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Abstract. The complex magnetic structure of the cesium
atom is responsible for the interesting behaviour of its
saturated absorption spectra, e.g., a two-fold sign rever-
sal of a crossover resonance, under various polarization
configurations with and without applied magnetic fields.
We show that this morphology is a result of optical
pumping processes including coherent population trap-
ping which, under normal laboratory conditions, prevent
the atoms from reaching an equilibrium situation. Qur
interpretation is useful for an intuitive and rapid under-
standing of this important tool in high-resolution spec-
troscopy.

PACS: 32.80.Bx, 42.65. Ft

The application of saturated absorption of a narrowband
laser light source in alkali vapor gas cells is commonplace
in many laboratories. This instrument is one of the sim-
plest devices of high-resolution spectroscopy and rou-
tinely used as a frequency reference. In recent years
cesium and rubidium vapors have become particularly
important since narrowband laser diodes are now readily
available for their D,-resonance wavelengths at 852 nm
and 780 nm, respectively. The are widely applied to many
mainstream lines of research in quantum optics such as
magneto-optic trapping. While numerous reference spec-
tra have been published, little attention has been given
to the details of the spectrum. With an unrealistic two-
level atom in mind naive estimates could, for instance,
expect the (F=4— F’= 5) transition to be most prominent
because of statistical weights, contrary to observation.
The important role of optical pumping [1-3] in satura-
tion spectroscopy has in fact been realized [4-7] more
than a decade ago, and an in-depth theoretical analysis
has been applied by Nakayama [8] to cesium and rubid-
ium. In the meantime, coherence properties of diode
lasers for several laboratory applications have tremen-
dously improved [9, 10], and the resolution of saturated
absorption spectroscopy went up accordingly.

In this communication we will collect and analyze in
detail the morphology and intensities of the important
cesium D,-saturation spectrum with emphasis on the
delicate interaction of atomic magnetism, external mag-
netic fields, and light fields. For selected examples we will
show that spectral properties of the nonlinear radiation
interaction are well predicted by a simplified theory. It
is our main intention to give simple physical interpreta-
tions for the observed spectra which are useful for an
intuitive understanding of this common high-resolution
laboratory device. Since cesium with its nuclear spin of
I="/2 is the most complex alkali atom, the results can
be transferred to all alkali spectra.

1 Saturated absorption spectrometer

The experimental setup is the standard configuration for
saturated absorption spectroscopy (Fig. 1). A semicon-
ductor laser diode (STC LT50A-03U, 852 nm) is optical-
ly stabilized by feedback from a confocal Fabry-Perot
resonator [9]. With a thick uncoated glass plate two weak
beams of variable diameter are split off and sent through
a cesium vapor cell onto a pair of photodiodes. An
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Fig. 1. Experimental setup for saturated absorption spectroscopy in
magnetic fields (PD: photodiode)
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optical attenuator in the reference beam is used to equal-
ize the two intensities. The main part of the beam is sent
through the cell from the other direction and carefully
aligned so as to overlap the probe beam over its whole
length inside the cell. Its power can be adjusted with
another optical attenuator. The cell itself is cylindrical
with a diameter of 25 mm, a length of 20 mm, and two
windows perpendicular to the laser beams. The cell is at
ambient temperature and is placed inside an arrangement
of three mutually orthogonal induction coil pairs, so that
stray magnetic flux densities can be compensated to with-
in better than 10 mG over the entire volume of the cesium
cell. An additional solenoid can produce longitudinal
(i.e., parallel to the laser beams) magnetic flux densities
of up to 20 G. An instrumentation amplifier is used to
subtract the signal of photodiode #2 from that of photo-
diode #1. This output signal is then monitored on a
storage oscilloscope.

Common laboratory jargon calls this arrangement a
saturated-absorption spectroscopy setup [11]. The ex-
planation usually given is that the strong pump beam
saturates a transition and the weak probe beam probes
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this change in atomic population. Since both beams are
derived from the same laser and thus have the same
frequency, the Doppler effect brings different velocity
groups into resonance with each beam. Consequently,
the probe beam sees the hole burnt into the population
difference by the pump beam only for those atoms that
fly perpendicularly to the laser beam (“v=0"-resonance).
All other velocity groups contribute a Doppler back-
ground which is electronically subtracted using the ref-
erence beam.

2 Zero-field results

The spectra of Fig. 2 were recorded under standard
laboratory conditions with the important exception of a
well-compensated stray magnetic field. In this figure and
all other spectra a positive peak means enhanced trans-
mission for the probe beam under the influence of the
pump beam, and a negative peak means increased ab-
sorption. The positions of the nonlinear resonances are
straightforwardly understood from a diagram of the re-
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Fig. 2. Typical experimental saturated absorp-
tion spectra in zero magnetic field for various
polarizations of pump and probe beams. All
spectra are shown to the same scale and were
taken with all parameters unchanged except for
the laser polarizations. Next to each spectrum
the polarization configuration is given. For
example, “o7 lin” means ¢* polarized pump
and linearly polarized probe beam. On the left-
hand side the spectra for transitions starting
from the lower (F=3) level are shown, those
from the (F=4) level can be seen on the right-
hand side. All transitions are identified at the
top of the diagram. “—3” stands for the v=0
resonance to level (F’=3), “CO 2, 3” for the
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33 transitions. Note that not only the inten-
sitics of the lines change but sometimes also
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Fig. 3. Levels participating in the cesium D,-resonance, their
frequency differences, and their Zeeman shifts
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levant levels in cesium (Fig. 3). Three dipole-allowed
transitions arise from the v=0 combined interaction of
pump and probe beam. Three more peaks in Fig. 2
marked “CO” (CrossOver) are found exactly midway
between two v=0-resonances. In this case, for a certain
velocity group, one of the transitions is Doppler-shifted
into resonance with the pump beam and the other one
into resonance with the probe beam, leading again to
simultaneous interaction with both light fields. A second
group with opposite velocity component along the probe
beam contributes indistinguishably to this resonance
with exchanged roles of pump and probe beam. Figure 2
clearly shows that the appearance of the Doppler free
spectra can be strongly varied by controlling the polar-
izations of pump and probe beam [12]. This is most
notable in a change of sign from enhanced transmission
to enhanced absorption in certain transitions.

An important parameter in our experiments is the
saturation intensity I, = 2 whelfA® which is the laser
intensity required to drive stimulated emission at the
same rate as spontanous emission. For the (F=4,
mp=+4->F=5 mp= +5) transition this occurs at
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Fig. 4. Normalized transition probabilities be-
ween all magnetic sublevels in the cesium D,-
5 resonance line. The factors on the right give the
) total statistical weight of the transition between
levels F and F’. For example, the (F’=3) level
can only decay to the (F=4) level, whereas the
(F’=4) level decays into (F=3) with a total
probability of 5/12 and into (F=4) with a total
probability of 7/12. The numbers printed in the
small circles on each transition have to be
3 multiplied by the factor on the left-hand side of
4 the diagram. They give the branching ratios to

individual magnetic sublevels within the (F—F")
transition. For example, the (F' =4, my,=0)
sublevel decays into (F=4, my= + 1) with
10 x 7/240 probability each. Note that the nor-
malization is done such that the total
probabilities for the decay of any individual

*1 level are 1. For example, the (F' =4, mp,=0)
total decay rate is (10+0+10)x 7/
240+ (6+ 16+ 6) x 5/336="7/12+5/12=1.
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I,=1.1 mW/cm?. In our experiments we have kept opti-
cal intensities below 0.1 mW/cm?, or 1/10 of the sat-
urated absorption intensity. I,. At an intensity of I,
however, only the (F=4, my=+4-F'=5, mp,=+5)
transition is really saturated. For the weaker transitions
saturation occurs for much higher intensities, for in-
stance at 451, for the (F=4, mp= £4->F =5, my,= £3)
transition (Fig. 4). In a gas cell atom-light-interaction not
only reduces level population differences, but it also
causes a variation of the interaction strength due to
optical pumping effecting rotation of atomic magnetic
moments. Our interpretation will show that in typical
laboratory systems the latter mechanism usually domina-
tes most aspects of the observed nonlinear spectra. The
term velocity selective optical pumping suggested by
Pinard et al. [4] seems indeed more appropriate. For a
detailed investigation we will separately discuss four sub-
sets of the saturated absorption resonances to show qual-
itatively different mechanisms of optical pumping. (i) In
closed systems formed by the (F=4—-F'=35) and
(F=3—F’=2) transitions Zeeman optical pumping
causes orientation and alignment of the atoms. (7). When
transitions (F=4-F'=3,4) or (F=3—F'=3, 4) are ex-
cited spontanous decay to the other ground state hyper-
fine component is possible causing depopulation pump-
ing. (iif) Crossover resonances are more complex, be-
cause they involve two excited levels of different F’ so
that at least one of them can spontaneously decay into
both ground states. Depopulation as well as Zeeman
optical pumping are observable. (iv) Saturated absorp-
tion spectra involving both hyperfine components of the
ground state can be realized by the application of two
lasers at different frequency, leading to repopulation
pumping.

To be specific about geometry we will use the /7 and
X frames shown in Fig. 5. The IT frame has the z-quan-
tization axis orthogonal to the light beams. It is most

Kprobe I(Pump z
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B
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Fig. 5. Two coordinate systems used to explain the experimental
spectra. The X system is most appropriate for the situation of
relatively strong magnetic fields, whereas the I7 system is very
convenient for linear laser polarization in the low-field case
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appropriate for discussing zero-field effects. In the 2
frame the z-axis is pointing along the propagation direc-
tion of the probe beam. This frame is more convenient
when discussing magnetic-field influences introduced in
the following chapter.

2.1 Resonances in closed systems.: Zeeman pumping

The (F=3-F’'=2) transition corresponds to the low-
frequency component in the traces on the left-hand side
of Fig. 2. The influence of optical pumping is clearly
visible in the difference between the ¢*¢* and the 070~
configuration. The combined interaction ¢ ¢ more effi-
ciently populates the nonabsorbing (my.,= +3) state
than each of the individual beams and hence increases
transmission. In the other case, however, ¢* and ¢~
counteract each other through the repopulation of ab-
sorbing Zeeman components, thereby increasing absorp-
tion. Similar arguments can be found for the qualitative
aspects of the spectra involving linear polarizations.
Hence, the intensity of the (3—2) resonance is dominant-
ly a function of the number of atoms pumped into the
nonabsorbing my=3 component.

The closed transition (F=4-F’=35) is certainly the
most important subsystem of the cesium spectrum since
it contains the two-level systems (F=4, mp= £4-F’ =5,
mg,= £5). Optical pumping towards the (F=4, my=4)
state increases the dipole coupling strength for ¢* pump
and o probe beam and is therefore responsible for the
surprising increase of absorption. Conversely, a ¢~ probe
beam counteracts this pumping process, leading to a
decrease of the effective dipole moment and hence an
increase in transmission.

Note that in the series of spectra starting from (F=4)
the (F=4->F’=5) transition is the only one to show a
reversal of sign. The mere fact that we observe increased
absorption on the (F=4—F’=35) transition in the ¢ "¢ ™
configuration clearly indicates that this transition is not
a pure two-level system under normal laboratory con-
ditions. This is because usually the atoms do not spend
enough time in the laser beam to reach an equilibrium
situation with all atoms in the (-, =4) component.

According to this interpretation the line strength has
to depend both on pump beam intensity and also on
interaction time since efficient optical pumping in a mul-
tilevel system requires many spontaneous emission cy-
cles. The dependence on the rate of optical pumping is
globally confirmed by the dependence of the resonance
line shape and height on pump beam power. In Fig. 6
saturated absorption spectra of the (F=4—-F"=3,4,5)
transition in "¢t configuration are shown as a function
of pump beam intensity. The (4 - 5) transition is especial-
ly interesting because it evolves from a shallow dip at low
pump intensity to a narrow peak centered on a broad dip.
With increasing intensity atoms are more frequently ex-
cited and hence more rapidly pumped to the extreme
mp-components, resulting in an enhanced absorption
(Fig. 6; r=0.27, r=1.3). Since the power densities are
now on the order of the saturation intensity we have to
consider the effect of saturation in the recorded spectra.
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Fig. 6. Series of saturated absorption spectra starting from the
(F=4) ground state taken with constant probe-beam intensity and
successively weaker pump-beam intensity (r=Ipymp/Jprne). The
probe-beam intensity was of order I,. All spectra are to the same
scale. The F=4—F’=35 transition shows a reversal of sign with
decreasing pump intensity. The spectra of Figs. 2 and 10 were taken
with r=3 and I, = 0.4 yW/mm?

At even higher intensities the absorption coefficient de-
creases and results in a reversal of sign. Nonresonant
laser light causes optical pumping as well but at a lower
rate resulting in a situation completely analogous to the
case of lower intensities with an increased absorption
coefficient. Hence one observes enhanced absorption in
the vicinity of this resonance line. The narrow saturation
peak is not centered on the broad optical pumping dip.
This shift is induced by light pressure, which becomes
important for the (F=4—F"=15) closed system [13, 14].

We obtained similar results when we tested the depen-
dence on interaction time by varying the diameter of the
laser beams, which had been investigated before by Rin-
neberg et al. [6].

2.2 Hyperfine depopulation pumping

The excited states (F’=3, 4) are spontaneously coupled
to both the (F=3) and the (F=4) hyperfine component

171

of the ground state, while coherent interaction takes
place with only one of the ground state levels. Hence
every excitation involves a large probability of order 1/2
for decay to the other, effectively nonabsorbing hyperfine
state. This variant of optical pumping is usually called
hyperfine depopulation pumping, and it efficiently re-
duces absorption strength already after a few optical
cycles. The nonlinear resonances corresponding to these
transitions are therefore frequently more prominent than
the resonances corresponding to closed systems with
larger statistical weight.

2.3 Crossover resonances

In a crossover resonance one of the (F'=3, 4) levels,
which can decay to the other ground state, is inevitably
excited. This is one of the reasons why crossover reso-
nances also have considerable line strengths. The par-
ticipation of nonabsorbing levels such as the (F=3,
myp= % 3) states in the (2, 3) crossover transition is again
the origin of drastic changes of the resonance line with
polarization configuration of pump and probe beam.

2.4 Hyperfine repopulation pumping

In saturated absorption spectroscopy of the cesium D,-
line no crossover resonances involving both hyperfine
ground state levels coupled to a single excited level ap-
pear. This is because the level spacing between the (F=13)
and the (F=4) ground state is 9.2 GHz while the Doppler
width measures only 500 MHz. Hyperfine structure
depopulation and repopulation pumping between the
ground states can be observed, however, by using two
different lasers [15, 16]. We changed our experimental
setup by removing the pump beam mirrors and using a
second semiconductor laser stabilized by optical feed-
back (Fig. 7). One of the lasers is tuned to a fixed fre-
quency near the 28, ,(F=4)—2P;, Doppler-broadened
transition frequency and acts as a pump beam. The
second laser is scanned across the Z2S,,(F=3)—?%P;,
resonance and its transmission is recorded using two
photodiodes. As in the saturated absorption spectoscopy
setup we amplify the difference of the photocurrents in
order to obtain a Doppler-free signal with an offset due
to the pump laser intensity. As before, a peak indicates
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At tT ~e
enuator
' ‘<\\Attenuators PD #2

Reference Beam
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(Laser #2 only)

Diode #2 Oscilloscope

Fig. 7. Experimental setup for the observation of hyperfine re-
population pumping (PD: photodiode)
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Fig. 8. Spectrum taken with the setup of Fig. 7. Laser #1 is tuned
to the Doppler-broadened (=4 F’=3, 4, 5) transition while laser
#2 is scanned across the (F=3—-F'=2, 3, 4) transition. The identi-
fication of the individual lines is explained in the text. The common
(3, 3)v45 and (3, 4)v,, resonance is shown with better resolution in
the lower part of the figure. The small bumps next to the narrow
resonance peak are due to an intentional modulation of the laser
current at a frequency of 1.5 MHz; they are used as frequency
markers

enhanced transmission for the probe beam under the
influence of the pump beam. Figure § shows a typical
spectrum recorded with equal intensities and linear po-
larizations for pump and probe beam. Five resonances
corresponding to enhanced absorption can be resolved.
They are caused by a repopulation of the lower hyperfine
level which is coupled to the probe laser field. Resonant
excitation by the pump field at frequency w, = cik,|
followed by spontanecous emission to the lower hyperfine
ground state is only possible in the (F=4—-F'=3,4)
systems. The pump laser increases the population for two
different velocity groups in this level:

Va3 = (0, wa3)/k;
Vaa = (0,— 044)/k, ey

According to Fig. 9 two sets of three Doppler-free reso-
nances each are expected. For the (3, 4),,, line pump and
probe beam are coupled to the same excited level.
Therefore, their difference frequency must be equal to the
(F=3—F=4)9.2 GHz hyperfine transition frequency of
the cesium atom. The same argument holds for the
(3, 3),., line, so these two lines are degenerate.

O. Schmidt et al.
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Fig. 9. Transitions involved in the generation of hyperfine repopula-
tion pumping resonances. Explanation in text

This common resonance is the only one with coherent
coupling between all participating levels. It shows a very
narrow Raman-resonance line which will be explained in
more detail in the last section.

3 Experimental and theoretical results in weak fields

3.1 Evolution of saturated absorption spectra in weak
magnetic fields

In Fig. 10 we show the evolution of the saturated absorp-
tion spectrum of the (F=3-F'=2, 3, 4) transition for
linear and parallel polarizations of pump and probe
beam in a magnetic field parallel to the laser propagation.
Two regimes of magnetic field influence are clearly distin-
guishable. Spectra on the left-hand-side of Fig. 10 show
significant changes in the intensities of the various spec-
tral components at magnetic flux density levels below
1 G, where Zeeman shifts remain much below the natural
linewidth of 6 MHz. The right-hand side shows the re-
gime from 1 G to 20 G where individual Zeeman com-
ponents become more and more resolved. An unusually
narrow dip which reverses the sign again is observed
evolving from the zero-field (2, 3) crossover resonance.
The (F=3—-F"=2, 3) crossover resonance is composed
of many possible combinations of transitions between
magnetic sublevels, each one with a different Zeeman
shift. The shift between neighboring transitions is
116 kHz/G. Therefore at 10 G this magnetic shift is still
below the natural linewidth. Hence a magnetic multilevel
system is coupled to the radiation field and optical pump-
ing remains important.

The (F=3—F’=4) transition clearly exemplifies the
other case, where the Zeeman shift between neighboring
transitions is 725 kHz/G and hence the radiation field
couples to nearly independent two-level systems.

We might mention here that the spectra obtained with
an average uncompensated laboratory setup are similar
in appearance to the 120 mG or 1 G traces of Fig. 10.
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Fig. 10. Saturated absorption spectra of the
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Let us discuss the influence of magnetic fields on the
(2, 3) crossover resonance beginning with the I7 frame of
Fig. 5. For B=0 the linearly polarized probe beam driv-
ing the (3—2) transition accumulates atoms in the outer-
most (my= + 3) sublevels where they can no longer ab-
sorb light from the probe beam. These atoms are trans-
ferred back to an absorbing m; level by the pump beam
in resonance with the (3—3) transition. This leads to
enhanced absorption of the probe beam. For the other
velocity group that contributes to the crossover reso-
nance, i.e., atoms with oppos1te longitudinal velocity
component, the pump beam is in resonance with the
(3—2) transition and optically pumps the atoms towards
the (mp= i3) states. Since the (F=3—-F'=3), Am=0
transition is strongest for these states (Fig. 4), probe
absorption in enhanced as well.

When a small magnetic field is applied along the
propagation direction magnetic moments precess around
the x-axis. This precession leads to a population redistri-
bution among the m, sublevels and therefore to enhanced
transmission, since according to Fig. 4 lower |m| levels
have lower Am=0 transition probabilities. This inter-
pretation is valid as long as Zeeman shifts are small

compared to the resonance linewidth and hence differ-
ences in excitation strength are negligible for different m
levels [6]. Stronger fields require a more general treat-
ment which will be discussed in the following sections.

3.2 Rate-equation approximation

Because of their conspicuous behaviour we have select-
ed the (F=3-F'=2) closed system and the
(F=3-F'=2,3) crossover resonance excited through
linearly and parallel polarized pump and probe laser light
for a demonstration of theoretical investigations. In
order to calculate the nonlinear absorption spectrum we
have to take the difference between the absorption coef-
ficient « of the probe beam under the influence of the
pump beam and the reference beam:

= g {Probe + Pump) — o (Reference). 2)

£o5)

The absorption can be obtained from the density matrix
g;; by evaluating the expectation value of the the dipole
operator

a0t Re (6D = Re [ir (¢éDp)]. (3)



174

Here ¢ is the polarization direction and D the atomic
dipole operator. The density matrix itself is the solution
of the equation of motion

'hdg [H, 0]+ R
17Mm— =
dt @ ’

H= Ha+ v+ HZee ’ (4)

where R contains appropriate relaxation rates arising
from, e.g., spontaneous emission. The total Hamiltonian
H is a sum of the atomic Hamiltonian H, and the cou-
pling V with the light beam. The coupling with an exter-
nal magnetic dipole field is taken into account by a linear
weak field H,., = gymyupB operator. The calculation is
carried out entirely in the X frame of Fig. 5. In this
coordinate system the Zeeman Hamiltonian is diagonal
while the light field introduces Zeeman coherences
through optical pumping. Consequently, we have to cal-
culate the full ground and excited state density matrices
Q40 and g,,,. For laser light polarized along the x-axis
(Fig. 5)

E(7) = Eé.Re (e~ivf) )

the dipole operator in rotating wave approximation is
— 1 5. D el prg D eiond 6
Vo= 5(—Eex o€ E*é,D,je). (6)

D, is defined by D,, = |e) {e| D|g) {g|, where D is the
atomic dipole operator. In the rotating reference frame
one obtains:

Qee/ = - iAEE’ Qee/ - yr Qee/ - FQZE’

1
+

o

e+1
Z (EéxDeg QNye/_ E*éxéeg Dge/) s
g=e—1

ee’s

. . Ogqr
Oy = ~1d4g, Q49 = 7, <Qgg/_ T F+ 1) + Z Lt 490 Qeer

i g+1
+% Y

e=g—1

(E *éx Dge éegl - Eéx Q~ge Deg/ ) s

. ) . . |
Qeg = 1 (Aeg_Aopt) Qeg ™ VrOeg— Ergeg

etl

Y EéD.,0,,

gr=e—1

S| =

g+1

Z E*éx Qeer De/ g (7)

er=g—1

o=

Magnetic quantum numbers are ¢, ¢’ for the excited state
F"and g, ¢’ for the ground state F. The difference of the
Zeeman shifts of levels |a) and [f) is called 4,;, while
Aoy = L — w,, is the detuning from exact resonance of
the laser frequency w; in zero magnetic field. I" is the
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spontaneous decay gate and I, ,,, is the spontaneous
emission operator [3].

In a dilute vapor at some 10~ mbar we can neglect
collisional contributions and hence the relaxation of ex-
cited states (g..,) and optical coherences (g,,) is domi-
nated by spontanous emission. Relaxation of ground
state Zeeman coherences mainly results from atoms leav-
ing the light field, while for atoms entering the beam in
thermal equilibrium only ground state populations
(Q49)m = 1/(2F+1) are different from zero. We account
for transit time effects through the introduction of a fric-
tion coefficient y, in (7). This results in a Lorentzian
lineshape instead of an exponential variation with detun-
ing [17]. This is of no concern, however, since our spectra
are always limited by our laser linewidth of order 100 kHz.
The transit-time broadening of order 10kHz is cal-
culated from AefVIM =, = \/Eln 2{v)u/2 nw where
{v)w = |2 kT/m is the average thermal velocity and w
the (1/e)-width of a Gaussian laser beam. For cesium
atoms at 7=300 K one calculates y, = 30 x 103~ */(w/
mm). Furthermore, we have replaced the Gaussian beam
profile by a top-hat distribution of constant intensity
I and diameter w. We also neglect the variation of beam
intensities along the propagation axis, although we mea-
sured a total absorption of 50%.

Since we are only interested in a narrow spectral range
in the vicinity of the nonlinear resonance we can also
neglect coherent coupling of neighboring levels which are
always more than 100 MHz away.

It is the main purpose of a conventional saturated
absorption spectrometer to provide reference frequencies
through narrow Doppler-free resonances. In order to avoid
power broadening both pump and probe beam have to be
restricted to low intensities, i.e. I/I, & | E -+ D,,/Ail'|* « 1.
In this case the optical coherences adiabatically (i.e.,
0.,=0) follow the evolution of the excited and ground
state density matrices g,,, and g,, which replaces the
population difference in a two-level system.

In order to calculate a line profile we do not vary
atomic velocities, but keep them fixed at their respective
resonant values of v,=0 for (v=0) resonances and of
v33 = dw/2k and v5, = — Adw/2k for the (2, 3)-crossover
resonance, where Adw is the spacing between the two
participating upper levels. The variation of the laser
frequency can be treated by detuning pump-and probe-
beam frequencies from the crossover resonance fre-
quency in the atomic rest frame. The influence of both
pump and probe field can be treated in separate rotating
wave frames, since we neglect coherent two-photon
processes. A system of two sets of equations of motion
according to (7) has to be solved, where the two sets are
coupled through the density matrix elements. After a
tedious but straightforward calculation a set of rate
equations for the ground and excited state density matri-
ces is obtained. A closely related method was used by
Rinneberg et al. [6]. We numerically evaluated the result-
ing set of rate equations with a Runge-Kutta algorithm.
Typical calculation times using a conventional personal
computer are of order one hour for a line profile calcula-
tion with a grid of 50 frequency points.
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Fig. 11. Comparison of calculated (solid line) and measured height
(dots) of the (F=3—F’=2, 3) crossover resonance peak for various
magnetic flux densities. The error bars reflect the uncertainty in the
measurement of the experimental flux density. Above 10 G, our
approximation breaks down, as explained in text

3.3 Calculation of the resonant absorption coefficient

The results of the numerical calculation of the (2, 3)
crossover resonance for various magnetic fields are
shown in Fig. 11. The laser frequency is chosen to be
exactly on resonance as described above and the peak
height is scaled such that experiment and calculation
coincide at zero field. For the calculation we used the
measured ratio of pump and probe beam intensities in-
cident onto the vapor cell. The absolute value, however,

had to be reduced by 50% in order to obtain the best -

agreement between experiment and calculation. This is
not surprising in view of the severe approximations we
made for the beam profile. The calculations show a good
agreement with our experimental results over a range of
magnetic flux densities from zero field up to 7 G (Fig. 11).
For higher magnetic flux densities the Zeeman splitting
of the participating transitions becomes larger than the
linewidth and our approximation of considering only one
velocity group no longer holds since crossover reso-
nances between the splitted transitions have to be taken
into account.

3.4 The role of coherent population trapping in
saturated absorption sectroscopy

The interpretation of the resonances in the I7 frame is
valid as long as the Zeeman shifts are small compared to
the linewidth. In order to understand the behaviour in
higher magnetic fields one usually chooses the X system,
where the magnetic sublevels are eigenstates for the
atomic energy in a magnetic field. A linear polarization
along the X system’s x-axis has to be described as a
coherent superposition of ¢* and ¢~ polarized light.
Let us begin with a reinterpretation of the (3—2)
transition. As explicited for the /7 system, optical pump-
ing into the nonabsorbing magnetic sublevels (m;= + 3)
plays a dominant role. With a suitable transforma-
tion the “dark” states |DS,); = |mp=3) and
|DS2) = |mp=—3) in the I system can be written as

lDSZ>z =
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Fig. 12. Time evolution of the occupation probability of both dark

states for the (3—2) transition in the X system, calculated for two

different laser intensities. The dashed line shows the difference of the

two solid lines. Discussion in text
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in the X frame. |DS,); and |DS,)s are nonabsorbing
states for light polarized parallel to the 2 system’s x-axis.

For laser light in resonance with the (3—2) transition
the absorption vanishes for infinite interaction time.
Therefore, the nonlinear absorption coefficient for the
(F=3-F’=2) transition vanishes, too. Figure 12 shows
the numerically calculated probability of the dark states’
population P (|DS, ;) and P (|DS,);) for two different
intensities as a function of time. (In (7) we have set y,=0
for this evaluation.) The population approaches a max-
imum value of 1/2 for each state. The rate of optical
pumping into the dark states depends on the light inten-
sity, of course. The dashed curve in Fig. 12 shows the
difference of the dark state populations in a strong and
a weak light beam as a function of interaction time. This
is, in fact, our experimental situation where the reference
beam is the weaker beam and the combination of pump
and probe beam is the stronger one. When we take the
difference of the photocurrents of PD #2 and PD #1
(Fig. 1) we see the nonlinear absorption signal. Its height
is related to the value of the dashed curve for a time
corresponding to the mean interaction time of an atom
with one of the beams. This means that for finite interac-
tion times there is absorption although there is none for
t—-oo. The observation of absorption on the
(F=3-F"=2, 3) resonance clearly shows that the atoms
do not reach the equilibrium situation in the typical
experimental gecometry.

Optical pumping into dark states is the well-known
effect of coherent population trapping [18, 19, 20] in a
three-level 4 system, where two levels |g) and |g") are
coupled to an excited level |e) by two laser fields close to
resonance. Population trapping occurs if the laser fre-
quencies fulfill a Raman condition w, —w, = 4, where
4 is the level spacing between |g) and |g").
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In our case the laser fields are the 6% and ¢~ com-
ponents of the linear-polarized light, which have the
same frequency w, and a nearly perfect phase coherence.
The width of the coherent population trapping resonance
in frequency space is determined by the time-of-flight
broadening in our gas cell (4™ /2z=10kHz for a
w=3 mm beam). Of course, in our experimental setup it
is not possible to detune the frequency of the ¢~ com-
ponent independently of the ¢* frequency, but a small
magnetic field along the quantization axis introduces a
Zeeman shift which leads to an equivalent situation. For
the (3—2) transition an efficient pumping process exists
in zero magnetic field due to population trapping as
described above. Hence, the line strength of the reso-
nance is comparable to resonances where hyperfine
pumping processes occur, e.g., (3, 4) crossover, (3—3),
(3—4). It can be seen that in small magnetic fields
(30 mG) with a level shift on the order of the time-of-
flight broadening of the coherent population trapping
resonance the signal strength decreases rapidly for the
(3—2) resonance line. With increasing magnetic flux den-
sities the effect of coherent population trapping vanishes
and resonance lines with hyperfine pumping show much
more contrast.

To understand the behavior of the (3, 2) crossover
resonance one has to realize that for the (3—3) transition
the states |[DS;)> and |DS,)s are not “dark” but show
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Fig. 13. Comparison of calculated (smooth curves) and experimen-
tal line shapes for the (F=3—F'=2, 3) crossover resonance in
magnetic flux densities of 0 G, 40 mG, and 7.3 G. The lower two
figures were scaled by a factor of 4 and 1.5, respectively
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a very strong absorption, which can be easily seen in the
II frame, where the (my= + 3) levels show the strongest
Am =0 transition probabilities.

3.5 Calculation of line profiles

In order to understand the line profiles we calculated the
crossover absorption as a function of laser frequency for
three magnetic flux densities (Fig. 13): in zero magnetic
field (top) and near the zero point of the peak intensity
in small fields (center) and in higher magnetic fields
(bottom). The calculated profiles are plotted together
with the corresponding measured profiles. It can be seen
that the qualitative modifications over a large range of
magnetic flux densities are correctly predicted.

oG ]

321012 3 -3-2-101’23
7.3G
-3 -3
-2 4‘ -2
-1 -1
0 0
1 1
2 ?—4 2
3 3

3-2-10 123 3-2-101 23

Fig. 14. Calculated density matrices of the (¥=3) ground state for
various magnetic flux densities and r-»co. The area of each circle
is proportional to the absolute value of the corresponding density
matrix element connecting two of the magnetic sublevels. The
matrices on the left show the real parts, those on the right the
imaginary parts
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We can interpret the interesting line shape at 7.3 G
with the help of the ground state density matrix. Figure
14 shows results of the calculation for —co for an atom
entering a light field resonant with the (3—2) transition.
In the zero field case the trapping states |DS,)s and
|DS, )5 are populated with a probability of 1/2 each. No
imaginary parts of the coherences occur which shows
that the dark states are eigenstates of the system. With
a low flux density (30 mG) the coherences are no longer
real and the resulting states cease to be eigenstates of the
system. Figure 14 also shows the density matrix for a
magnetic flux density of 7.3 G. It can be seen that we
have an almost complete collapse of coherences. In this
regime the coherence between the ¢~ and ¢ component
of the linear polarized light is irrelevant. This is because
with a Zeeman level shift comparable to the linewidth
linearly polarized light will no longer excite coherences
between ground state Zeeman sublevels. For a laser fre-
quency equal to the zero field (3—2) transition frequency
there is optical pumping to the inner sublevels where we
have the strongest absorption for ¢* and ¢~ polarized
light (dm= + 1) to the (F=3) excited state (Fig. 4). We
have tested this interpretation by rotating the polariza-
tion direction of the pump beam continously from the
lin/|lin to the lin Llin configuration and did not see any
change in the line shape or peak intensity, contrary to the
zero field situation (Fig. 2).

4 Population trapping in ground-state hyperfine
pumping

In ground state hyperfine pumping with the experimental
setup of Fig. 7 a narrow dip appears in the line center
of the degenerate (3, 3),4; and (3, 4),44 resonance [15, 16].
It is shown with better resolution in the bottom part of
the figure. This narrow resonance corresponds to the
coherent population trapping of the atomic population.
Atoms are optically pumped into a coherent super-
position of both ground states. This coherent super-
position remains nonabsorbing for the applied radiation
fields if the difference of the laser frequencies
w,, = w,—w, is exactly equal to the level spacing of the
two participating ground state levels. Since spontaneous
decay and collisional relaxation are negligible compared
to the time-of-flight broadening the width of the coherent
population trapping resonance is determined by Aw,q/
2r = 50 kHz for our experimental setup. This is the
minimum observable linewidth without fluctuations of
the laser’s difference frequency and power broadening.
For copropagating laser beams the Doppler shift
Apwi, = (k; —k,)v, for an atom with axial velocity v, is
negligible anyway. Hence, population trapping occurs
for all velocity groups v, simultaneously. The contrast of
the resonance is almost 50% while the linewidth of
700 kHz is determined by power broadening. With de-
creasing light intensities the linewidth and the contrast
decrease. The influence of laser polarization, applied
magnetic fields, and the laser intensity has been inves-
tigated in detail by Akulshin et al. [15] in a similar experi-
ment with rubidium vapor.
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Finally we want to focus on the question why we
cannot see coherent population trapping resonances in
the saturated absorption spectroscopy setup of Fig. 1.
For example, with a ¢ probe beam and a ¢~ pump
beam at the (F=3-F’=2) transition frequency, which
corresponds to the coherent population trapping con-
figuration, no such resonances can be resolved (Fig. 2).
Since the ground-state relaxation due to collisions or
radiative decay can be neglected the width of the popula-
tion trapping resonance in this case is again determined
by time-of-flight broadening. This width (of order
10 kHz) is small compared to the linewidth of the tran-
sition frequency (of order 10 MHz). Since the laser
beams are counterpropagating the Doppler effect pro-
hibits population trapping except for a small range of
velocities. In comparison with the Bennet hole of conven-
tional saturated absorption spectroscopy the population
trapping contribution to the spectrum is only of order
10 kHz/10 MHz= 1/1000. Population trapping occurs if
the difference of the laser frequencies lies within the width
of the coherent population trapping resonance, while the
absolute laser frequencies determine the efficiency to
populate the resonance. Since the efficiency is almost a
Lorentzian distribution with a width given by the optical
decay rate coherent population trapping changes the
shape and the height of the Doppler-free resonance by
1/1000, which we cannot resolve experimentally. We
should note, however, that the effect can be used as an
efficient sub-Doppler cooling mechanism, the “velocity
selective coherent population trapping” [21].
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