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In atomic media, the interaction with resonant light leads to optical pumping and light shift effects which modify not only the
static optical and magneto-optical properties of the media, but also the dynamics of multipole moments that are present in the
electronic ground state as well as in electronically excited states. These modified dynamics include changes in precession frequen-
cies and relaxation rates, but also laser-induced exchange of coherences between different atomic multipole moments. Using the
Na ground state as an example, a theoretical analysis of these modified dynamics is presented, as well as experimental measure-

ments of the laser induced coherence transfer.

1. Introduction

The resonant interaction of light with atomic sys-
tems can create anisotropic states in the atomic me-
dium by transferring angular momentum from the
photons to the atomic medium [1]. If the interac-
tion excites such states in the electronic ground state,
they can have a very long lifetime and the corre-
sponding media tend therefore to exhibit highly non-
linear optical properties even at low laser intensities.
The exchange of angular momentum between pho-
tons and atoms not only creates these anisotropic
states, but also leads to “displacement and broad-
ening of magnetic resonance transitions”, effects
which were first observed and explained by Barrat
and Cohen-Tannoudji [2]. The interaction with the
light thus drives the system away from its equilib-
rium position and thereby affects the way in which
the medium interacts with its environment. The lin-
ear, and especially the nonlinear magnetooptical ef-
fects [3,4] are a manifestation of such anisotropic
atomic states. In addition, processes of this type are
responsible for sub-Doppler laser cooling and trap-
ping of neutral atoms [5]. Even more recently, they
have been found to play an essential role in the mag-
neto-optic force, a strong, non-saturating, light-in-
duced force that acts on atoms coupled to strong laser
fields in the presence of magnetic fields [6].

These are some of the effects that the coupling be-

tween atoms and optical radiation has on the static
properties of the atomic medium. However, the ra-
diation affects not only the equilibrium properties,
but also the dynamic behaviour of atomic multipole
moments. As an example, the light shift effect of a
laser pulse can reverse the dephasing of spins
undergoing Larmor precession in an inhomogeneous
magnetic field [7]. This experiment shows that light
shift and damping effects modify the precession fre-
quencies and relaxation rates of the multipole mo-
ments. While effects of this type can be attributed to
changes in the eigenvalues of the effective hamilto-
nian, the coupling between light and atomic media
can also change the quantization direction of the
hamiltonian. Such a rotation of the quantization axis
of the effective hamiltonian causes the lifting of the
zero field Zeeman degeneracy observed in optical-
radiofrequency double resonance experiments [8]
and can induce the transfer of sublevel coherence
among different orders of atomic multipole mo-
ments [9].

In this communication, we present the first anal-
ysis of such dynamic effects in an electronic ground
state that consists of more than two energy levels.
We consider the 3s2S,,, electronic ground state of
atomic sodium with eight angular momentum sub-
states that are split into two hyperfine multiplets with
total angular momentum F=1, 2. In principle, the
optical excitation process can prepare the atomic
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system in arbitrary superpositions of the Zeeman
substates. The conventional expansion of the result-
ing atomic state uses atomic multipole moments as
the basis operators [10]. In the case of the Na ground
state, it is possible to excite moments up to hexa-
decupoles (Am= 14); these atomic multipole mo-
ments evolve under the influence of the atomic ham-
iltonian as well as the coupling to external fields. In
our experiment, we use optical pumping in a trans-
verse magnetic field to create the multipole mo-
ments and a second laser beam for monitoring the
resulting dynamics.

Optical observation of atomic multipoles is pos-
sible for dipole and quadrupole moments [11], i.e.
orientation and alignment. While the optical detec-
tion does not observe the higher order moments di-
rectly, optical pumping does excite these moments,
and it is possible to infer their existence from indi-
rect evidence [12]. Under suitable conditions, laser
excited coherence transfer processes can convert the
“invisible” higher order moments into directly ob-
servable dipole moments. They can therefore form
the basis of an experiment that permits the indirect
observation of “forbidden” Raman transitions [13].
Using such experiments, it is in principle possible to
reach a complete characterization of resonant atomic
multilevel systems, even when they are too complex
to be studied by conventional methods. It is of course
possible to perform such experiments without a de-
tailed knowledge of the mechanisms that cause the
coherence transfer process. However, an improved
understanding of these mechanisms is not only of
fundamental interest, it is also a necessary prereq-
uisite for optimising experimental procedures. This
is the purpose of this letter: we describe the basics of
the physical processes that cause these coherence
transfer processes.

For a theoretical analysis of the static magnetoop-
tic properties of such a system, it is often possible to
use perturbation methods. These methods lead to a
description of the system, which is adequate if the
optical interaction is small, driving the system not
too far from thermal equilibrium. For our discussion
of dynamical effects, such a perturbation analysis is
not possible. Since an analytical solution to the equa-
tions of motion for this full system is not possible,
we can only treat certain aspects analytically and must
resort to numerical methods for the full dynamics. In
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the present context, we emphasise the evolution of
the atomic system under the influence of the laser
irradiation. For the discussion of related topics, such
as the effect of the order in the system on the optical
fields [9,13,14], and the experimental aspects
[14,15], we refer to the literature.

2. Theory

In the present context, we discuss atomic multi-
pole moments in the electronic ground state of atomic
sodium. Figure 1 shows a schematic representation
of the level scheme of the Na D, transition. The
quantization axis is parallel to the magnetic field so
that the states represent eigenstates of the hamilto-
nian in the absence of light. We start the analysis of
the system with the dynamics induced by an external
magnetic field. The Zeeman interaction between the
external magnetic field B and the total angular mo-
mentum F of the atomic system is then

2
Hy= Y grnBF O +gfD BF (1)

where the index i runs over the two hyperfine mul-
tiplets. g5, and g§’ are the Zeeman coupling con-
stants for the linear and quadratic Zeeman interac-
tion; approximate numerical values for the Na ground
state are gr,=7 MHz/mT and g{?’ =27 kHz/mT?,
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Fig. 1. Level scheme of the Na ground state. The individual levels
are labelled with the quantum number (F, mz) and a running
index starting at the lowest energy level. The arrows indicate op-
tical transitions for circularly polarized light propagating in the
direction of the quantization axis and the numbers indicate the
dipole matrix elements for these transitions.
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the nuclear Zeeman effect is included in a modified
gr;. F {9 is the z-component of the total angular mo-
mentum in the hyperfine multiplet i. With these as-
sumptions, the evolution of the system corresponds
to a phase accumulation of the off-diagonal density
operator elements

Py(1)=p;(0) exp(iw;t) , (2)

where w;;= (E;— E;) /# represents the precession fre-
quency of transition ij. With our experimental setup,
which we discuss in the next section, it is possible to
observe those density operator elements that con-
nect eigenstates differing by Am= * 1. Fourier trans-
formation of the time-domain data allows a sepa-
ration of the different elements through the different
precession frequencies w;, as shown in fig. 2. The la-
bels of the form (F, mg~F’, m; ) assign the six res-
onance lines appearing in this figure to transitions
between the corresponding angular momentum
states. The origin of the frequency axis corresponds
to the reference frequency of the phase sensitive de-
tector [15], to allow direct comparison with the ex-
perimental data.

For the discussion of the optical effects, we as-
sume that the laser intensity is well below the satu-
ration intensity of the optical transition; we may then
neglect the excited state populations. Furthermore,
we neglect Doppler broadening. In the experiment,
we satisfy both conditions by using buffer gas to
achieve a homogeneous, pressure broadened optical
resonance line. Figure 1 shows the possible transi-
tions between ground state sublevels and angular
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momentum states of the *P, ,, excited state. The ar-
rows indicate those transitions, which couple to cir-
cularly polarised light propagating along the quan-
tization axis. The numbers close to the arrows
indicate the squares of matrix elements of the elec-
tric dipole matrix elements; underscores indicate
negative matrix elements. Each of these transitions
contributes to the optical pumping and light shift
effects.

We start with the calculation of the rates for de-
population pumping [15]. The loss of population
from level i due to optical pumping is p;(f)=
—k;p;(t), where k; is the depopulation pumping rate
for the ground state sublevel i. We express the in-
dividual rates in terms of the constant

_E 2d? 1

ko= 8720, 1+ (4/T5)%°

(3)

where E, is the amplitude of the optical field, d the
reduced dipole moment, I, the optical dephasing
rate, and 4=w,s—w, the detuning of the laser fre-
quency wy,; from the atomic resonance frequency wg.
The individual rates are determined by the squares
of the dipole matrix elements. As shown in fig. 1, the
individual rates k; for levels i=1...8 are

(k15k27"" k8)=k0(152: 3307 192a 374) (4)

We calculate the repopulation rate from the conser-
vation of the total population. Assuming fast reo-
rientation in the excited state, the equation of mo-
tion for the ground state populations is then

(I-1e 1,0)

(g}:l -£F,)B

50

precession frequency (kHz)

Fig. 2. Calculated sublevel spectrum of the Na ground state in a magnetic field B=0.7 mT. The six resonance lines correspond to six
density matrix elements which are identified in the figure, using the notation (F, mp—F, mg).
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. 1 &
Pii(t) =—kipi (1) +§ A; kipu(t) . (5)

Coherences p,; between the ground state sublevels ex-
perience light shift and damping effects [2,15]:

Pi(1) == (v;—10,)py(1) , (6)
with
yl.l=(kj+kl)/2’ 6U=A/F2(kj—k,) . (7)

The light shift effect is therefore equivalent to a
magnetic field in laser beam direction. In general,
light shift effects contain also contributions corre-
sponding to electric quadrupole fields [2]. How-
ever, since we have neglected the hyperfine splitting
of the excited state, these effects do not appear in this
system. Physically, this difference arises from colli-
sions of the atoms with the buffer gas that lead to a
pressure broadening much bigger than the excited
state hyperfine splitting. These collisions cause also
a rapid reorientation of the excited state atoms. The
damping of the sublevel coherences, described by y;;,
is highest for coherences with the highest depopu-
lation pumping rates. Since we can describe the evo-
lution of the system in a reference frame whose
quantization axis is parallel to the laser beam direc-
tion, the optical effects alone do not lead to a mixing
of the different multipole moments.

In the case of modulated excitation [15,16], the
same equations of motion as in the laboratory frame
determine the evolution in the rotating frame, if the
optical pumping rate and the light shift effect are re-
duced by a factor that depend on the modulation
scheme and is of the order of 1/2. In addition, there
is always a contribution that corresponds to the op-
posite polarisation and increases the effective damp-
ing rate for the optical pumping process as well as for
the coherences. As discussed elsewhere, the effective
magnetic field in this reference frame is reduced by
an amount proportional to the modulation fre-
quency [ 15]; as a result, the coherences evolve at the
difference between the Larmor and the modulation
frequencies.

With magnetic or optical effects alone acting on
the atomic system, it is possible to describe the sub-
level dynamics in a relatively straightforward way in
a reference frame that takes the respective symme-
tries into account. In our experiment, we apply a
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magnetic field perpendicular to the laser beam. Un-
der these conditions, no such symmetry-adapted co-
ordinate system exists. We must therefore express the
equation of motion in one of the two coordinate sys-
tems used above. For this purpose, we use a refer-
ence frame whose quantization axis is parallel to the
magnetic fields. In this coordinate system, the op-
tical pumping process creates no longer only diago-
nal, but also off-diagonal density operator elements.
Figure 3 shows the creation of atomic multipole mo-
ments. We have calculated these curves by numeri-
cally integrating the equations of motion, assuming
modulated optical pumping in a transverse magnetic
field. For this purpose, we have transformed the
equations of motion into a frame of reference rotat-
ing around the magnetic field at the modulation fre-
quency [ 15]. The solutions represent therefore slowly
varying amplitudes that do not include the fast Lar-
mor precession around the magnetic field (at 5.2
MHz in our case), but only the slow Larmor preces-
sion in a reduced magnetic field B.g=By— Wmoa/8r-
For the calculation, we have chosen a magnetic field
strength By=0.7 mT, a laser intensity of 90 mW/
mm? and a laser detuning 4/2z=12 GHz. The four
curves in fig. 3 show the resulting time-dependence
of density operator elements corresponding to dif-
ferent atomic multipoles. Clearly, the optical pump-
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Fig. 3. Amplitude of selected density operator elements plotted
as a function of time during optical pumping. The system is ini-
tially in thermal equilibrium and the curves show the creation of
various atomic multipoles.
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ing in the presence of the transverse magnetic field
excites all possible multipoles.

The equations of motion derived here describe the
evolution of this system during optical pumping. If
the system is initially in thermal equilibrium, as we
have assumed for the curves of fig. 3, they describe
therefore the creation of sublevel coherences. If, on
the other hand, the system is already in an aniso-
tropic state, the resulting process includes in addi-
tion an exchange of coherence between different
multipoles. Figure 4 demonstrates this process for
the same conditions as in fig. 3: the curves represent
the amplitude of four density operator elements as
a function of time while a pump laser pulse drives
the system. For this calculation, we assumed that the
system is initially in a coherent superposition of the
angular momentum substates (F, mz) =(2, —2) and
(2, —1). The curves in fig. 4 represent the ampli-
tude of the density operator elements that corre-
spond to transitions between neighbouring angular
momentum substates. The laser pulse apparently
causes a transfer of coherence among the different
sublevel transitions. The combined effect of light shift
and Zeeman interaction lead to the oscillatory evo-
lution, while the damping effect of the laser field is
largely responsible for the overall decay.

0.2
2>-1

B
5 1 -0
w
®
= 0.1
g ¢ 0—-1
=
Z 1—2
g
-

0 T T

0 2 4

pulse duration (psec)

Fig. 4. Amplitude of selected density operator elements plotted
as a function of time during optical pumping. For t=0, the only
nonvanishing density operator element corresponds to the (2, —2
<2, —1) transition. The curves show the laser-induced transfer
of coherence from this density matrix element to other multipoles.
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3. Experiments

For a comparison of this theoretical analysis with
experimental data, we used the setup of fig. 5. The
measurements reported here were performed on the
3s 28, ,» sodium ground state. The atomic vapour was
contained in a 1 c¢cm long glass cell at a temperature
of 200 °C, together with 200 mbar of Ar buffer gas.
The pressure broadening of 4 GHz (fwhm) pro-
duced a homogeneous optical resonance line. The
light source was a single-mode cw ring dye laser with
a short term linewidth less than 500 kHz. The laser
frequency was set near the Na-D, line (A=589.6 nm)
with a detuning 4=12 GHz above the centre of the
(pressure-shifted ) resonance line, in a region where
the light shift effect exceeds the damping effect. The
laser beam was split into a pump beam with an in-
tensity of ~ 150 mW/mm? and a probe beam with
an intensity ~0.6 mW/mm? which overlapped in
the sample region at an angle of less than 1°. The
laser pulses were generated by an acousto-optic mod-
ulator (AOM) driven by a computer-controlled dig-
ital delay generator. The transverse magnetic field of
0.7 mT caused a well-resolved quadratic Zeeman ef-
fect, as shown in fig. 2. In a transverse magnetic field
of this size, cw optical pumping is of course rather
inefficient. Therefore, we modulated the polariza-
tion of the laser beam between opposite circular po-
larizations to enhance the effects that we wanted to
study. This modulation [15,16] leads to a resonant
enhancement of the optical pumping effects when the
modulation frequency matches the Larmor fre-
quency of the system. As discussed in the theoretical

o

cw laser AN

oM

AOM

il WW S,

RF

Fig. 5. Schematic representation of the experimental setup. P:
polarizer, BS: beam splitter, AOM: acoustooptic modulator, EOM:
electrooptic modulator: rf: radio-frequency synthesizer, B: mag-
netic field, PBS: polarizing beam-splitter, PD, ,: photodiodes, M:
mixer.
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section, the time scale for the evolution of the co-
herences is determined by the difference between the
Larmor and modulation frequencies. Therefore, we
had to control the shape of the laser pulses only on
a timescale 7>1 ps [15].

In the experiment, a first pump laser pulse creates
the sublevel coherences whose dynamics we wish to
investigate. After the pulse, the system evolves in the
magnetic field alone. During this free precession pe-
riod, the multipole moments accumulate a phase that
depends on the precession frequency and therefore
on the strength of the magnetic field. By choosing an
appropriate field strength, this allows us to uniquely
identify the individual multipole moments or to pre-
pare an arbitrary initial state of the system. With the
coherences labelled this way, we then apply a second
laser pulse that induces the dynamics that we wish
to study. We monitor these dynamics by letting the
system evolve freely again for a second time after the
end of the laser pulse. Like the first evolution period,
this second free precession period allows an identi-
fication of the individual sublevel coherences, this
time after the pulse. We monitored this evolution
with a linearly polarized probe laser beam that mea-
sured the circular birefringence of the sample. Before
digitisation, the resulting signal was down converted
with a double-balanced mixer, using the modulation
frequency as the local oscillator [15].

For an efficient analysis of the data, we measured
the response of the system as a function of the two
free precession times and subsequently Fourier
transformed the data with respect to both time vari-
ables. In the resulting two-dimensional spectrum,
every signal contribution is identified by two reso-
nance frequencies that correspond to the precession
frequencies during the two ‘“dark™ evolution pe-
riods, i.e. before and after the second laser pulse.
Figure 6 shows an example of a resulting spectrum,
together with the theoretical data that we obtained
by numerically integrating the equations of motion
(2), (5)=(7) for the system, starting from thermal
equilibrium. For this experiment, the duration of the
second laser pulse was 3 ps. The horizontal axis, la-
belled w,, corresponds to the precession frequency
after the second pulse, while the vertical axis, la-
belled w,, represents the precession frequency be-
tween the two laser pulses. Without a second laser
pulse, the atomic multipoles would of course precess
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at the same frequency during the two free evolution
periods and all resonance lines would appear on the
diagonal, where w, = w,. The mixing of the different
multipole moments by the laser pulse, however,
transfers coherences from one sublevel transition to
another, thereby changing the precession frequency.
In the spectrum, the so-called cross peaks with
w, # w, are evidence for these processes: each of these
resonance lines corresponds to a different laser in-
duced coherence transfer process. By measuring such
spectra as a function of the duration of the second
laser pulse, it is possible to monitor the laser induced
coherence transfer processes directly.

For a comparison between the theoretical and ex-
perimental spectra, it is necessary to consider the ef-
fect of the spatial dependence of the pump laser in-
tensity. This inhomogeneity affects the light shift as
well as the damping effect. In the calculations, we
have taken this into account by averaging the result
over a range of laser intensities. We do not, however,
expect a quantitative agreement between the theo-
retical and the experimental spectrum; this would re-
quire a much more elaborate analysis, taking not only
the transverse profiles of both laser beams into ac-
count, but also the spatial overlap between the two
beams, the reduction of the laser intensity by ab-
sorption as the beams propagate through medium, a
more detailed treatment of diffusion processes, and
nonlinear effects, such as radiation trapping or self-
focussing processes.

4. Conclusion

To summarise, we have presented a theoretical de-
scription of the resonant interaction of polarized light
with multilevel atomic media that includes not only
the static, but also the dynamic effects of the cou-
pling between the light and the atomic medium; our
mode! includes magnetic as well as optical effects.
Our main goal was an improved understanding of
the recently discovered laser induced coherence
transfer processes. We have sketched the equations
of motion of the system, including optical pumping,
light shift and magnetic effects. We have found, that
the laser induced coherence transfer process can be
traced to the change of the quantization axis of the
effective hamiltonian: the magnetic and optical part



Volume 100, number 5,6 OPTICS COMMUNICATIONS 15 July 1993
T b experimental T @ calculated
4 [o]
401 ° o @ 40 © @®
] @
] 1. °
° ® o . ¢ °
0 o 0 @ o
o @ ol e & o o
-40 ]
1 -407]
] @ o ® e °
| BN AL B BN N LRI MR SR —T"'T"'l"'l"'l"'ll
-40 0 40

resonance frequncy (kHz) @

resonance frequncy (kHz) @

Fig. 6. Comparison of measured (left) and caiculated (right) 2D spectra. Each resonance line shows the transfer of coherence between

two different sublevel transitions.

of the total hamiltonian are quantized in different
directions. The quantization of the effective hamil-
tonian changes therefore whenever the laser inten-
sity changes. We have verified this conclusion
through the comparison of a theoretical spectrum,
obtained by numerical integration of these equations
of motion, with experimentally measured data. The
theoretical and experimental data show qualitatively
the same behaviour, including the overall time scale.
On the experimental side, we attribute the remaining
differences primarily to an incomplete control over
experimental parameters, e.g. the inhomogeneous
profiles of the two laser beams; on the theoretical side,
our model does not include diffusion effects or non-
linear optical effects like radiation trapping or self
focusing.

For our experimental data, we have used the elec-
tronic ground state of atomic sodium, which is fre-
quently used as a model system for magnetooptic ex-
periments. The corresponding theoretical models
treat in most cases only the static properties of the
system, using perturbation theory to describe situa-
tions close to thermal equilibrium. No analysis of the
dynamics of this system has, up to now, taken the
effects of the nuclear spin into account. We consider
the results as evidence that it is now possible to in-
vestigate even such relatively complicated systems in
detail.

Two-dimensional spectroscopy represents an im-
portant tool for the experimental investigation of
these dynamics. The strength of this method lies in

the possibility to observe the laser induced dynamics
directly and distinguish the many possible processes
by separating the corresponding signal contributions
in two independent frequency dimensions. In the
present context, it is a prerequisite for following the
coherence transfer process: it permits the identifi-
cation of the multipole moments before and after the
transfer process.
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