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Optically driven spin nutations in the ground state of atomic sodium
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We report detailed studies of the dynamic response of spin coherence to a step input of optically
resonant narrow-band laser radiation in the presence of a static transverse magnetic field. The evo-
lution of the spins is observed with a cw optical probe beam using polarization-selective detection of
the transmitted light. In extension of previous optical-pumping experiments, the dynamics of the
system are studied systematically as a function of optical-resonance detuning and intensity. Our ex-
periments are performed on the 3s S,~2 ground state of sodium, using the D, line for optical excita-
tion. The experimental data are compared with theoretical predictions based on a Bloch-type equa-
tion of motion for an optically driven spin system in a J=

2 ground state.

I. INTRODUCTION

Transfer of angular momentum from photons to elec-
trons is an efficient way of polarizing the spins of atomic
systems to values near unity. ' The spin polarization gen-
erated in the system can be observed as magnetization,
using, e.g. , pickup coils, or optically, by measuring the
response of the sample to polarized light. ' These purely
optical studies of spin systems can be performed either in
the frequency domain under steady-state conditions or in
the time domain, using pulsed light for excitation. ' In
the present work we are interested in the transient dy-
namics of optically driven electron spins in a magnetic
field. We revisit transverse optical pumping at the exam-
ple of sodium atoms, using narrow-band laser radiation
for excitation. The optical pumping generates a coherent
superposition of the magnetic substates which evolves un-
der the combined inhuence of the magnetic and optical
fields. This evolution can be interpreted as optically in-
duced spin nutation which we observe with polarization
selective detection of a cw optical probe beam.

The motivation for this study is twofold. On one hand,
we are interested in the dynamics of radiation-coupled
three-level systems; here the special situation is analyzed
where two states are sublevels of an electronic ground
state. On the other hand, we are interested in the devel-
opment of purely optical methods to study magnetic reso-
nance phenomena. In both respects, our study is closely
related to quantum-beat spectroscopy using a pump-
probe technique; we analyze the preparation stage of
such a quantum-beat experiment, including the limit of
long-pulse excitation.

In contrast to most previous work, ' our experiment is
not restricted to the limit of optical broadband excitation
and impact excitation. In our investigations, a step in-
put of intense and narrow-band laser light is used to ex-
cite the atomic sublevel coherence; we continue the ob-
servation of the system until the initial sublevel transient
has decayed and a steady state is reached. This excita-
tion process determines also amplitude and phase of the
quantum-beat signal or "free induction decay, " which
can be observed after the laser light is switched off. We

study the initial transient as a function of the optical res-
onance detuning which determines the signal shape via
optical-pumping and light-shift effects; in this respect,
our work extends earlier experimental studies of Zeeman
light shifts in weak magnetic fields using conventional
light sources. 7 Finally, saturation effects of the initial
sublevel transient are analyzed.

Our work also yields useful information for experi-
ments where a sequence of excitation pulses is used to in-
duce sublevel coherence. In the case of a two-pulse exci-
tation, e.g., a sublevel echo can be observed for inhomo-
geneously broadened sublevel transitions. ' It turns out
that light-shift effects play a crucial role in the formation
of this type of echo; intensity and detuning of the laser
radiation are therefore important parameters in such an
experiment. The study of the response of atomic mul-
tilevel systems to single-pulse laser excitation, as dis-
cussed in the present work, is thus an important prere-
quisite for the understanding of transient phenomena
showing up in the case of multiple-pulse excitation.

In Sec. II we introduce the experimental principle and
the theoretical model used for the description of our ex-
periment. In Sec. III we develop the theory which is
based on a Bloch-type equation of motion for the
ground-state polarization. With this approach, simple
analytical solutions can be derived which allow an easy
visualization of the dynamics of the optically driven spin
system in three-dimensional space. In Sec. IV the detec-
tor signal is calculated and in Sec. V our experimental re-
sults on the various effects of the pump beam, like polar-
ization of the ground state, light shifts, and relaxation,
are presented and compared to our theoretical predic-
tions. Finally, we discuss our experimental findings in re-
lation to previous work on spin nutation phenomena in
atomic two- and three-level systems.

II. PRINCIPLE OF EXPERIMENT

In order to introduce the basic idea behind our experi-
ment, we consider the model system depicted in Fig. l.
Part (a) shows a schematic representation of the atomic
level system considered in our experiment, while part (b)
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summarizes the experimental setup. The ground and ex-
cited state of our model system are both J =

—,
' states. We

have chosen the propagation direction of the laser beam
as the quantization axis. If the pump beam (solid line) is
right circularly polarized, it can induce transitions only
between the states ~1) and ~4), thereby depleting the
mj= —

—,
' ground state. Thus a population difference be-

tween the two magnetic substates of the atomic ground
state is created by optical pumping. This population
difference leads to different absorption and dispersion for
left and right circularly polarized light which can be
detected by another laser beam. For this probe beam, 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 (dashed line).
These circularly polarized components act as probes for
the optical transitions with m J.—m J =+1.

The magnetic moment associated with the transition
between the Zeeman substates couples also to an external
magnetic field B. In our experiment, we apply a static
magnetic field perpendicular to the laser beam. In a
quantum-mechanical picture, this field generates a
coherent superposition of the two substates and leads to
an oscillatory exchange of population which can be ob-

served in the polarization selective detection of the opti-
cal transitions connected to these sublevels. In a semi-
classical picture, the population difference generated by
the optical-pumping process corresponds to a macroscop-
ic magnetization m which is forced into precession by the
transverse magnetic field.

III. SPIN DYNAMICS

The four-level system shown in Fig. 1(a) will serve as
the prototype system for the description of our experi-
ment. Levels

~
3 ) and ~4) belong to an electronically ex-

cited state, while levels ~1) and ~2) are substates of the
electronic ground state. The z axis (quantization axis) of
the coordinate system is parallel to the propagation direc-
tion of the laser beam. The laser frequency is tuned close
to the optical transition. If the laser field has 0+ polar-
ization, it couples to the ~1)~~4) transition. It excites,
therefore, only atoms that are in the m J = —

—,
' state, while

spontaneous emission processes populate both ground
states; via successive pumping cycles, it is thus possible to
pump all the population from state ~1) into ~2). Popula-
tion difference between these substates corresponds to a
magnetic dipole moment pM parallel to the laser beam,
and coherence between them to a magnetic dipole in a
plane orthogonal to the beam direction. It is therefore
helpful to introduce a polarization vector m by the
definition

B

FIG. 1. (a) Schematic representation of the J=—,
' —J'=

2

system coupled to the optical fields. The quantization axis is

chosen parallel to the propagation direction of the laser beam,
so that the atomic substates remain degenerate, even in the pres-
ence of a transverse magnetic field 8. In this representation, the
magnetic field induces transitions between the substates, indi-

cated by the curved line. (b) Schematic representation of the ex-

perimental setup. The rectangular box in the center represents
the atomic vapor cell in the magnetic field 8. A pulsed, circu-
larly polarized laser beam (solid line) is used to excite the spin

nutation and a cw laser beam (dashed line) is used for detection
of the resulting transient spin polarization.

= (P12+P21 (P12 P21) P22 P 11)

where p is the density operator of the system. Population
difference is then described by the z component of the po-
larization vector, while coherence between the two states
contributes the x and y components. This corresponds to
the usual Feynman-Vernon-Hellwarth parametrization of
a quantum-mechanical two-level system in our case,
however, the vector m has also a direct physical interpre-
tation: it is proportional to the macroscopic magnetiza-
tion associated with the transition ~1)~~2). This mag-
netization can couple to an external magnetic field; in our
experiment, we apply a static field B orthogonal to the
direction of the laser beam. We can therefore choose the
x axis of our coordinate system parallel to the magnetic
field direction. The matrix elements of the magnetic di-

pole coupling contribute then only off-diagonal elements
to the Hamiltonian.

If the dephasing time of the optical transition is short
and the relaxation of the excited-state populations is fast
enough, it is possible to separate the optical from the spin
degrees of freedom. " The physical assumption behind
this procedure is that the motion of the spins is slow corn-
pared to the motion of the electrons. It is then possible
to adiabatically eliminate the optical coherences. For
small laser intensities, the population of the excited state
can be neglected so that only the ground-state sublevels
have to be retained. The resulting Hamiltonian depends
only on the spin degrees of freedom, but includes a term
that shifts the energy of the magnetic substates by an
amount that depends parametrically on the laser field.
The effect of the laser field can be parametrized with the
optical pump rate"
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II3+ I'
P+=

r,(1+5,') ' (2)

where P+=p, F. +/2A represents the optical Rabi fre-

quency and

denotes the detuning 4 of the laser frequency from exact
resonance, normalized to the half-width at half-height I 2

of the optical resonance line; positive 6 corresponds to
blue detuning. p, is the electric dipole moment of the
transition I

1 )~I4) and E+ describes the electrical field

amplitude of the pump pulse. The equation of motion of
the ground-state system can now be written as"

m=QXm —y,irm+P,

with

PagB
Q=(QL, O, bP+ ), QL =

P(O, O, P+ ), y,tt=y+P+ .

Here pz denotes Bohr's magneton and g is the Lande fac-
tor.

The first term in Eq. (4), QXm corresponds to a pre-
cession of the magnetic moment around the effective field
0 whose x component QL is determined by the strength
of the magnetic field B and whose z component results
from the term hP+. Note that this term is proportional
to the laser intensity and shows a dispersionlike behavior.
%ith our choice of coordinate system, the effective field is
thus always in the xz plane. The second term in Eq. (4)
represents the relaxation of the polarization vector; we
have separated the contributions into two parts; a laser-
independent term y, which describes the diffusion of the
atoms through the laser beam, and the pump term P+,
which takes the destruction of coherence by the pumping
process into account. P+ is proportional to the laser in-
tensity and the optical-absorption profile. The third term
represents the addition of polarization by the optical-
pumping process.

The optical pumping has a twofold effect onto the spin
system: via transfer of angular momentum from the elec-
tromagnetic field into the spin system, it generates a mac-
roscopic magnetic moment at a rate P+. At the same
time, the interaction between the laser field and the atom-
ic system leads to a shift of the energy levels adjacent to
the optical transition coupled to the electromagnetic field

by an amount AP+. This so-called light shift arises from
a mixing of ground and excited states by the off-resonant
irradiation. Since only one of the substates is being irra-
diated, the degeneracy between the two ground-state lev-
els is lifted. For the spin system, this energy-level shift
looks like a longitudinal magnetic field of strength hP+
(in frequency units). In the case of broadband resonant
light excitation, the inhuence of this light-shift term on
the dynamics of m(t) is generally neglected. '

The first two terms of Eq. (4), are exactly analogous to

the well-known Bloch equation' describing the preces-
sion of a spin in a magnetic field, except that the magnet-
ic field lies in the xz plane, while the Bloch equations are
usually written with the magnetic field along the z axis.
Since there is no driving ac field and the relaxation rates
of all three components are equal, this change of direc-
tion corresponds to a trivial rotation of the coordinate
system around the y axis. The solutions of the Bloch
equations are well known in this case and correspond to a
precession of the magnetization vector around the
effective field, damped with the relaxation rate y,z.

The third term in Eq. (4) represents a source of magne-
tization which makes the equation of motion inhomo-
geneous; we will therefore refer to Eq. (4) as the inhomo-

geneous Bloch equation. The general solution of this
equation is

X(bP+Qt, y,ttQL, b, P++y—,it) . (9)

Note that the eigenvectors are not normalized to unit
length. go is parallel to the eff'ective field and corresponds
thus to longitudinal magnetization, while g'+, describe
the transverse component precessing around the effective
field. The precession frequency 0 is determined by the
Larmor frequency QL and the light-shift term AP+. The
deviation from the Larmor frequency is always positive
and largest if the optical detuning is equal to the homo-
geneous linewidth (6=1).

The expansion coefBcients c; are determined by the ini-

tial condition. For a sample in thermal equilibrium, the
ground-state orientation vanishes, i.e., m(0)=0. The
coeScients are then

C 0

b,P+ P+ Qt (+i Q+ y, tt)

Q y, ir 2Q (Q +y, ir)
(10)

The evolution of the magnetization is shown graphical-
ly in Fig. 2 for the parameters P+ =5 X 10 sec

y =10 sec ', QL /2~= —1.5 MHz, 6= —0. 1, and
b, =0. The curved line represents the tip of the magneti-
zation vector tracing out a curve in three-dimensional
space. Also shown are the stationary values of the mag-
netization m„and the longitudinal and transverse eigen-
vectors cogii and c,g', +c,g, . For b,AO, the tip of the
magnetization vector moves on the surface of a cone in a
spiraling motion towards the apex of the cone which cor-

where the eigenvectors g'; and eigenvalues A. ; are given as

CO (QL 0 ~P+) ~0 y ff

g~, =(ZP+, +i Q, —QL ), A~i =+i Q y,tt—,

with

Q=(Qt +b P+ )'

and the stationary value is
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(c} a ao

(i+4-~ !

0

(b) a=o of zero-field magnetic resonance is governed by the
homogeneous Bloch equations; this means that the mag-
netic field pulses can only redistribute existing order,
while in our case the optical pumping process creates ad-
ditional magnetization. Note that the pump term P alone
in Eq. (4) would lead to an unphysical situation, where
the magnetization of the system would grow without lim-
it. Only the simultaneous presence of P+ within the re-
laxation rate y,z provides a stable solution.

In our experiment, we detect only the component m,
parallel to the direction of the laser beam. The time
dependence of this component can be written as

m, (t)=[A,cos(Qt —P)+ Az]e ' +m,„,
p~ -x P+ALA]=

Q2(Q2+ 2 )1/2
(12a)

FIG. 2. Evolution of the magnetization under the Hamiltoni-
an described in the text, with (a) off-resonance and {b) on-
resonance optical irradiation. The magnetic field is along the x
axis, while the virtual field due to the light-shift effect points
along the z axis. For 5%0, the tip of the magnetization vector
moves on the surface of a cone towards the stationary value at
the tip of the cone. Also shown is the stationary value of the
magnetization and the longitudinal (go) and transverse com-
ponents (g, +g &) of the time-dependent magnetization.

6 P+A2=-
r.W'

0tanP=—
3 eff

P+ Al
m, „=

jef

(12b)

(12c)

(12d)

responds to the stationary value of the magnetization.
The location of the apex is determined by the system pa-
rameters [see Eq. (9)]. The symmetry axis of the cone is
parallel to the direction of the effective field Q, and the
opening angle is determined by the initial condition (in
our case the origin 0), which must lie on the surface of
the cone. If the optical field is applied at exact resonance
(1=0), the virtual field due to the light shift vanishes; as
shown in Fig. 2(b), the cone collapses in this case to a cir-
cle lying in the xy plane.

The graphical representation of Fig. 2 shows again the
decomposition of the precessing magnetization into the
three components: the stationary value m„and the ex-

ponentially decaying longitudinal and transverse com-
ponents cog'o and c&g&+c &g &. While the stationary
value is determined by Eq. (9), the expansion coefficients

co and cz, can be calculated from Eq. (10) or via a
geometrical procedure suggested by inspection of Fig. 2:
cp is given as the projection of the nonstationary part of
the initial magnetization m(0) —m„onto the direction of
the effective field Q =(Qt, O, bP+), while the orthogonal
component corresponds to the precessing transverse mag-
netization c,g, +c

The motion of the magnetization vector can be corn-
pared to the usual Rabi nutation which is a precession of
the magnetic moment around an effective field in a frame
of reference rotating at the frequency of the irradiation
field. Since the optical pulse generates a dc effective field,
in our case the spin precession occurs in the (static) labo-
ratory frame of reference. A similar case is known from
zero-field magnetic resonance, where dc magnetic field
pulses are used for the excitation and detection of spin
coherence. ' In contrast to present work, the dynamics

We can thus distinguish three terms via their charac-
teristic time dependence: the first term, originating from
the transverse magnetization, oscillates at the frequency
0 and is simultaneously attenuated at a rate y,z. The
second term, corresponding to the longitudinal magneti-
zation, does not oscillate, but decays at the same rate as
the oscillating part. The third, time-independent term
corresponds to the stationary ground-state orientation.
The evolution of the magnetization component m, as a
function of time is shown graphically in Fig. 3(a). The
relevant parameters used for the calculation are 6=2,
P+ =2X10 s ', QL/2m=318 kHz, and y=3. 3X10
s . The solid line represents the magnetization com-
ponent m, (t) as a function of time; the second term of
Eq. (11), i.e., the contribution from the exponentially de-
caying longitudinal magnetization, is depicted separately
by the dashed curve. The precession of the transverse

magnetization is seen as an oscillation superimposed onto
the exponential background. The final value is deter-
mined by the stationary term m,„.

With the parameters chosen, we have 0/y, &=19.9
»1 and therefore P=m. /2 [see Eq. (12c)). The oscillat-
ing component has thus a sine characteristic, as can be
clearly seen in Fig. 3. This is typical for low-power irra-
diation, while high-power irradiation near resonance
(b, =O} affects the decay rate but not the effective field
and results in /=0 i.e., a cosine characteristic. These
features are sometimes not directly apparent in the exper-
imental time-domain signal, where the superposition of
the nonprecessing exponential background and the oscil-
lating component make it difficult to extract the phase in-
formation. It is then useful to Fourier transform the
data, as shown in Fig. 3(b). The solid line represents the
real part of the Fourier transform (i.e., the cosine trans-
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crates additional polarization along the direction of the
laser beam (the z axis). Since the Larmor precession is
fast compared to the optical pumping process, the mag-
netization is spread out in the yz plane faster than it is
created, leading to a vanishing overall magnetization.

Not only the precession frequency, but also the decay
rate depends on the optical pump rate, since the optical
pumping process destroys the ground-state coherence.
This dependence of the spin relaxation of optically polar-
ized Na atoms on light intensity is well known from
optical-pumping experiments using broadband excita-
tion. ' The longitudinal and the transverse component of
the transient magnetization both decay with the effective
decay rate

r.ff=r+~+ =r+
I (1+5 )

(13)

Va

Q
& im

In the frequency domain, this relaxation rate corresponds
to a broadening of the resonance which is largest on opti-
cal resonance (Z =0).

IV. DETECTION OF SUBLEVEL COHERENCE

-o'.s t
—QL/2n

T

o.s
QL/2m

form), while the dotted line corresponds to the imaginary
part (i.e., the sine transform). In the frequency domain,
the oscillating component appears as a resonance line
around +0/2n, while the contribution of the longitudi-
nal magnetization leads to a resonance line near zero.
The shape of the resonance lines are good indicators for
the phase. The resonance line near zero frequency has an
absorptionlike appearance in the real part of the spec-
trum and a dispersionlike feature in the imaginary part.
The resonance line near 0/2ir appears dispersionlike in
the real part and absorptionlike in the imaginary part, a
clear indication that the phase is close to m/2.

The two terms of Eq. (12d) have a straightforward in-
terpretation: the first term P+/y, ff is the ground-state
orientation as it would result from optical pumping in the
absence of a magnetic field. The second term is therefore
the modification due to the precession around the tilted
effective field. The presence of the magnetic field leads
thus always to a decrease of the ground-state orientation;
in the limit of strong magnetic fields QL )&b P+ p ff,
the stationary value of the z magnetization vanishes.
This can easily be seen by a physical consideration: for
strong magnetic fields, the spins precess around an axis
that is essentially parallel to the direction of the magnetic
field (the x axis), while the optical pumping process gen-

Frequency (MHz)

FIG. 3. (a) Calculated time dependence of the magnetization
component m, for the parameters 5=2, P+ =2 10' s

QL /2m=318 kHz, and y=3.3X10' s '. (b) Fourier transform

of the same data in arbitrary units. The solid line represents the
real part, the dotted line the imaginary part. The arrows indi-

cate the Larmor frequency.

The ground-state magnetization can be detected via its
infiuence on the optical properties, i.e., the susceptibility
of the sample. Due to the optical pumping, the sample is
in an anisotropic state, so that the absorption coefficient
a depends on the polarization of the light; we use the in-
dices plus and minus to label the coefficients for right and
left circularly polarized light, respectively. They depend
on the polarization m, of the medium as"

a+ =ao(1+m, ), (14)

(15)

and for the minus component accordingly. The intensity
difference bI between left and right circularly polarized
light after the sample is given as

2Eo
b,I= e sinh(m, aors) .

cE,o
(16)

For small signals, i.e., m, aors && 1, it is useful to ex-
pand this expression in a power series with respect to m, .
Since all even-order terms vanish, the linear term

where ao represents the absorption coefficient of the un-
polarized medium. This can most easily be understood
by considering Fig. 1. Since o+ (0 ) light probes the
transition )1)~~4) (~2)~~3)), it is affected only by
atoms in the state

~
1)( ~2 ) ). The fraction of atoms in this

particular substate is (1+m, )/2[(1 —m, /2], so that the
optical properties of the sample, which are assumed to be
linear in the particle number, have to be weighted by the
corresponding factors.

The complex amplitude of the probe laser beam enter-
ing the test region may be written in terms of these polar-
izations. We write E+(0)[E (0)] for the real amplitude
of the right (left) circularly polarized light. After passing
a distance 8 through the sample, the amplitude of the
plus component becomes

E+ =E+ (0)e
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2Ep -a~
EI, =m, — e ' ao~

CE,p
(17)

V. EXPERIMENTAL RESULTS AND DISCUSSION

Our experiments were performed on the Zeeman sub-
levels of the S,zz ground state of atomic sodium in an ar-
gon atmosphere with a pressure PA, =210 mbar. The Na
sample was placed in a ceramic tube which was heated
over a length of 6 cm. The D~ line (A, =589.6 nm) was
used for optical excitation. Figure 4 shows a schematic
representation of the experimental setup. The pump
beam and the detection beam were derived from the same
cw ring-dye laser (Spectra-Physics, model 380D), stabi-
lized with a model 389 stabilock system. The short-term
laser linewidth was & 500 kHz. The laser beam was split
into pump and probe beam. The pump beam was circu-
larly polarized; the pulses were formed by an acousto-
optic modulator (Isomet 1205C) with a rise time of 10 ns.
The probe beam was linearly polarized and passed
through the sample at an angle of 0.5' with respect to the
pump beam. The total power of the probe beam was 0.2
mW and the diameter at half-intensity 1.1 mm; at this in-

will often be a good approximation for the exact signal.
Apparently, this detection scheme allows a direct mea-
surement of the polarization component m, via the
change in the differential absorption profile. It is
background-free and the resulting signal is directly pro-
portional to the polarization m„weighted with the ab-
sorption coefficient ao times the interaction length 8 of
the sample and attenuated by the absorption of the iso-—

aorstropic sample e
The presence of the magnetization m, modifies not

only the absorption properties of the sample, but also the
dispersion. Alternative detection schemes utilizing the
different dispersion for left and right circularly polarized
light are possible and have been used. The dispersive
detection scheme is advantageous if measurements are to
be performed far from resonance, since its sensitivity
drops off more slowly as a function of optical detuning,
while the absorptive scheme allows measurements near
the center of the resonance line.

tensity the damping of the spin coherence due to optical
pumping by the probe beam is negligible compared with
the decay due to diffusion. An arrangement of three or-
thogonal Helmholtz coils was used to compensate the
earth magnetic field and to generate the transverse field
in our experiments in the vertical direction. The result-
ing field of 32.6 pT lead to a Larmor frequency of
OL /2~=228. 5 kHz, corresponding to the Lande factor
~gF ~

=0.5 Behind the sample, the pump beam was
blocked, while the probe beam was passed through a X/4
plate and a subsequent beam splitter. Each of the partial
beams was passed through an analyzer plate and focused
onto a photodiode. With appropriately oriented analyzer
plates, the current of the two photodiodes is proportional
to the intensity of the right and left circularly polarized
component of the probe beam emerging from the sample.
The currents of the two diodes were subtracted,
amplified, and recorded on a digital storage oscilloscope
(LeCroy model 9400) from where it was subsequently
transferred to a Macintosh II computer for data analysis
and storage.

The signals were recorded at a cell temperature of
175'C. The small signal absorption at the line center was
20%. From the absorption profile, we calculated a parti-
cle density of 4.5.10 cm; in our probe volume, the to-
tal number of atoms was thus some 2.5X10 . The buffer
gas caused a pressure broadening of the optical resonance
line to a half-width at half-maximum (HWHM) of 2.2
6Hz. While the absorption line looks almost symmetric
under visual inspection, the pressure broadening of 1.25
GHz (HWHM) is not much larger than the Doppler
broadening (0.85 GHz, HWHM) or the hyperfine split-
ting (1.8 GHz) of the ground state. The homogeneously
broadened J =

—,
' ~J' =

—,
' transition of our theoretical

model is thus only a rough approximation for the compli-
cated level structure of sodium.

The resonance detuning of the laser frequency was set
from the computer via the external scan input of the laser
stabilizing electrons; a Na vapor cell without buffer gas
served as the frequency reference and a scanning Fabry-
Perot was used to calibrate the scan range. For every ex-
periment, the laser frequency was set to the desired de-
tuning from the absorption maximum of the Na reference
cell. In addition to the pressure broadening„ the Na reso-

X
))

y& =Z -Isa) PD2

CW DYE
LASER

BS2 A
1

Na CELL

FIG. 4. Experimental setup for the measurement of optically induced spin nutation via absorption measurements. BSl, BS2', beam
splitters; AOM: acousto-optic modulator; A, /4: retardation plate; P, A &, A 2.. polarizers; PD „PD2.photodiodes; B:magnetic field.
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nance in the sample cell was also shifted towards the red
by 0.5 GHz by the interaction with the Ar buffer gas.
This frequency shift was determined from simultaneous
absorption spectra of the reference cell and the experi-
mental sample cell. The detuning values given with the
experimental results refer to the absorption maximum of
the sample cell.

Some typical results for the dynamic response of the
sample at different pump powers are shown in Fig. 5.
Since the beam diameter was 1.1 mm, the laser powers
given in the figure in mW correspond approximately to
average intensities measured in kWm . The corre-
sponding Rabi frequencies are &10 s ', well below the
optical saturation intensity. The signals were recorded
with the laser tuned 1.5 GHz below resonance. When the
laser field is switched on, the sublevel polarization starts
to build up and at the same time precesses around the
effective field. At low laser intensities, the resulting po-
larization is small, while higher laser intensities not only
lead to a higher equilibrium polarization, but also to a
stronger damping of the transient nutations. At the same
time, the increase in laser intensity should also lead to an
increase in the precession frequency. Since this effect is

relatively small and obscured by the associated damping,
the increase in the precession frequency is not readily
seen in these figures. All the measurements presented
here were performed with Gaussian laser beams, so that
the laser intensity was not homogeneous over the sample.
As a result, the damping of the oscillations by the optical
pumping leads to a nonexponential decay of the signal,
with the signal components from the center of the pump
beam decaying faster than the signal contributions from
the regions with lower intensities.

Figure 6 shows the Fourier transform spectra of the
absorption signals; the solid line represents the real part
of the complex transform (i.e., the cosine transform), the
lower curve the imaginary part (the sine transform). This
representation allows one to readily distinguish between
the different signal components: the transverse (oscillat-
ing) component leads to resonance lines at the frequency
+0, while the longitudinal component appears as a sig-
nal near zero frequency. Both components decay ex-
ponentially and the width of these signals is proportional
to the decay rate of the corresponding magnetization
components. From our theoretical results, we expect
that both components should decay at the same rate.
While the overlap between the signals does not allow an
exact measurement, it is evident that the width of both
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FIG. 6. Real and imaginary part of the Fourier transforms of
the data in Fig. 5. The amplitudes are not normalized. For de-
tails see text.
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resonances is comparable and both become broader as
the laser power is increased. Also visible is a slight varia-
tion in the phase of the precessing component, as predict-
ed by Eq. (12).

The dependence of the nutation signal on the optical
detuning is shown in Figs. 7 and 8. The signals were
recorded with 20 mW pump power. Figure 7 contains
again the time-domain signals, while the frequency-
domain spectra are shown in Fig. 8. From our theory, we
expect that the observed signals should not depend on the
sign of the optical detuning; experimentally we observe a
small asymmetry of the signal amplitude which we tenta-
tively assign to the unresolved hyperfine structure of the
optical transition. We will restrict ourselves therefore to
measurements recorded with the laser detuned to the red.
As the detuning is increased, the pump rate is reduced
and the signal intensity and the magnetization decay rate
are decreased. The Fourier transform data in Fig. 8 also
show the expected behavior. Since the light-shift contri-
bution to the effective field vanishes on resonance, the
effective field is parallel to the x axis and the nonprecess-
ing contribution to the signal vanishes. At larger detun-
ings (b, = 1), the effective field tilts towards the z axis and
the exponential background becomes the dominant part
of the signal (see Fig. 8). When the detuning is increased
even further, the pump rate decreases and the effective
field returns towards the x axis. Close to resonance, the
phase of the precessing term is determined by the ratio of
the I.armor frequency to the pump rate

5.

(tang= —QL/P+), while it tends towards 90 far from
resonance (tang= —Ql /y= —7). Again, it can readily
be seen that both signal components decay at approxi-
mately the same rate.

Figure 9 shows the nutation signals calculated with

Eqs. (11) and (12) for the same parameter values as the
experimental curves in Fig. 7. Apart from the overall
amplitude for all four spectra, no adjustable parameters
have been used for this calculation. The agreement be-

tween the theoretical prediction and the experimental re-
sults is quite good, which is very satisfying in view of our
rather simple model. The largest discrepancy is in the
amplitude of the signal at —3.5 GHz.

The decay rate as a function of detuning 6 has been
analyzed quantitatively; the results are shown in Fig. 10.
The numerical analysis of the experimental data is corn-
plicated considerably by the inhomogeneous intensity
profile of the laser beam which leads to a nonexponential
decay. It is therefore impossible to uniquely determine a
damping rate from the experimental data without
measuring the beam profiles of both pump and probe
beam, the overlap geometry of both laser beams and the
particle density, and using a sophisticated fitting pro-
cedure. We have chosen to use a much simpler pro-
cedure which still allows us to determine whether there is
at least a qualitative agreement between theory and ex-
perimental results; the nutation signals were Fourier
transformed and the width of the resulting resonance line
was taken as a measure of the decay rate. The horizontal
axis in Fig. 10 represents the detuning-dependent reduc-
tion of the optical-pump rate, while the vertical axis cor-
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FIG. 10. Decay rate of the initial transient as a function of
the resonance detuning for a fixed pump beam power. The cir-
cles represent experimental data, while the straight line is the
theoretical prediction.

responds to the decay rate of the magnetization. The ex-
perimental data points are compared to the theoretically
predicted straight line. The intersection of this line with
the y axis is determined by the point at vanishing pump
intensity. This latter value was determined in a separate
measurement by switching off the pump beam after a
steady-state magnetization was established, and measur-

ing the decay rate in the absence of optical pumping.
The slope of the theoretical curve was determined by a
least-squares fit for the optical Rabi frequency P+. In
view of the difticulties mentioned above, the agreement
between theory and experimental results is quite satisfac-
tory.

Our results on the evolution of the ground-state polar-
ization have some practical implications for the experi-
mentalist who wants to polarize the ground state by opti-
cal pumping to the largest extent possible. In the limit of
low laser power, i.e., if the optical pump rate P+ falls
below the Larmor frequency QL, the evolving magnetiza-
tion shows pronounced oscillations as a function of time
(see Fig. 5). Since the amplitude of these oscillations is
larger than the stationary value of the magnetization by a
factor of order QL /P+, it is advantageous to sample the
magnetization not in the steady state, but at the peak of
the oscillation which is reached after a time n/201 . In
the case of strong irradiation, on the other hand, the os-
cillatory component is small; the magnetization quickly
reaches an equilibrium value and remains constant there-
after.

In a reference system with the quantization axis paral-
lel to the direction of the static magnetic field, the
ground-state orientation m, (i.e., along the laser beam)
appears as coherence between the ground-state sublevels
that is induced by a resonant two-photon transition of the
Raman type. In this representation, the relationship of
our experiments to the well-known coherent Raman beats
becomes obvious: in the latter case, the oscillations are
observed in coherently prepared molecular samples when
the level degeneracy is suddenly removed by Stark-pulse
switching the laser and the Raman light then propa-
gate together and produce a coherent beat with a fre-
quency that corresponds to the level shift induced by the
Stark-pulse switching. In our case, the transient coher-
ence between the nondegenerate Zeeman sublevels is in-
duced by a step input of light; the time evolution of the
driven spin system is then observed in forward scattering
of an optical probe beam using polarization selective
detection. With this technique, we have measured in de-
tail the effect of off-resonance excitation and of light in-
tensity on the spin nutation, with special emphasis on the
dephasing time, the amplitudes of the different magneti-
zation components, and the signal phase. In this respect,
our work extends previous experiments on coherent Ra-
man beats.

Related nutation signals were also observed in
Doppler-free two-photon excitation in a ladder-type
three-level system. ' Since the two-photon method ex-
cites all the atoms with the same energy detuning, it
makes it possible to study off-resonance transients. The
sudden irradiation of atoms allows the observation of
ringing phenomena corresponding, however, to optical
nutation. In our case, the initial and final state are only
separated by energies corresponding to radio frequencies.

Our work can also be compared to previous studies on
sublevel transients in optically excited states where the
situation of a low-power excitation pulse being long com-
pared to the Zeeman precession period was investigated
in fluorescence. ' It was observed that the modulation
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depth of the final transient ("quantum beat signal" ) was
modulated in dependence of the excitation pulse length.
This behavior can be easily understood by inspection of
our Fig. 5: for low-power pulses with durations on the
time scale of the initial transient, the sublevel coherence
or spin orientation shows pronounced oscillations. Thus,
if the excitation pulse length is varied on the time scale of
the initial transient, the amplitude of the subsequent free
induction decay signal will show the same oscillatory be-
havior.

Finally, our findings can be related to radio-frequency
experiments. Here it is well known that if one suddenly
applies a radio-frequency field to nuclear spins, it is possi-
ble to observe oscillations at the generalized Rabi fre-
quency including the resonance detuning from the sublev-
el splitting frequency. ' In our work, the effective field is
the combination of a magnetic field and a pseudo magnet-
ic field due to the light-shift effect.

VI. CONCLUSIONS

In summary, we have reported experimental and
theoretical investigations of the dynamics of an atomic
ground-state spin system in response to a step input of
light. The complete time evolution of the initial transient
was investigated as a function of optical resonance detun-
ing and laser intensity; due to the strong pressure
broadening of the Na D& line, excited-state effects could
be neglected and the dynamics of the ground-state spin
system could be isolated. In addition, the pressure
broadening allows us (within limitations) to disregard the
hyperfine structure of the Na ground state and use a sim-
ple model of the spin dynamics. Our experiments extend
previous work on optically driven spin transients as they
are performed with long, narrow bandwidth pulse excita-
tion and are not restricted to the limit of impact excita-
tion and broadband excitation being generally imposed
by the use of short excitation pulses.

Our findings have some practical implications for the
experimentalist aiming to create the largest possible
ground-state polarization with optical pulses of variable
length or intensity. The measurements have also shown
that in the saturation limit a large spin coherence can be
optically induced even under stationary conditions. The
pronounced dependence of the length and orientation of
the steady-state spin polarization on the laser intensity is
rejected in the amplitude and phase of the free induction

decay signal following the end of the excitation pulse.
As we have seen, the fictitious magnetic field due to Zee-
man light shifts can play an important role in the dynam-
ics of optically pumped electron spins. Since this ficti-
tious field is oriented along the direction of the laser
beam, which in our case is orthogonal to the magnetic
field direction, it can be used to invert the phase of spins
precessing in the magnetic field. For an ensemble of spins
in an inhomogeneous magnetic field, an optical pulse can
thus create a spin echo. '

Our results are also of interest for sublevel spectrosco-
py using pump-probe techniques in combination with ul-
trashort laser pulses; such sublevel transients can now be
observed on a picosecond time scale with potential appli-
cations not only in gases but also in liquids and solids. '

Although our experiments are performed on a much
slower time scale of some 10 ps, similar signal features as
reported here should also be present for optically driven
sublevel transients on ultrashort time scales, provided the
dephasing times of the optical dipoles is short compared
with the laser pulse duration or coherence time.

Although a simple model based on a Bloch-type equa-
tion for the ground-state spin polarization of Na is used,
our theoretical predictions are in good qualitative agree-
ment with the experimental observations. Strictly speak-
ing, the present results apply only for a J=—,

' to J'=
—,
'

atomic system. However, the observed signal features of
optically driven sublevel transients are likely to occur
also for other level schemes, provided that comparable
experimental conditions are met. The situation will be
different as soon as optical coherences or excited-state
effects become important; obviously this will be the case
if transient spin phenomena are created in optically excit-
ed states. With respect to atomic ground states our re-
sults contribute to a better understanding of optically
driven sublevel transients and may prove useful whenever
this technique or related optical methods are applied to
gather spectroscopic information on relaxation parame-
ters and splitting frequencies of sublevel resonances.
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