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We report detailed studies of freely evolving Zeeman coherence (Zeeman quantum beats) observed after opti-
cally pumping a gas of Na atoms and suddenly turning off the light field. This Zeeman coherence corresponds
to a macroscopic magnetization that precesses in an external magnetic field; it is detected with a cw optical
probe beam by using polarization-selective detection of the transmitted light. The amplitude and the phase of
the signal show a pronounced variation with laser intensity, laser detuning, and the strength of the magnetic
field. This dependence was measured on the 3s 2S,/2 ground state of sodium, using the D, line for optical exci-
tation and detection. The experimental data are compared with theoretical predictions based on a Bloch-type
equation of motion for an optically driven spin system in a J = 1/2 ground state.

1. INTRODUCTION
Laser-induced coherent transients are a powerful tool for
sublevel spectroscopy of gases, liquids, and solids. In this
context, quantum-beat experiments have been used exten-
sively for high-resolution spectroscopy of neighboring
excited atomic and molecular states. In these experi-
ments, a coherent superposition of the neighboring states
is prepared with a light pulse that is in general resonant
with both optical transitions. This superposition state is
then allowed to precess freely, and the interference be-
tween the two probability amplitudes is observed as a
time-dependent oscillation in the fluorescence signal.'
For the theoretical analysis of such quantum-beat experi-
ments in the excited state it is usually assumed that the
intensity of the driving light field is well below the satura-
tion level so that the resulting signal is linear in the laser
intensity. While this is typically the case with conven-
tional light sources, the use of pulsed lasers can lead to
conditions in which higher-order effects such as stimu-
lated emission and a shift of energy levels can become
important.

A theory of saturation effects of laser-induced quantum
beats was developed previously by Silverman et al. In
their approach they not only included the limit of impact
excitation by a short laser pulse but also analyzed the case
in which the length of the excitation pulse is no longer
negligible in comparison with the precession period of the
superposition state. At low laser power, such an ex-
tended excitation time leads to relatively small quantum-
beat signals. Simply, this effect can be explained in
terms of coherence packets, which are generated during
the pumping process. After being generated they start
acquiring a phase, owing to precession under the influence
of the atomic Hamiltonian; packets that are generated
at different times therefore acquire different phases
and interfere distructively with one another. However,
Silverman et al. found that the amplitude of the beats
can become substantial even for long excitation pulses if
the intensity of the pump pulse is raised well above the

saturation level, an effect that they called "saturation re-
generation of quantum beats." Until now these theoreti-
cal predictions had not been verified experimentally.

On the other hand, it is well known that superpositions
of atomic substates can also be induced in atomic ground
states in a coherent optical Raman process. These coher-
ences between ground-state sublevels can easily be de-
tected, e.g., by an optical probe beam, giving rise to
so-called quantum beats in forward scattering.3 5 Since
the relaxation time of ground-state coherences is gener-
ally much longer than the lifetime of excited states, studies
of substate coherences can be performed on a convenient
time scale (of the order of microseconds). Furthermore,
other conditions being equal, the laser power required to
saturate a transition between two degenerate ground-
state sublevels is much smaller than that required for the
saturation of the excited-state sublevels; the ratio of the
saturation intensities is equal to the ratio of the corre-
sponding relaxation times.6 At the low intensity levels
required for an experiment in the ground state, excitation
pulses of arbitrary length can be derived from single-
mode cw lasers by electro-optic or acousto-optic means;
moreover, the narrow linewidth of the laser permits de-
tailed studies of the quantum-beat signals as a function of
optical resonance detuning. If the substates are Zeeman
sublevels, the splitting between them can be controlled ex-
perimentally and the signal measured as a function of the
sublevel splitting.

Here we use this experimental approach to study the
amplitude and phase variations of optically induced
Zeeman coherences in the 3s 2S/ 2 ground state of atomic
sodium. Instead of using the term quantum beats, we
prefer to call the observed transients free-induction-decay
(FID) signals, in analogy to magnetic-resonance experi-
ments using radio-frequency fields.4' 7 A long pulse of
circularly polarized laser light is applied close to the
D, resonance line to create the ground-state superposi-
tion, and the subsequent FID of the spin coherence is
observed with a cw optical probe beam. Since the excita-
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tion pulse is derived from a cw laser and can be made
arbitrarily long, we do not need to work in the impact ap-
proximation but can drive the system until it reaches an
equilibrium state.

The observed FID signal is that of a freely precessing
system, i.e. the oscillation frequency of the FID is not
broadened or shifted by the optical pulse. The amplitude
and the phase of the freely oscillating transient, however,
are determined by the preparation and show a pronounced
dependence on laser intensity, optical resonance detuning,
and sublevel splitting.8 In this respect our research ex-
tends previous quantum-beat studies' and optical pump-
ing experiments involving coherence phenomena in atomic
ground states.9 The observed behavior of the sublevel
FID reported here can be explained quantitatively with a
simple theory based on a Bloch-type equation for the evo-
lution of an optically driven J = 1/2 system. In Section 2
this theoretical approach is presented in more detail.

2. OPTICALLY PREPARED SUBLEVEL
COHERENCES

The basic idea behind our experiment is illustrated graphi-
cally in Fig. 1. Figure 1(a) is a schematic representation
of the atomic level system considered; Fig. 1(b) summa-
rizes the experimental setup. The ground and excited
states of our model system are both J = 1/2 states. We
have chosen the propagation direction of the laser beam as
the quantization axis. If the pump beam (solid lines) is
right-circularly polarized, it couples to the transition be-
tween the states 11) and 14). If the laser intensity is well

(a) -1/2
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Na CELL
Fig. 1. (a) Schematic representation of the J = 1/2-J' = 1/2
system coupled to the optical fields. The quantization axis is
parallel to the propagation direction of the laser beam so that the
atomic substates remain degenerate, even in the presence of a
transverse magnetic field, B. In this representation, the mag-
netic field induces transitions between the substates, indicated
by the curved line. (b) Schematic representation of the experi-
mental setup: P polarizer; BS, beam splitter; AOM, acousto-
optic modulator; A/4, retardation plate; B, magnetic field; A, po-
larization analyzer; PD, photodiode.

below the saturation intensity for the optical transition,
we can neglect the population of the excited state; the
primary effect of the laser field is then the depletion of
the mj = -1/2 ground state. The resulting population
difference between the two magnetic substates of the
atomic ground state leads to different absorption and dis-
persion for right- and left-circularly polarized light, which
can be detected by another laser beam. For this probe
beam (dashed lines) it is advantageous to choose linearly
polarized light, which can be thought of as a superposition
of equal amounts of left- and right-circularly polarized
light. The circularly polarized components act as probes
for the two transitions with mj - mj = 1. Our detec-
tion scheme separates these components and measures
the different strengths of the two transitions and thereby
the population difference between the two ground-state
sublevels.

The magnetic moment associated with the transition
between the Zeeman substates also couples to an external
magnetic field B. In our experiment we apply a static
magnetic field perpendicular to the laser beam. If we
temporarily change the direction of quantization, the con-
nection between our experiment and the usual quantum-
beat experiments becomes apparent. In a coordinate
system in which the quantization axis lies along the direc-
tion of the magnetic field, the atomic levels are split by the
Zeeman interaction.'0 If the homogeneous width of the
optical transition or the spectral width of the laser pulse
is larger than the Zeeman splitting, the laser radiation is
resonant with both transitions from the ground to the ex-
cited state, and a Raman-type process can occur that
leads to coherence between the two ground-state levels.

In our experiment the optical pumping of the sample is
continued until transient effects have disappeared and a
steady-state polarization of the atomic ground state is es-
tablished. The size of this polarization and its orienta-
tion in space depend on the intensity and the resonance
detuning of the laser, the strength of the magnetic field,
and the ground-state relaxation rate. Quantum mechani-
cally, this equilibration process corresponds to a decay of
the off-diagonal elements of the density operator in the
eigenbase of the Hamiltonian of the system including the
coupling to the laser radiation. When the optical pump
beam is suddenly switched off, the Hamiltonian of the
system changes such that the density operator has off-
diagonal elements in the new eigenbase. The evolution of
these density operator elements corresponds to a preces-
sion of the magnetization around the magnetic field. The
polarization-selective detection measures the magnetiza-
tion component parallel to the laser beam; the preces-
sion appears therefore as an oscillation that is damped by
the ground-state relaxation rate. The amplitude and the
phase of this FID depend on the size and the orientation
of the steady-state polarization established during the op-
tical pumping process.

For a quantitative analysis, it is useful to introduce the
vector m for the ground-state polarization as"

m = [P12 + P21,-i(P12 - P21),P22 - P]- (1)

The longitudinal component m of the magnetization,
i.e., the component parallel to the laser beam, is given by
the difference of the populations of the ground-state sub-
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levels, while the transverse components m. and my corre-
spond to the real and imaginary parts, respectively, of the
coherence between them. Equation (1) does not merely
represent a parameterization of the density operator;
the vector m is also directly proportional to the macro-
scopic magnetization vector. In our coordinate system
the z component is oriented along the laser beam, while the
x component lies along the direction of the magnetic field.

As is shown elsewhere,11 12 the dynamics of the system
coupled to the radiation field can be simplified consider-
ably by disregarding the optical coherences and the popu-
lation of the excited state. This is possible if the optical
coherences decay fast compared with the dynamics of the
ground state and if the laser intensity is well below the
saturation intensity of the optical transition. Experimen-
tally, these conditions can be realized by adding buffer gas
to the sample cell, leading to a pressure broadening of the
homogeneous optical resonance line. Under these condi-
tions, the dynamics of our model system occurs exclusively
in the two ground-state levels and can be described by the
magnetization vector m.

The effect of the pump laser can be parameterized by
the pump rate

P+ = r + 2)' (2)

where j3+ = ueE+/2h represents the optical Rabi fre-
quency and A = A/F2 denotes the detuning A of the laser
frequency from exact optical resonance, normalized to the
half-width at half-height r2 of the optical resonance line;
positive A corresponds to blue detuning. e is the electric
dipole moment of the transition 11) - 14), and E+ describes
the electric field amplitude of the circularly polarized
pump pulse. The optical field has a threefold effect on
the dynamics of the spin system: it generates ground-
state polarization in the direction of propagation, causes
relaxation of the existing magnetization, and, if the laser
frequency is detuned from exact resonance (A • 0), it
shifts the energy of the state to which the radiation field
is coupled. For the spin dynamics, this level shift, often
called the light shift, has the same effect as a magnetic
field along the direction of the laser beam. 3

The equation of motion of the system under the influ-
ence of laser and magnetic field is"",12

mi = (x m- effm + P, (3)

with

Q = (LAiP+), f= l gB P = (OOP+),
h

Yff = )Y + P+. (4)

x

Y

AP

Fig. 2. Representation of the magnetic field DL and the pseudo-
field AP due to the light-shift effect, together with the equi-
librium magnetization m. and its projection into the yz plane
my.. For details see text.

ation time Yeff , in which case the magnetization is deter-
mined by the stationary solution of the equation of motion

M. =
Yeff(flL + ij

2
p+

2
+ Yeff2

x (AP+ lL, YeffQL 2P+ + eft). (5)

The relative orientation of this equilibrium magnetiza-
tion is also shown in Fig. 2. If the pump beam is suddenly
switched off, the magnetization generated during the
pulse is no longer in equilibrium but starts to precess
around the magnetic field that lies along the x axis. The
equilibrium magnetization during the pulse is therefore
also the initial condition for the FID. We choose the end
of the pump pulse as the origin of our time axis, so that
the evolution of the magnetization can be written as

m(t) = [mak -A sin(flLt + ), A cos(fLt + 4)]e- t . (6)

Here m,(O) = mx,. is the x component of the stationary
magnetization generated by the pump pulse. Since this
component is parallel to the magnetic field, it has no oscil-
latory time dependence but merely decays with the relax-
ation rate y. Amplitude A and phase 0 of the orthogonal
component precessing in the yz plane are given as

A = [my(O) 2 + mz(O) 2] 1/2

p [-y" 
2 f 2

+ (
2
P+

2
+ Ye ff2)2]1/2

Yeff fL2 + 
2 p+2

+ ff2
I/eff L m,(0) ^2p+ + eff

_ mY(O) _ YefffIL
tan - z(0) - a

2p+2
+ Yeff2

(7)

(8)

Here A.B denotes Bohr's magneton, g is the Land6 fac-
tor, and B is the magnetic field. The effective relaxation
rate Yeff is given by the sum of the relaxation rate y due to
diffusion of the atoms out of the laser beam and the relax-
ation due to coherence-destroying optical pumping. The
orientation of the fields (IL, AP, and 0 = (ML, 0, AP+) is
shown graphically in Fig. 2. As we pointed out above, we
are interested in the case of long-pulse excitation in which
the duration of the pulse is long compared with the relax-

The instantaneous z component of the magnetization is
directly proportional to the detected signal 2 ; the ampli-
tude and the phase of the FID signal are therefore deter-
mined by Eqs. (7) and (8). This is shown graphically in
Fig. 3: on the left-hand side the projection of the magne-
tization into the yz plane is shown; the arrow represents
the magnetization vector immediately after the end of the
excitation pulse, and the dashed spiral shows the subse-
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(a) (b) kiIIzkL)

Fig. 3. (a) Projection of the magnetization vector m into the yz
plane. The arrow represents the stationary magnetization and
the dashed spiral the evolution after the end of the optical excita-
tion pulse. Amplitude Aand phase tof the FID are given by the
polar coordinates of the thick arrow. (b) z component of the
magnetization as a function of time (solid curve) and the FID
envelope A exp(-yt) (dashed curves).

quent evolution due to Larmor precession and damping.
The solid curve on the right-hand side displays the z com-
ponent of the magnetization vector as a function of time;
it is therefore directly proportional to the FID signal.
The dashed curves represent the envelope of the FID,
±Ae-"', which is given by the instantaneous length of the
precessing magnetization component my,,.

Equations (7) and (8) show that the amplitude and the
phase of the FID signal depend strongly on the laser in-
tensity and on the optical resonance detuning. This de-
pendence can be seen more easily in the limit where the
optical pumping rate is large compared with the relax-
ation due to diffusion, P >> . This condition is usually
fulfilled as long as the irradiation frequency is near reso-
nance. We then have

A= (T)

tan =11p, (8')

where p = 113+12/F2QL is the ratio of the on-resonance op-
tical pumping rate to the Larmor frequency. In the limit
considered here, the phase of the FID signal depends only
on this dimensionless parameter, while the amplitude has
a Lorentzian dependence on the resonance detuning. It
reaches a maximum of p /V1 +p 2 on resonance and falls
off to half of this value at = + p2.

The variation of the equilibrium magnetization during
the pulse, i.e., the initial condition for the FID, as a func-
tion of laser intensity is illustrated in Fig. 4. The projec-
tion into the yz plane m(0) is shown as a function of
laser intensity for two different resonance detunings of
the exciting laser pulse. For high enough laser intensity,
P+ >> L, the equilibrium magnetization is oriented al-
most parallel to the z axis ( - 0), and the amplitude can
reach values near unity. This corresponds to a complete
polarization of the ground state. If the laser intensity is
decreased, the amplitude of the ground-state polarization
decreases, and the projection of the magnetization vector
tilts toward the y axis. For the observed signal, this cor-
responds to an increase of the phase toward 90. The
arrows indicate the position of the magnetization vector
at a laser intensity of p = 2. The two vectors differ only

in their length, not in their orientation, as predicted by
Eq. (8').

3. EXPERIMENTAL RESULTS
Our experiments were performed on the Zeeman sublevels
of the 2 S112 ground state of atomic sodium. The D, line
(A = 589.6 nm) was used for optical excitation. The de-
tails of the experimental apparatus are described else-
where. 2 A schematic representation of the experimental
setup is shown in Fig. 1(b). The sodium-cell temperature
was 180'C, and 210 mbars of argon was added as a buffer
gas, causing a pressure broadening of the optical reso-
nance line to a half-width at half-maximum of 2.1 GHz.
The small-signal absorption at the line center was 20%.
From the absorption profile we calculated a particle den-
sity of 4.5 x 109 cm-3 ; the total number of atoms in our
probe volume was thus some 7 x 107. The intensity of
the pump beam was changed by adjusting an attenuator in
the beam, while the intensity of the probe beam was kept
constant. The diameter of both beams (full width at half-
maximum) was between 0.3 and 0.7 mm, depending on the
experiment.

In order to get good detection sensitivity over a large
detuning range, we measured the magnetization through
its influence on the difference of the dispersion of right-
and left-circularly polarized light, in contrast to the ex-
periments described before,' 2 in which differential absorp-
tion was measured. The experimental realization of the
polarization-selective detection is shown in Fig. 5. The
probe beam was split into two partial beams behind the
sample, both of which were passed through polarizers
whose axis was rotated by 450 with respect to the polariza-
tion of the probe beam before the sample. Each of the
two partial beams was focused onto a photodiode; the
difference of the two photocurrents was then amplified
and recorded with a digital storage oscilloscope. The re-
sulting signal is

AI = Io exp(-aol) sin(2mdo). (9)
Since this is an odd function of the magnetization, the

zero-order term as well as the second-order term vanishes,
and the linear term is usually a good approximation of
the signal,

AI, = mdoIo exp(-aol). (10)

Fig. 4. Equilibrium magnetization m,,(0) as a function of opti-
cal pump rate for two different detunings. The optical pump
rate 1,6+12/F2 runs from 0 to 2 X 107 sec-'. The arrows represent
the values for X

2
/r2 = 2 x 106 sec'1 in each curve. The other

parameters are L/27r = 159 kHz and y = 10 4 sec'1.
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+
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Fig. 5. Experimental realization of the polarization selective de-
tection: BS, beam splitter; A's, polarization analyzers; PD's,
photodiodes; AMP, amplifier.

Here do and a0 represent the frequency-dependent dis-
persion and absorption coefficients, respectively, of the
unpolarized medium, Io is the laser intensity, and 1 is the
interaction length. The detected signal is thus propor-
tional to the z component of the magnetization; the de-
tection sensitivity is given by the intensity of the probe
beam multiplied by the dispersion of the unpolarized
medium; it vanishes therefore on resonance, reaches a
maximum near A = +F2, and falls off as 1/A for large
detunings.

If the excitation pulse length is comparable with the pe-
riod of the initial transient, the amplitude and the phase of
the FID are both functions of the pulse length.14 Here we
consider only the limit of long excitation pulses, where an
equilibrium ground-state polarization is reached before
the pump beam is switched off. Details of the initial
transient are given elsewhere.12

In order to measure the phase of the precession signal,
it is essential to have a well-defined origin of the time
axis. Since this reference point is determined by the
time at which the pump beam is turned off, rectangular
pulses should be used. In our experiment we use an
acousto-optic modulator to generate the pulses. The rise
and fall times of our pulses were 200 and 400 nsec,
respectively, short compared with the Larmor period of
1-10 Asec.

Figure 6 shows two examples of experimental signals at
two different intensities of the pump laser, together with
the time-dependent laser amplitude. It is obvious that in
both cases an equilibrium ground-state polarization is
reached before the pump beam is turned off. The differ-
ent amplitudes of the FID signals are apparent from the
different scale of the two traces; for the upper trace, the
phase 4 of the FID, as defined by Eq. (6), is close to 0,
whereas it is almost 900 in the lower trace. As can be
seen from Fig. 3, the phase of the FID is determined by
the orientation of the magnetization vector in the yz
plane. At high laser intensity the evolution of the magne-
tization is determined mainly by the optical irradiation,
and the equilibrium magnetization is oriented close to the
z axis; in the FID signal this results in a phase close to 0.
At lower intensities the equilibrium magnetization be-
comes smaller and tilts toward they axis (see Fig. 4); the
phase of the FID increases accordingly toward 900. In
the case of the lower trace in Fig. 6, the equilibrium mag-

netization appears to be oriented almost parallel to the
y axis.

Measurements of signal amplitude and phase as a func-
tion of the laser intensity at three different Larmor
frequencies flL are shown in Fig. 7 together with the theo-
retically predicted dependence as derived from Eqs. (7)
and (8). The resonance detuning of the laser was set to
A/2ir = 10.5 GHz ( = 5) for all measurements. The
overall scaling factor for the FID amplitudes and the scal-
ing factor for the conversion of laser power to optical
pump rates were used as adjustable parameters for the
calculation of the theoretical curves. At low intensities
the FID amplitude increases almost linearly with the opti-
cal pump rate. As the pump rate exceeds the Larmor fre-
quency the system becomes almost fully polarized, and the
signal saturates. The phase of the FID signal decreases
simultaneously toward 0.

The measured variation of the ground-state magnetiza-
tion with the optical detuning is shown in Fig. 8 together
with the theoretical prediction. The measurements were
performed with a constant pump laser power of 15 mW.
The upper half of the figure again shows the amplitude of
the FID, and the lower half shows the phase. Since the
detection sensitivity depends on the resonance detuning
of the laser, the z component of the magnetization as de-
termined by Eq. (7) has to be multiplied by the dispersion
of the unpolarized medium and the transmission coeffi-
cient. As a consequence, the signal vanishes on reso-
nance, as shown in the top trace. For larger detunings the
signal falls off owing to the decrease in the optical pump-
ing rate as well as to the decreasing detection sensitivity.
Over the detuning range measured, the phase was almost
independent of detuning, in agreement with Eq. (8').

70 mW

5 mW

Ix 25

Laser I

6 20 4b 60 8b l00

time (Asec)

Fig. 6. FID signals measured with two different laser powers.
Note the different scales. Experimental parameters: fIL/2 7r =

200 kHz, A/27r = 10.5 GHz. The lowest trace indicates the am-
plitude of the laser pulse.
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Fig. 7. Amplitude and phase of the FID signal as a function of
laser power for three different magnetic-field strengths. The
experimental data points are compared with the theoretical pre-
diction. The optical detuning was set to /27r = 10.5 GHz, and
the decay rate was y = 12 x 103 sec'. The amplitude scale rep-
resents relative ground-state polarization, and the arrows indi-
cate wherep = I+12/r2IfL = 1 for each curve.

The theoretical calculations were all done for ideal con-
ditions, in which the angle between laser beam and mag-
netic field is exactly 900 and the pump beam is circularly
polarized. We have taken care to provide conditions as
close to these as possible in the experiments. In order to
get an idea of the effects of some unavoidable nonideali-
ties, we have calculated the FID signal under conditions of
a misaligned magnetic field and an elliptically polarized
pump laser. While the effect on the amplitude of the FID
is in both cases relatively small, the phase is affected
more strongly. Under the influence of a longitudinal mag-
netic field, the dependence of the FID on the optical de-
tuning becomes asymmetric. The effect of an elliptical
polarization of the pump beam is a decrease of amplitude
and phase near resonance. While we have largely elimi-
nated these effects, another imperfection was not elimi-
nated: the theoretical calculations assumed that the
laser field was homogeneous throughout the sample,
whereas the experiments were performed with two beams
with approximately Gaussian profiles.

4. DISCUSSION

The theoretical and experimental results presented here
show the dependence of amplitude and phase of optically
prepared sublevel coherences on laser intensity, laser de-
tuning, and sublevel splitting. These results can be com-
pared with the theoretical work of Silverman et al.

2 in

which they calculated the dependence of quantum-beat
signals on the laser intensity for the limit of long excita-
tion pulses. They found that, in the limit of weak optical
pumping, the amplitude of the quantum-beat signal is
given by the Fourier transform of the pulse shape, evalu-
ated at the frequency that corresponds to the level split-
ting in the excited state. If the pulse is longer than the
precession period, the beat amplitudes are therefore rela-
tively small; this can be interpreted as destructive inter-
ference between coherence packets that were created at
different times by the optical pumping process and have
therefore acquired different phases during their free evo-
lution. However, if the laser intensity is raised far above
the saturation intensity, the amplitude of the quantum-
beat signal increases, an effect that they called "satura-
tion regeneration of quantum beats."

These results were obtained by numerical integration of
the equations of motion; since no analytical solution was
available, they could give only a qualitative analysis of this
effect. In their view, "the effect of saturation is to slow
down the coherence precession rate, and thereby prevent
the destructive interference from washing out the beats
during the passage of the pulse." However, according to
their equation of motion, the atomic system should reach
an equilibrium state in a time of order T (in their nota-
tion the inverse of the optical pumping rate); a saturation
parameter of S = 5 (in their notation), e.g., implies that
the system has, in a sense, progressed more than 99%
toward its equilibrium state. A further increase of the
saturation parameter should therefore'not lead to any sig-
nificant changes of the equilibrium polarization.

In our case, the equations of motion can be solved ana-
lytically. The FID signal observed in our experiment is

::

0

IC

90 -

60 -

30

a)W

M
P.
c,,

n

detuning A/2xt [GHz]
Fig. 8. Phase and amplitude of the FID signal as a function of
optical detuning, The experimental data points are compared
with the theoretical prediction. The parameters used for the
calculation were X2/r2 = 1.5 x 106 sec1-, = 8.5 x 10 3 sec',
and L/27r = 102 kHz.

0
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in principle identical to the signal that they calculate, ex-
cept that in our case the sublevels contributing to the
superposition state are sublevels of the electronic ground
state. Another difference is that in our experiment
we use a narrow-band laser, whereas they assumed broad-
band excitation. However, a narrow-band laser irradiat-
ing a broad transition is basically equivalent to broadband
irradiation of a narrow resonance line. In either case, the
important condition is that the radiation be resonant with
both transitions, which is always satisfied as long as the
spectral width (laser linewidth or homogeneous optical
width) is large compared with the level splitting.

In order to compare our results with those of Silverman
et al., we specialize to the conditions considered by them.
The analogous case is described by our formulas (7) and
(8) in the limit of very long relaxation times, y -> 0, and
on-resonance irradiation, A = 0. The FID amplitude
is then

A= _P = + . (11)
V / SQpVl2 + P2

The condition for strong optical pumping is therefore
P+ >> flL, under which the system becomes fully polarized
(A -- 1). It is important to realize that this condition de-
fines the equilibrium position of the system and that this
equilibrium is reached in a time of order P+-'. The physi-
cal interpretation of this condition is that the time evolu-
tion of the system becomes dominated by the optical
pumping and the precession due to the sublevel splitting
vanishes in first order. In addition, the optical pumping
leads to relaxation of the system, which means that the
memory of the coherence extends only over a time of the
order of P+-'. No matter how long the system is pumped,
the coherence present in the system was generated during
the last P+-1 seconds and can therefore not be dephased by
more than IL/P+. For strong pumping this phase can be
made arbitrarily small. The average phase acquired by
the different coherence packets during the pumping pro-
cess becomes directly visible in our experiment as the
phase of the FID signal. According to the arguments de-
veloped above, the FID amplitude should go to zero as the
phase approaches 900. Inspection of Fig. 7 shows that
this is clearly the case.

This explanation is partly consistent with that of Silver-
man et al. However, the equilibrium position of the sys-
tem changes as the pulse amplitude is lowered. If the
variation of the pulse amplitude is slow enough, the system
follows adiabatically and remains in equilibrium with the
external fields. When the pulse amplitude reaches zero,
the equilibrium magnetization vanishes also, and the beat
amplitude goes to zero. Even if the optical pumping at
the pulse maximum is very large (p >> 1), the signal van-
ishes if the pulse is not switched off fast enough. In this
case, the coherence that was generated during the pump-
ing process is destroyed again, mainly while the pump rate
is lowered through the region of p - 1.

In their numerical calculations Silverman et al. assumed
a Gaussian pulse shape. While a relatively small satura-
tion parameter of, e.g., p = 2 is sufficient to polarize the
system to 90%, this polarization is partly lost while the
Gaussian pulse is turned off. In order to compensate for
this effect, they used extremely strong pulses. A simple

calculation shows that the time during which the laser
amplitude is in the critical region of, say, p = 2 to p = 0.2
is decreased by a factor of 4 if the maximum pulse ampli-
tude is raised from p = 2 to p = 4000. The system is
therefore left with much less time to lose the coherence
generated by the optical pumping during the pulse. The
necessity for strong pulses arises therefore not from the
need for strong pumping but from the need to switch off
the pulse fast enough. In our experiment, we use rela-
tively low laser intensities, but the nearly rectangular
pulse shape guarantees that the switching off of the pulse
occurs nonadiabatically and the full polarization is ob-
served in the FID signal.

In addition to the dependence on the laser amplitude
and the sublevel splitting, we have also investigated the
dependence of the FID on the resonance detuning of the
laser. In this case, the effect of the light shift becomes
important. It has a dispersionlike dependence on the de-
tuning and therefore falls off more slowly (-A-') than the
optical pumping rate (-A-2 ). Since the virtual field pro-
duced by the light shift is parallel to the direction of the
laser beam, the magnetization generated by the optical
pumping process is no longer forced to precess around the
direction of the magnetic field and can accumulate over
longer pumping times. As a result the amplitude of the
FID falls off more slowly as a function of resonance de-
tuning than would be expected by considering only the op-
tical pumping.

Variations of the amplitude and the phase of the FID
signal as a function of the strength of the exciting field
are known not only in optically pumped systems but also
in other coherently excited systems such as spin systems
excited with pulses of radio-frequency radiation. 5 The
reason for these variations is basically a variation of the
direction of the effective field Ql. In the case of rf spec-
troscopy, two components contribute to this effective field:
one component is given by the resonance detuning of the
rf field, the other by the rf field strength. In the optical
case discussed here, one component of the effective field is
given by the Larmor frequency, while the other is deter-
mined by the light shift that depends on the resonance
detuning of the laser. However, in the optical case not
only is the magnetization rotated by the effective field but
in addition magnetization is generated by the optical
pumping. This is basically the reason why we can observe
a magnetization even for prolonged laser irradiation,
while in the case of rf excitation the pulse length must be
kept short in order to avoid decay of the magnetization.

Although the FID signals that we observe here are ex-
cited with laser pulses, they should not be confounded
with optical FID's, 6 which correspond to freely precessing
coherence between the ground state and an electronically
excited state. In contrast, the signals in which we are
interested represent coherences between Zeeman sub-
states of the electronic ground state that precess at fre-
quencies in the rf range and evolve on a time scale of the
order of microseconds to milliseconds, much longer than
that of typical optical FID's.

5. CONCLUSIONS
In summary, we have reported experimental investiga-
tions of the dynamics of the spin system in an atomic
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ground state after an optical pumping process. The main
emphasis of our study was on the measurement of the am-
plitude and the phase of the resulting FID as a function
of laser intensity, optical detuning, and magnetic field
strength. All experiments were performed with long ex-
citation pulses, allowing the system to reach a steady state
before the pulse was turned off to permit observation of
the FID. Our theoretical and experimental results show
that optically induced FID signals can be generated that
correspond to an almost complete polarization of the
ground-state sublevels. The most important parameter
for the description of this process is the ratio between the
optical pumping rate and the frequency at which the sub-
level coherence evolves. At low pumping rates the FID
amplitude is essentially proportional to the pumping rate;
if the pumping rate exceeds the frequency corresponding
to the sublevel splitting, the system becomes fully polar-
ized, and the FID signal saturates. As the laser intensity
is increased, the phase of the FID signal changes by some
900. If the laser frequency is tuned away from resonance,
the decrease of the optical pumping rate leads to smaller
FID signals. The phase, however, is essentially indepen-
dent of the optical detuning.

A simple model based on a Bloch-type equation was
used to describe the dynamics of the ground-state spin
polarization. Although the level scheme of sodium is
more complicated than the J = 1/2 to J' = 1/2 system
assumed for our model calculation, the agreement be-
tween theoretical predictions and experimental data is
quite satisfactory. The simplicity of the model has the
advantage of permitting an easy visualization of the dy-
namics, since the density operator of the system can be
fully parameterized in a three-dimensional space.

It is clear that our results apply directly only to the spin
dynamics of an atomic ground state. However, the fact
that the amplitude and the phase of the FID depend
strongly on the experimental parameters of the prepara-
tion stage may also be important for transient sublevel
studies in optically excited states such as quantum-beat
experiments. Since the effects reported here require that
the system be saturated, similar experiments on excited
states will in general require much higher laser intensities.
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