, HLP-1400 diode laser.

polarization, the population of the extremum sublevels for
7 polarization also depends on the interaction time of the
laser with the atoms. Steady state is reached quickly near line
center, where this population goes to zero, and as the laser is
detuned from line center the depletion of the population from
these levels takes much longer. Thus for a given interaction
time the laser frequency dependent population appears as a
dip at line center, as we have already explained in the nu-
merical results section of the density-matrix model.

V. DISCUSSION
A. o polarization

In Fig. 10 we show the plus beam signal, as calculated
using the density matrix, for o polarization, including the
relaxation from the excited states after the interaction with
the laser. Also shown is the experimental data for o polar-
ization, with a laser intensity of 2.8 mW/cm? and a magnetic
field of 330 mG. The experimental data is scaled to normal-
ized population units, i.e., the measured plus beam signal is
taken to be 1/2 when the laser is far from resonance with any
of the Cs transitions. The laser used to obtain this data was a
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FIG. 12. The dispersive signal for two different laser linewidths
of 0.5 (dashed line) and 25 MHz (solid line), each for a magnetic
field of 200 and 400 mG. The laser interaction time for all the data
was 20 usec.

stabilized HLP-1400 diode laser, and the laser-atom interac-
tion time, as determined by the spot size of the laser at the
atomic beam, was ~20 usec. Moving the Nb hot wire so
that it measures the minus beam, yields a complementary
signal which, as expected, is an exact mirror image of the
plus beam signal. In calculating the dispersive shape we used
the experimentally measured parameters with no free adjust-
able parameters.

The width of the dispersive line shape as well as its am-
plitude depend on magnetic field and this is demonstrated in
Figs. 11(a) and 11(b). Calculations (dotted lines) are shown
for interaction times up to 40 usec while the experimental
interaction times are 10 and 20 wsec. Experimentally the
maximum observable interaction time is ~30 wsec, which
corresponds to atoms with a speed of 100 m/sec and a laser
beam diameter of ~3 mm. For low magnetic fields both the
width and the amplitude depend strongly on the interaction
time. As we had already seen in Fig. 7, the time required to
reach equilibrium is a strong function of laser detuning. As
the dispersive shape broadens for low magnetic fields, the
maximum and minimum of the dispersion curve are at fre-
quencies further detuned from resonance [see Fig. 4(b)],
where the time required to reach steady state is longer. Thus
the role of the interaction time for low magnetic fields be-
comes more significant. The agreement of the calculation
and experiment for the width of the dispersion is excellent.

The agreement is not as good for the dispersive ampli-
tude, especially for low magnetic fields. One cause of this
discrepancy is due to the sensitivity of the amplitude to small
deviations from perfectly aligned polarization of the laser to
the magnetic field, which is particularly true at low fields
where the quantization axis is less well defined by the Helm-
holtz coils and parasitic, residual magnetic fields play a role.
The misalignment of the polarization axis from the magnetic
quantization axis results, in general, in a situation for which
the polarization state of the light is mixed (neither pure o or
7). Therefore, for low magnetic fields, the polarization of
the laser is not well defined and this can easily lead to a
reduced dispersion amplitude. For fields larger than ~ 100
mG, however, and the degree of polarization axis to mag-
netic field axis alignment in our experiments (about 5°), this
results in small errors. We have not clearly identified the

source of the discrepancy at fields higher than 100 mG and
for short interaction times. One possibility is that the ampli-
tude of the dispersion is more sensitive to the precise form of
the laser line shape and to the statistics of the laser fluctua-
tions.

The agreement of the density-matrix calculation with ex-
perimentally observed dispersive width and amplitude is in
strong contrast with the results obtained from the rate-
equation model, which provided only a qualitative explana-
tion of the data [7]. We thus infer that the coherences, espe-
cially the optical and Zeeman coherences, which are inherent
in the density-matrix model, are responsible for the much
improved agreement between theory and experiment. We are
not able, however, to specify which coherence term or terms
are most directly responsible for the redistribution of the
populations.

A clear demonstration of the importance of the coherence
terms in the population redistribution can be seen by consid-
ering the increase in the relaxation rate of the coherences
with laser linewidth. The linewidth of the laser enters the
density-matrix calculations as part of the relaxation terms for
the coherence elements of the density matrix (see Table I of
Ref. [6]). Thus by looking at the dispersive shape for differ-
ent laser linewidths we expect to observe a weakening of the
effect as the laser linewidth increases. For very broad laser
linewidths the solution approaches asymptotically the rate-
equation solution. This is shown in Fig. 12, which contains
four different experimental plots of the dispersive shape, for
two different laser linewidths, of 0.5 and 25 MHz, at two
different magnetic fields, 200 and 400 mG, respectively. At a
200 mG field the dispersion signal amplitudes for both laser
linewidths are comparable. For even lower fields (not shown
in the figure) the amplitudes become even more nearly equal.
The widths of the dispersion signals, however, are different,
as can be expected, due to the differences in laser linewidth.
As the magnetic field is increased from zero up to about 200
mG, the amplitude of the dispersive shape, for both laser
linewidths, grows in a manner similar to that shown in Fig.
11. For a further increase in magnetic field, however, the
Zeeman sublevel separations become significant, and only
the narrow linewidth laser continues to maintain strong co-
herences. Thus the dispersive shape for the broad laser dis-
appears and we observe a line shape for the population re-
distribution which is similar to what would be expected from
a time-dependent rate-equation analysis. A similar disappear-
ance of coherence has been observed in other experiments
[2,17] for lasers with a linewidth exceeding 30 MHz and a
magnetic field greater than 300 mG. Further increasing the
magnetic field results in a total disappearance of the disper-
sive shape for the broad laser, while for the narrow linewidth
laser the narrow dispersive shape persisted up to the highest
fields we studied, ~500 mG. Based on calculations, the dis-
persive shape for even very narrow linewidth lasers disap-
pears, if the magnetic field is increased significantly.

B. 7r polarization

For m polarization, only optical coherences are estab-
lished by the laser without Zeeman coherences in either the
excited or ground state. Thus the theoretical models for this
polarization are much simplified and it is reasonable to ex-
pect that the density-matrix and rate-equation models should
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FIG. 13. Observed and calculated minus beam signal in normal-
ized units for 7 polarization. The theoretical plot was obtained
using the density-matrix formalism. The parameters for the theory
are taken from the experiment and are as follows: a laser intensity
of 2.8 mW/cm?, interaction time of the atoms with the laser of
~12 usec, and a magnetic field of 330 mG.

yield nearly identical results. This is indeed the case and for
this polarization the shape of the calculated plus beam signal
is a peak, while the minus beam is predicted to have a valley
shape. The comparison of the experimental minus beam sig-
nal to the density-matrix prediction is shown in Fig. 13, dem-
onstrating good agreement. The signal in this case is almost
completely independent of magnetic field. The signal does
depend on the laser linewidth and the interaction time as
expected from both the density-matrix and rate-equation cal-
culations. For the experimental plus beam signal we ob-
served an additional dispersion shaped feature on top of the
theoretically expected peak. This feature [7] is completely
independent of magnetic field, and owes its origin to effects
not discussed in this paper [18].
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VL. CONCLUSIONS

We have found, both experimentally and theoretically,
that o polarized laser light causes a dispersive redistribution
in the population of the extremum Zeeman sublevels of a
nondegenerate multilevel system. The dispersive line shape
is a general phenomenon, and can be observed even if the
splitting of the levels is orders of magnitude smaller than the
linewidth of the laser and/or the linewidth of the atomic tran-
sition. This implies that the dispersive shape is not due to
changes in the different transitions rates as a function of laser
detuning. The population redistribution can be qualitatively
predicted and explained by a rate-equation model, but the
model fails greatly in making quantitative predictions. A full
density-matrix model, which takes into account all the laser-
induced atomic coherences, predicts the effect quantitatively,
and correctly describes the dependence of the populations on
laser detuning, laser polarization, interaction time, and mag-
netic field. Similarly, the calculations show that the popula-
tion of the central Zeeman sublevel (m=0), which is used in
Cs clocks, has a double-peaked line shape, with a minimum
population occurring for off-resonant laser pumping. For a
7 polarized laser the transition probabilities are such that the
optical pumping empties the extremum levels. Therefore,
both experiment and calculation show that the time-
dependent solution for the extremum level populations de-
creases as resonance is approached.
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paper and can also be observed for other polarizations, pro-
vided high laser intensities are used. For example, we were
able to produce it for o¢™) polarization, on the minus beam
when the laser intensity was greater than 22 mW/cm?. Simi-
larly, we were able to produce small dispersive shapes of iden-
tical symmetry superimposed on the plus beam signal when we

used o or o'7) polarizations with laser intensity of 45
mW/cm?, and for o{*’ polarizations with a laser intensity of 6
mW/cm? or greater. The shape for o™ and o™ polarizations,
as calculated by the models presented here, should be symmet-
ric and have a simple peak or valley shape as a function of the
laser frequency.



