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Abstract. We report results of a theoretical and experimental study of the ground state nonlinear Hanle
effect under strong laser excitation. It is shown that besides the well-known zero-magnetic field suppression
of absorption on Fy = F — F. = F' — 1 transitions caused by population trapping, an optical pumping
induced enhanced absorption occurs on Fy = F' — F, = F 4 1 transitions for small B-fields. The latter
effect becomes more pronounced for high F' values. The experiment with atomic vapor of Cs (D2 line,
Fy = 4) confirms an increase of the spectrally unresolved fluorescence yield at zero magnetic field and
600 mW /cm? laser intensity by 9% or 42%, when excitation occurs with linearly or circularly polarized
light, respectively. The results of the experiment agree with numerical simulation studies using equations
of motion for a density matrix.

PACS. 32.80.Bx Level crossing and optical pumping — 32.80.Qk Coherent control of atomic interactions
with photons — 42.50.Gy Effects of atomic coherence on propagation, absorption, and amplification of light

1 Introduction

Optical pumping and laser-induced atomic coherences
may significantly alter the intensity, polarization and spa-
tial distribution of the laser-induced fluorescence of atoms.
A well-known manifestation of coherence phenomenon in
atoms is the linear Hanle effect [1,2] observable under
weak coherent optical excitation of magnetic sublevels
in an external magnetic field. In case of nonlinear light
absorption one of the most interesting effects is coher-
ent population trapping. Coherent population trapping
(CPT) was first experimentally observed in 1976 in the
interaction of sodium atoms with a laser field [3]. In CPT
destructive quantum interference between different exci-
tation pathways causes the trapping of population in a
coherent superposition of ground state sublevels. Once es-
tablished such a superposition, a dark state [4], is im-
mune against further radiative interaction. As a result
fluorescence from an ensemble of atoms decreases, while
the intensity of the transmitted light increases. An ex-
ternal magnetic field B perpendicularly to the light po-
larization E destroys the coherence between ground state
sublevels.

Coherence in an atomic ground state is the basis of e.g.
lasing without inversion [5], new schemes for magnetom-
etry [6] or laser cooling [7], electromagnetically induced
transparency [8] and the very recent work on coherent in-
formation storage using halted light pulses [9,10]. Those
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applications triggered detail studies of dark resonances,
including open systems [11] and systems with losses [12].
In the course of these studies, a new phenomenon was ob-
served by the authors of [13]. In that work ®Rb atoms
were excited to the 5P3/, states by a diode laser from
the F; = 3 hyperfine level of the ground 5S; /» state. The
Doppler-broadening prevented the resolution of hyperfine
components of the excited state. All dipole allowed transi-
tions to the electronically excited state with excited state
quantum numbers F, = 2, 3, and 4 were excited simul-
taneously. However, atoms excited to different hyperfine
levels are associated with different velocity classes. Con-
trary to the usual reaction of a dark resonance signal to a
B-field the authors of the paper [13] observed an increase
of transmittance and a decrease of fluorescence intensity
when a magnetic field was applied. For excitation with
linearly or circularly polarized laser radiation tuned to Dy
and Ds lines, subnatural-width resonances were observed
in [14].

This phenomenon was discussed in several recent pa-
pers [14-17]. In [15,16] Arimondo and coworkers analyzed
the enhanced absorption for the case that Fy, < Fi in
the Hanle configuration (with a single laser field applied
to an atomic transition, and the Zeeman degeneracy in
the lower and upper states broken by an applied magnetic
field). In [17] a simple explanation of the enhanced absorp-
tion for B = 0 and the transition Fy = F — F, = F +1
was presented. The effect was also observed experimen-
tally in Dy line absorption in Rb vapor [17].
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Fig. 1. Relevant energy levels and hyperfine transitions for Cs
D> line including relative transition probabilities.

The phenomena in external magnetic field as described
above, is rather similar to the effect of electromagnetically
induced absorption analyzed and measured in Rb atoms
in [18,19]. The authors of the latter papers analyze the
absorption of a weak probe field as a function of its de-
tuning from the frequency of the strong pump field for
B = 0. A strong enhancement of the absorption was ob-
served for Fy = F' — F, = F' 4+ 1 when frequencies of the
pump and probe fields coincide.

In the present work, we study experimentally and the-
oretically the total intensity of the fluorescence as ob-
served at a specific direction at the two spectrally re-
solved groups of the hyperfine transitions of Cs Dy line:
Fg=3—F, =234and Fy =4 — F, = 3,4,5
(Fig. 1) for excitation with linear or circular polarized
light. When pumping occurs with intense laser fields (up
to 600 mW /cm?) new features of the magneto-optical re-
sponse of Cs vapor are observed. For several experimental
situations an increase of the fluorescence intensity at zero
magnetic field was observed. We explain these dip and
peak structures in terms of a semi quantitative as well as
in a more exact numerical model involving modification of
the total absorption caused by optical pumping and the
creation of coherences among magnetic sublevels of the
hyperfine states, with the magnetic field restricted to
the range of the linear Zeeman effect.

2 Experimental

The experimental setup is schematically shown in Fig-
ure 2. The continuous radiation of a titanium:sapphire
laser is directed unfocused (beam diameter 2 mm) into
the 1.65 cm-long all-sapphire cell with the side-arm con-
taining cesium. The cell diameter is 1.5 cm; no buffer
gas has been added when sealing the cell. The cell win-
dows (flat and parallel) were cut normal to the c-axis
to avoid birefringence. For the cell inserted between the
crossed polarizers, the measured extinction ratio was
~1075 (10~ without the cell). The temperature of the
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Ti:Sapphire N2 N4 ——— .
laser w2) polarizer " I//_\\ .~ photodiode
|_| v \ =l / 40°
' ] |
N—W

Fig. 2. The experimental setup (schematic).

side-arm was controlled by a Peltier element and stabi-
lized to AT = 0.05 °C accuracy with active feedback. In
all the measurements, the side-arm temperature was kept
at 20 °C which corresponds to a number density of atoms
of N =2.8x 10 cm™3.

The photodiode which detects the fluorescence from
the vapor is placed at an angle of 40° relative to the laser
beam, in the horizontal plane perpendicular to the initial
(vertical) laser polarization'. The signal from the photo-
diode is amplified and recorded by a Tektronix TDS 340A
digital oscilloscope operated in the averaging mode, fol-
lowed by computer data processing. A second photodiode
(not shown) monitors the laser beam intensity transmitted
through the cell.

The fluorescence and transmission spectra are recorded
by scanning the frequency of the laser radiation over a
range of typically Avgean = 2 GHz (maximum Avgean =
20 GHz), around the Dy line of Cs atoms (A = 852.3 nm).
The typical duration of one scan was Tycan = 0.25 s which
is long enough to allow steady-state conditions to develop.
Indeed, even for the largest value of Avgcan, the time
needed to sweep across the homogeneous linewidth,

F X Tscan

-5

A 75x107°s (1)
(I" is a spontaneous relaxation rate of the excited state) is
larger than the shortest time of flight (At = 9 x 107% s)
for atoms travelling at the mean velocity across the laser
beam with diameter of 2 mm. Furthermore Atio¢ is much
larger than the radiative decay time of the excited levels.
No spectral analysis of the emitted radiation was done in
the present experiment.

The laser power delivered to the setup by a single-
mode optical fiber was about 300 mW which corresponds
to I, = 9.6 W/cm? maximum radiation intensity at the
cell entrance. The spectral width of the laser radiation was
about 1 MHz. A Glan-Thomson prism was used to reduce
the impurity of linear polarization of the laser radiation
to < 1075. An adjustable \/4 plate was inserted when
circular laser polarization was needed.

The ambient laboratory magnetic field was compen-
sated in all directions by a set of 3 orthogonal pairs of
Helmholtz coils. The magnetic field in the region of the
Cs cell was monitored by a digital teslameter with the

! The exact angular position of the photodiode is not impor-
tant for the current study. The value of 40° was chosen because
of convenience with regard to the geometric constraints im-
posed by the mounting elements of the cell and the Helmholtz
coils. The given observation angle is taken into account for the
simulation of the experimental signals (Sect. 6).
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accuracy of 0.05 gauss. The coils where also used to apply
a magnetic field of up to 80 gauss.

Since the hyperfine splitting of the 6P3/5 level is less
than the Doppler broadening (~ 380 MHz), only two spec-
trally resolved lines were recorded: 6S;/p, Fy = 3 —
6P3/2, Fe = 2,3,4 (1/3) and 681/2, Fg =4 — 6P3/2,
F, = 3,4,5 (v4), see Figure 1. The frequency separation
of these lines is given by the hyperfine splitting of the
651 /2(F = 3,4) ground state, Avgrg = 9.2 GHz.

An auxiliary saturated absorption setup (not shown)
with a separate reference Cs cell allowed the precise fre-
quency scaling in the Dy line region using the hyper-
fine transitions and crossover resonances with a linewidth
Av < 10 MHz. The signal from this setup was recorded
simultaneously with the fluorescence signal.

We have studied the dependence of the spectrally
unresolved fluorescence of the v3 and v, transitions on
the strength of the magnetic field for excitation with of
linearly- and circularly-polarized light, and for various ori-
entations of the magnetic field.

3 Experimental results

Data is presented for different combinations of laser po-
larization and magnetic field orientation, and for two val-
ues of the incident laser intensity: I, = 30 mW/cm? and
I, = 600 mW /cm?. There was no detectable dependence
of the fluorescence signal on the magnetic field at low laser
intensity (I, < 1 mW/cm?), independent of the B-field
orientation and laser polarization.

We present results obtained in a configuration of laser
polarization and magnetic field that allows coupling of
magnetic sublevels. For excitation with laser radiation of
linear polarization E the measured variation of the fluo-
rescence signal with the magnetic field was qualitatively
the same when the B-field was oriented either parallel to
the direction of laser propagation k (B || k, B L E) or
perpendicular to k and E (B L k, B L E). For excitation
with circular laser polarization the measured dependence
of the fluorescence signal on magnetic field was qualita-
tively the same for any direction of B-field in the trans-
verse plane (B L k).

Figure 3 shows a set of representative results (fluo-
rescence intensity vs. strength of B-field). For the case of
linear (vertical) laser polarization the B-field was directed
along the wave vector k, and for the case of circular polar-
ization the B-field was directed vertically (perpendicular
both to k and observation direction). The signal is given
in arbitrary units but the scale of these units is the same
for all four frames.

Each experimental point in Figure 3 represents a fluo-
rescence signal integrated over the Doppler profile at given
B value. The total fluorescence signal in a specific direc-
tion originates from resonant absorption of laser radiation
by atoms. It reflects the total population of the excited
state sublevels and coherences created among them. Only
atoms from those velocity groups which are resonant with
the scanning laser frequency (within the power broadened
homogeneous linewidth) contribute to the absorption [20].

Sweeping the laser frequency across the Doppler profile
allows the collection of the resonant fluorescence contri-
bution from all the atoms, independently of their velocity.
Hence, the dependence of the fluorescence on magnetic
field is not affected by Doppler broadening. Indeed, the
narrow and broad features that can be seen in Figure 3,
are of sub-Doppler width.

When several hyperfine transitions overlap with the
Doppler width, as in the present experiment, the contri-
bution of individual transitions to the integral fluorescence
is not resolved. Therefore, the variation of the intensity of
the laser induced fluorescence with laser frequency does
not yield useful information in the context of this ex-
periment. Under conditions relevant for Figure 3 (high
laser intensity) it is mainly the transitions Fy, = 3 —
F, = 2 for v3 and Fy; = 4 — F. = 5 for v4 which
contribute to the signal. Atoms which absorb photons on
the so-called open transitions Fy = 3 — F, = 3,4 and
Fy =4 — F, = 3,4 eventually spontaneously decay to
the non-absorbing ground sublevel Fy, = 4 and F, = 3,
respectively, and are lost. Therefore, the integral fluores-
cence signal, shown in Figure 3, is proportional to the
corresponding intensity of the cycling transition.

3.1 Results for the v3 line

With linear laser polarization we observe for the v line
a minimum of the fluorescence intensity for B = 0, at
low and high laser intensity Ir, (lower graphs in Figs. 3a
and 3b). This observation is a manifestation of popula-
tion trapping among the magnetic substates of the ground
state hyperfine level. Since the population trapping is in-
trinsically a single-atom process, Doppler-broadening is
not detrimental. The width and depth of the structure
are not sensitive to the atomic velocity.

In the limit of low pumping intensity, the width of
the fluorescence dip is determined by the interaction time
(time of flight through the laser beam). At higher intensi-
ties power broadening is observable. Figure 4 shows the in-
tensity dependence of the contrast and width of a dip. The
contrast is defined as (F(Bmax) — F(0))/F(Bmax) where
F(0) is a fluorescence signal at B = 0, and F(Bpax) is the
maximum fluorescence signal for the whole B-field range.
The width of the dip as a function of the B-field is de-
fined as a full width of a fluorescence signal at the level
of 0.5 (F(Bmax) + F(0)). After an initial rapid increase
with I, no further increase of the contrast beyond the
level of 62% is found. This observation is in qualitative
agreement with results reported in [12].

Results for excitation with circular laser polarization
are shown in Figures 3c and 3d. Here the magnetic field di-
rection is perpendicular to the laser propagation k (trans-
verse field). The width of a fluorescence dip in this case is
nearly the same as for excitation with linear polarization.
The maximum contrast is somewhat higher (64%).

3.2 Results for the vy line

For the v4 line (F, = 4 — F. = 3,4,5), a central
peak develops at B = 0 except for linear polarization and
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B

I, = 30 mW/cm?. The magnitude of a fluorescence peak
is much larger for circularly polarized excitation than for
linear polarization. The appearance of the B = 0 peak is
a result of more subtle and less intuitive effect compared
with the population trapping which causes the B = 0 dip
for v3 line. The physical mechanism responsible for this
peak is discussed in Section 4.

The steady-state contribution to the fluorescence
arises mainly from those atoms that absorb photons on
the cycling transition F, = 4 — F, = 5 (this tran-
sition is neither affected by depopulation pumping, nor
by population trapping). Nevertheless, there is a conse-
quence of the non-negligible contribution from the non-
cycling transitions. In all cases (low and high laser in-
tensity, linear and circular polarization), the fluorescence
intensity tends to decrease as B — 0. This feature can
be understood by involving transient population trapping
on the “open” transitions F, = 4 — F, = 3,4 [12].
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Fig. 5. Transitions between magnetic sublevels and their rel-
ative rates for Fy =2«— F.=1(a)and Fy=1+«— F. =2
(b) transitions, with linearly polarized excitation light.

Although the F; = 4 state is depopulated by optical
pumping for those atoms which absorb radiation on non-
cycling transitions, the absorption does not vanish because
of the permanent influx of unexcited atoms into the laser
beam. Moreover, the optically pumped atoms departing
from the interaction region may undergo spin exchange
collisions with the cell walls [21], resulting in repopulation
of the absorbing ground sublevel.

This supposition is supported by the following experi-
mental observation. As Ij, increases towards the maximum
value, we observe a continuous decrease (but not complete
suppression) of the fluorescence signal normalized to the
laser intensity in the spectral region of Fy =4 — F, =
3,4 transitions. Accordingly, the mentioned dip in a total
fluorescence signal, on which the B ~ 0 peak is superim-
posed, is somewhat larger for I, = 30 mW /cm? (~15%)
compared to Iy, = 600 mW /cm? (~7%).

4 Qualitative model: ground state Hanle
effect

We begin with a qualitative consideration of the circum-
stances under which a decrease or an increase of the flu-
orescence or transmittances is observed in a coherently
driven medium when a magnetic field B is reduced to
Z€ro.

When only one optical field is present the traditional
dark resonance is associated with optical pumping [4,22].
We consider the excitation of an atomic transition F, =
2 — F, = 1 with a linearly polarized light. The direction
of the quantization axis is chosen along the electric field
vector E. Transitions occur between magnetic sublevels
with AM = M, — M. = 0 (see Fig. 5a). Absorption does
not occur from M, = 2 . These selection rules reflect

the axial symmetry of the excitation process. Spontaneous
decay is a spatially isotropic process subject to the selec-
tion rules AM = 0, £1 for electric dipole transitions. This
means that two of the excited state magnetic sublevels,
namely M, = +1 decay to the nonabsorptive ground state
sublevels M, = £2. If the relaxation in the ground state is
slow compared to the rate of excitation, most of the popu-
lation will be optically pumped to the M, = 2 sublevels
and will be trapped there. As a result the fluorescence in-
tensity decreases and the transmittance increases as the
steady state condition is approached. Application of an
external magnetic field in a direction perpendicular to E
leads to Larmor precession and thus to mixing of ground
state magnetic sublevels. As a result absorption and fluo-
rescence intensity will increase with B.

A similar reasoning explains the increase of the fluo-
rescence for B — 0, as first reported in [23] and analyzed
in [14-17]. When the excitation occurs on the atomic tran-
sition Fy =1 — F, = 2 (i.e. F. > Fy) in the same ge-
ometry as in the previous example all magnetic sublevels
absorb light. There are no sublevels that trap population
and, as shown for example in [4], dark resonances do not
appear. Here, the magnetic field induces a redistribution
of population with the consequence that, on average, the
excitation probability is smaller for B # 0.

The absorption rates between respective magnetic sub-
levels for linearly polarized 7 absorption is given by [24]

2F, +1
FMQ—>M€ :Fp%’giﬂ(

2
ChMow) (2)
where I, is the absorption rate and the Caabﬁ are the
respective Clebsch—Gordan coefficients. The rate of spon-
taneous transitions between excited and ground state
magnetic sublevels, is

FyM,

2F, +1 2
(CErtm,-a) + @

Lare—n, = F2Fg +1
where I is a spontaneous relaxation rate of the excited
state. The relative transition rates between magnetic sub-
levels of F; = 1 «+— F, = 2 transition are shown in
Figure 5b. The magnetic sublevel My = 0 is the most
absorbing state. Furthermore, spontaneous emission from
the excited states predominantly reaches the M, = 0
sublevel. Thus, optical pumping drives the atom into the
strongly absorbing state. An external magnetic field per-
pendicularly to the z-axis, redistributes population be-
tween ground state magnetic sublevels. Consequently the
population of less absorbing magnetic sublevels M, = +1
will increase. Therefore the total absorption and fluores-
cence intensity will decrease and the transmittance will
increase with increasing B.

These qualitative considerations are substantiated by
solving balance equations for the stationary population
ny, and ny, of magnetic sublevels. Disregarding decay
to other hyperfine levels of the ground state, the steady
state population of the magnetic sublevels when the F, =
1 — F, = 2 transition is driven by linearly polarized light
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where g is the average ground state magnetic sublevel
population in absence of the radiation. In the limit of weak
absorption, I, < I', we have

12__ _ 27 _
In_q1 = 1—777,9 ~ 0.706 ng, Ing ~ 1—777,9 ~ 1.59 ng,

12
gn+1 ~ 1—777,_9 ~ 0.706 n_g, eni =0. (6)

while for strong saturation, I, > I', we find

3
n_s 0, ‘ny~9n_; — 1—0n_g =03 Ng,
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‘ng ~ Ing — 07 = 0.9 ng,

3
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10
This type of FF — F+1 optical pumping was first discussed
in [23], but did not receive much attention. Recently it was
analyzed in [15-17,25].
The increase of the overall absorption over the absorp-
tion from an ensemble with equally populated magnetic
sublevels is given by

F, F.
- Z]ngszg ZM€=—F€ (nMg - nMe)FMg"Me

SoNy=r, Yriomr, (W31, = T870) Dy,
with ar, = > na, /(2F; +1) and Maze = > nae/ (2F: +
1). For excitation with light of arbitrary intensity, equa-
tion (8) yields AA = 18/17 =~ 1.059 (5.9%).

The results of a similar analysis for the transition
Fy =4 — F, = 5, relevant for our experiments with
Cs are shown in a Figure 6. As expected, for B = 0, the
population of magnetic sublevels is driven to the most ab-
sorbing magnetic sublevels with small magnetic quantum
numbers.

It is straightforward to extend this analysis to ex-
citation with circularly polarized light. With respect
to a quantization axis along the laser beam direc-
tion the selection rule for the absorption process is
AM =M, — M, = £1.

When the excitation occurs on the atomic transition
Fy =F — F, = F — 1, all the population is driven by

AA
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Fig. 6. Steady state population distribution over magnetic
sublevels M; for F;, = 4 — F, = 5 transition excited by
linearly polarized light. (a) Results for electronically excited
state, (b) results for the electronic ground state. The triangles
show the relative rate of absorption for My — M. = M,
transitions. The solid lines are shown to guide the eye.

optical pumping into My, = F, F—1or My, = —F, —(F—1)
states (depending on the helicity of the light) where it
is trapped when B = 0. For B # 0 Larmor precession
prevents the trapping.

For the excitation on the atomic transition Fyy = F —
F. = F+1, even in the limit of weak excitation the ground
state population is driven by optical pumping to one of the
sublevels M, = +F, depending on the sense of circular
polarization. These sublevels are those with the strongest
absorption, given by

2F, +1 2
Ivy—m, = Fpﬁ (nge]]\\g;lil) : (9)

The optical pumping induces an increase AA of the
absorption of circularly polarized light for a transition
Fy — F. = F, + 1 over the case of equally populated
sublevels M, by

AA:M~
2F; +3

(10)
That analytic result is correct for excitation of arbitrary
intensity. The variation of AA with Fj is shown in Figure 7
for excitation of any strength with linearly and circularly
polarized light.

A similar analysis has been presented by Taichenachev
et al. [25] for zero magnetic field and in the limit of low
laser intensity. Those authors show that, for a given laser
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Fig. 7. Increase of absorption due to the redistribution of
the population of ground state magnetic sublevels by optical
pumping for a Fy, — F. = F; + 1 transition for excitation
of arbitrary strength. Triangles: excitation with circular laser
polarization; squares: excitation with linear laser polarization.
The solid lines are shown to guide the eye.

intensity, the steady state total absorption and hence, flu-
orescence intensity, is reduced or enhanced for linear or
circular polarization, respectively, compared to an atomic
gas with uniform population of magnetic sublevels. As the
intensity increase towards the saturation regime, the de-
pendence of the absorption coefficient on polarization be-
comes weaker and eventually vanishes.

The discussion presented above provides insight into
the consequences of optical pumping for the total absorp-
tion but is qualitative in the sense that it does not allow
to predict the shape and width of the structure as the
strength of B-field is varied. A quantitative description of
the phenomenon requires the solution of the density ma-
trix equations for an open system with losses, discussed in
the following section.

5 Extended model: density matrix calculations

More elaborate numerical simulation of the experiment re-
quires the integration of the density matrix equations. The
code was written under the assumption of broad spectral
line excitation [26]. That assumption is justified, since the
laser frequency is continuously scanned over a range of
several GHz. Furthermore, the hyperfine splitting of the
states F, = 3,4, and 5 for the v4 transition and F, = 2, 3,
and 4 for the v transition is larger than the homoge-
neous linewidth. Therefore, for a given laser frequency
each F, — F, transition is associated with a different
velocity class. Thus, the various F;, — F¢ transitions are
not coupled but driven independently. In previous works,
a broad line excitation model in laser experiments with
atoms [17,27] and molecules [26] proved to give very good
results.

The equations of motion for the density matrix read

Faroar=Tp Y (M| E*d M) (M| E*d |M})" onr,nry

M, M
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where by fas, M and @, My are the density matrices of
an excited and ground state level respectively. The first
term on the right-hand side of equation (11) describes the
absorption of light at rate I},. The transition matrix ele-
ments of the form (M.|E*d |M,) account for the conser-
vation of angular momentum during photon absorption
with E being the polarization vector. The second and the
third terms describe the stimulated emission of the light
and the dynamic Stark shift wg. The fourth term charac-
terizes the relaxation of the density matrix fas, a7 with
a rate constant I'. Finally, the fifth term describes the
Zeeman splitting of the magnetic sublevels M, and M/ by
a value of waz, nr = (Eym, — EME,)/FL.

The first and the second terms on the right-hand side
of equation (12) describe light absorption and the dynamic
Stark shift, the third term the stimulated light emission,
the fourth term the relaxation processes in the ground
state, the fifth term the Zeeman interaction, the sixth
term the repopulation by spontaneous transitions at a rate
r AI/VII;AAZE, and the seventh term the relaxation of the density
matrix of the ground state atoms interacting with the gas
in a cell, not influenced by the radiation.

The matrix elements of electric dipole transition
(M| E*d | M) is expanded as

(Mc|E*d |Mg) =) (B9)" (M| d* |My),

(13)

where the superscript ¢ denotes the cyclic components of
the respective vectors. The matrix elements at the r.h.s. of
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equation (13) are further expanded, applying the Wigner—
Eckart theorem, as

1
V2F, +1

where (F, ||d|| Fy) is the reduced matrix element. Under
conditions of stationary excitation the system of equa-
tions (11, 12) becomes a system of linear equations for the
ground and excited state density matrix elements. The co-
efficients of this system are calculated using angular mo-
mentum algebra and the formulas presented above. For
further details see for example [26].

The analysis of the probabilities of optical transitions
between hyperfine sublevels is based on the expression for
relative transition rates between hyperfine states [28]

(M, | d |M,) = CFMe (FdI Fy). (14)

=Q2F. +1)2F,+1)(2J. +1)(2J, +1)
X{Jg F, 1}2{Lg T 5}2.
F. J. 1 Je Le 1

The level F, = 5 is distinct from other excited state hy-
perfine levels since it decays only to the level F; = 4.
These two levels form a closed cycle for optical pump-
ing [22] with no losses. All other levels of the excited state
are part of an open system since population reaches both
ground state hyperfine level F,;, = 3 and 4 by spontaneous
emission, with the relative rates given by equation (15).

Finally the fluorescence signal for each transition was
calculated according to [26] from

Wg,—F.

(15)

T=T, 37 (M (B d|M,) (ML (B d|M,) s,
M. M! M,
(16)

where E’ is a polarization of the observed light, while the
coefficient I, includes all other factors such as the size of
the solid angle from which the fluorescence is collected.

The signals are in some sense the same as expected for
the ground state Hanle effect extensively studied in atoms
and molecules, see for example [1,26,29-31].

6 Results of the simulation studies

The results of the simulation studies also shown in Fig-
ure 3 (solid lines) were obtained under the following as-
sumptions and with the parameters given below:

e the calculation included the transition F, = 4 < F, =
5or Fy =3 < F, = 2 of the v4 or v3 line, respectively;

e the Landé factors g, of the ground and excited state
hyperfine levels were calculated according to [2]

F(F+1)+J(J+1)—I(I+1)

gr;, = 2F(F +1) 9J;
CFFA4D)4+II+1) = J(J+1)
2F(F +1) 9

where g, and gr are the electronic and nuclear Landé
factors, respectively. The numerical values for the elec-
tronic and nuclear g-factors for Cs atom are [32]
97:(6P3/2) = 1.3340(3), g,,(6S1/2) = 2.00254032 and
g1 = —0.00039885395(52);

e the relaxation rate of the excited state was taken as
I = 33 x 10% s7! in all cases. This corresponds to a
lifetime of 7 = 29.8 ns [33];

e the relaxation rate in the ground state, mainly deter-
mined by the thermal motion of atoms though the laser
beam, is v = 0.1 x 106 s~ 1;

e in all cases the absorption rate I}, and an overall scal-
ing factor I, were used as fit parameters.

The simulation was done for the geometry as realized
in the experiment. The variation of the magnetic field was
restricted to the range of the linear Zeeman effect, i.e.
B-field is too weak to cause uncoupling of the electronic
angular momentum and nuclear spin.

The results of the simulation are shown as solid lines
in Figure 3. The agreement of experimental and numer-
ical results is good. Even the asymmetry of the struc-
ture (v4 signal circular polarization, Figs. 3¢ and 3d)
around B = 0 is qualitatively represented. The reason for
this asymmetry is the following. Excitation of atoms with
a circularly polarized light creates an orientation along the
direction k of the laser beam propagation. When trans-
verse (vertical) magnetic field is applied, it causes a pre-
cession of this orientation in the observation plane (hor-
izontal). The direction of the precession depends on sign
of the applied B-field. Hence, for small enough |B| values
orientation is rotated towards the direction of the observa-
tion or away from it, resulting in some increase or decrease
of the fluorescence signal (i.e., asymmetry around B = 0).

Discrepancies between the results from the experiment
and the simulations are caused by the restriction of the nu-
merical studies to the cycling transitions, as well as by less
than perfect accuracy of the measurement and incomplete
compensation of the ambient magnetic field (in particular,
ac components of the laboratory magnetic field have not
been compensated). The resulting limitation in the B-field
resolution is the most likely reason for the discrepancy of
theory and experiment for the v4 lines, seen in Figure 3a.
In the experiment, we do not observe the peak which is
predicted by theory for B = 0. This predicted peak is the
smallest and narrowest one among all the B = 0 features
shown in Figure 3 and is thus most sensitive to small de-
viations of the experimental conditions assumed for the
numerical calculations.

We restrict our signal simulation to magnetic field
strength B < 10-20 gauss. For larger magnetic field
strength, the broad overall reduction of fluorescence seen
in Figures 3a-3d, results from the fact that for B >
10 gauss, the magnetic field decouples the electronic and
nuclear spin in the electronically excited state of the atom,
which leads to a mixing of hyperfine levels. Strict observa-
tion of selection rules with regard to transitions between F'
and Mp levels is essential to establish a cycling transition.
Since F is no longer a good quantum number, the selection
rules are weakened. What is a cycling transition at small
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B-fields develops a leak at larger B-fields allowing decay
to other levels. Consequently, the number of atoms par-
ticipating in the process is reduced and the fluorescence
decreases accordingly. The break-up of a cycling transition
at larger B-field has been observed in Rb [27].
Furthermore, the number of absorption and emission
cycles (and hence, the fluorescence yield) will also decrease
as the Zeeman splitting increases with B. When a photon
is absorbed from a M, ground state magnetic sublevel, the
fluorescence will bring the population back to M, or to
M, £1 sublevels. When the Zeeman shift of the transition
frequency exceeds the homogeneous absorption linewidth,
atoms in My £ 1 no longer in resonance. Thus at high
B-fields Zeeman splitting allows depopulation pumping.

7 Conclusions

We have studied the response of Cs atomic vapor driven
by intense linearly- or circularly polarized resonant contin-
uous laser radiation with a frequency near the Dy transi-
tion. Optical pumping drives the population to the My = 0
or one of the |My| = F; magnetic substates which are the
M -states with the highest absorption probability. When
a B-field induces coupling between M-states (Larmor pre-
cession) the consequences of optical pumping are undone
and the absorption or the intensity of the fluorescence
is reduced. For excitation with circularly polarized light
the variation of the signal with B is larger than for ex-
citation with linear polarization. Therefore insertion of a
quarter-wave plate into the path of a linearly polarized
laser beam may increase the absorption and fluorescence
by up to 29%. The experimental results are faithfully re-
produced by density matrix calculations which include the
dominant excitation paths.

The authors acknowledge valuable discussions with R.G.
Unanyan. A.V.P. and M.A. thank the Deutsche Forschungsge-
meinschaft for support of their stay at Kaiserslautern Univer-
sity where the experiment and the simulation of the resonance
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