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Spontaneous polarization oscillations are observed to develop in two laser beams interacting in an atomic vapour when their 
polarizations are locked to each other. In a theoretical analysis of the situation, we show tha~ these oscillations are due to ground- 
state magnetization undergoing Larmor precession. The gain of the feedback loop that locks (he two polarizations acts as a control 
parameter that can cause a phase-transition of the combined system (atoms and laser beam~) into a stable limit cycle. 

1. Introduction 

The large optical nonlinearities that are produced 
by optical pumping in atomic vapours have often 
been used to study nonlinear dynamics. As an ex- 
ample, it was shown that counterpropagating laser 
beams in atomic sodium, tuned close to the transi- 
tion frequency of the Dm resonance line, can show 
amplitude- [ 1 ] and polarization- [2] instabilities. 
Self-pulsing and temporal chaos in the polarization 
of the transmitted light were also observed when the 
atomic medium was placed in an optical cavity and 
a magnetic field was applied perpendicular to the di- 
rection of  the laser beam [3,4]. In these experi- 
ments, it was shown that the period of the self-puls- 
ing period can be controlled by the strength of a 
magnetic field. 

On a qualitative level, the self-pulsing can be 
understood as originating from a precessing mag- 
netic moment which is induced in the electronic 
ground state of the atomic medium by the optical 
pumping process and forced into Larmor precession 
by the magnetic field. This polarization of  the an- 
gular momentum substates leads to a long-lived op- 
tical anisotropy which modulates the polarization of 
a transmitted laser beam [ 5,6 ]. On the other hand, 
precessing ground state magnetization can be pro- 
duced very efficiently by modulated optical pump- 
ing [ 7-9 ]. The feedback of  transmitted light into the 

atomic medium by the optical cavity leads therefore 
to a nonlinear coupling between atoms and radiation 
and, for a range of control parameters, to instabili- 
ties like self-pulsing or chaos. 

It this Communication, we want to demonstrate 
an experimental setup ithat allows the observation of 
instabilities like self-pulsing at considerably lower 
laser intensities. This is achieved by using two sep- 
arate laser beams whose polarizations are locked to 
each other. One of  the two beams acts as an optical 
pump beam while the other serves as a probe; the 
polarization of the latter is analysed behind the sam- 
ple in a polarization-selective detector and the re- 
sulting signal is used to control the polarization of 
the pump beam via an electronic feedback loop. This 
polarization-feedback allows one to cancel the 
damping of the ground state magnetization without 
affecting the Larmor precession. The resulting be- 
haviour of the atoms and laser beam polarizations 
depends on the strength of the coupling between the 
two beams: for weak coupling, i.e. for low loop gains, 
the free precession time is simply extended, but for 
strong coupling, the system falls into a stable limit 
cycle with freely precessing magnetization and os- 
cillating polarization of the coupled laser beams. 
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2. Theory 

The proposed setup is shown schematically in fig. 
I: an optical pump beam (full line) excites popu- 
lation differences in an atomic medium (sodium in 
the experimental example). A second laser beam 
(dashed line) probes this population difference; by 
passing it through the polarization-selective detector 
shown in the figure, a signal is obtained that is di- 
rectly proportional to the population difference [ I0]. 
Via an amplifier, this signal is fed into an electroop- 
tic modulator (EOM) whose fast axis is oriented at 
45 ° with respect to the (linear) polarization of the 
incident pump beam. After passing through the EOM, 
the pump beam polarization is in general elliptical, 
with the cllipticity depending on the modulator volt- 
age; it becomes circular when the amplified signal 
equals the quarter-wave voltage of the EOM. 

For the description of the resulting dynamics, wc 
use a coordinate system whose z-axis is parallel to 
the laser beams and whose x-axis is given by the 
magnetic field direction. Wc assume that the atomic 
medium can be modelled as a J= I/2 ~ J'= I/2 
transition and that the laser intensity is low enough 
that excited state effects can bc neglected. With these 
assumptions, we can describe the ground state dy- 
namics in terms of the three-component magneti- 
zation vector m= (mx, my, ms) whose z-component 
represents the ground state population difference 
while the x- and y-components correspond to co- 
hercnccs between the Zccman sublevcls [ 3 ]. The op- 
tical pump rates P_+ for the population pumping into 
the m~= _ I/2 ground state sublcvcls arc then pro- 
portional to the intensities of the circular polariza- 

tion components. Since the overall intensity does not 
change during the modulation cycle, we have [ 11 ] 

e + + e - = P o ,  e + - P _ = P o s i n ( g r n z ) ,  (1) 

where P0 is the pump rate of a circularly polarized 
beam. The dimensionless gain factor g, which de- 
scribes the coupling between the two laser beam po- 
larizations, includes the sensitivity of the detector, 
which produces a signal proportional to mz, the gain 
of the electronic feedback loop and the electrooptic 
coefficient of the modulator. Neglecting light-shift 
effects, the equation of motion for the atomic system 
can be written as 

rhy = + f2L m z -  ( ~o + P + + P -  ) my , 

& z = e + - P _ - t 2 L m y - ( y o + e +  + e _ ) m z ,  (2) 

where Y0 describes the loss of magnetization due to 
diffusion. The x-component is not coupled to the 
other two variables and is not considered here. Elim- 
inating the optical pump rates P+, we can combine 
eqs. (1), (2) into an equation of motion for the 
atomic medium alone, 

rhy= +OLm~-- (yo +Po)my, 

rhz=-I2Lmy-(yo+Po)mz+Pos in(gm~)  • (3) 

As these equations do not have an analytic solu- 
tion, we discuss first the regime gm~ << 1, where they 
reduce to 

rhy=12Lm~--(?o + Po)mr, 

rhz = -t2Lmy + [Po(g-- l ) --7olm~ • (4) 

l x  z 

I ~  BS ~ 4 PBS 

Fig. 1. Schematic representation of the experimental setup. P=polarizer, BS=beam splitter, EOM=electrooptic modulator, B=magnetic 
field, 2/4 = retardation plate, PBS = polarizing beam-splitter, PD~,2 = photodiodcs, DAC = D/A converter. 
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We are specially interested in the solutions for the 
case of  small gain, g , ~  t2L/Po: 

mr(t)  =too sin(t2Lt--¢) exp(k t ) ,  

mz(t) =mo COS(12Lt--~) exp(k t ) ,  (5) 

where the starting amplitude mo, and the phase ~ are 
determined by the initial conditions. The sign of  the 
growth rate k= [Po(g/2-1 )-3'o] determines 
whether the magnetization in the system decays to 
zero or grows exponentially. The case of small or 
vanishing gain (0 ~<g< 2) is equivalent to freely pre- 
cessing magnetization, with a damping rate that is 
increased by the term Po( 1 - g / 2 )  due to the damp- 
ing effect of the partially polarized pump beam. For 
g=  2, this additional damping effect by the pump 
beam is cancelled exactly, and in the region 
2 < g < 2 (  1 +3'o/Po), the FID decays with a time con- 
slant that is longer than during free precession and 
diverges for g = 2 (  1 +3'o/Po). 

If  the gain is increased beyond this critical value, 
the magnetization does no longer decay, and the sys- 
tem falls into a stable limit cycle where the magnet- 
ization precesses at the Larmor frequency with a 
constant amplitude. The value of this amplitude can- 
not be calculated from the linearized equations (4). 
We consider therefore an equation of motion for the 
amplitude myz=x /~ r  2 + m 2 alone which is valid as 
long as k,*: I2L, i.e. when the amplitude changes only 
slightly during a Larmor cycle: 

thy~ = - (Yo +Po) mr~ +PoJl (gmr~), (6) 

where Jl represents the first order Bessel function. 
The two terms describe the competing effects dis- 
cussed above. 

The magnetization amplitude of the limit cycle is 
determined by the stationary solutions of eq. (6) 
which are displayed as a function o fg  in fig. 2 for the 
parameter values 3,o/Po = 0.1. The highest amplitude 
is apparently reached for a gain factor g~3.5;  in- 
creasing the gain further lowers the amplitude be- 
cause the increase in the voltage across the EOM 
raises the excitation efficiency at higher harmonics 
of the Larmor frequency at the cost of the funda- 
mental which is the only one contributing to the 
buildup of magnetization [ 11 ]. Multiple solutions 
are possible if the gain is increased further; these ad- 
ditional solutions reflect the oscillatory nature of  the 
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Fig. 2. Magnetization amplitude during the limit cycles as a func- 
tion of the gain in the feedback loop for P0/Yo= 10. The thick 
lines denote stable limit ey¢les, the thin lines unstable ones. 

Bessel function. The ~olutions corresponding to sta- 
ble limit cycles are drawn as bold lines in fig. 2, while 
those corresponding to unstable trajectories are 
drawn as thin lines. 

3. Experimental results and discussion 

The setup used for~ the experimental implemen- 
tation of this scheme is shown schematically in fig. 
1. The atomic medium, sodium in our case, was con- 
tained in a glass cell at a temperature of 130 °C. In 
order to have a homogeneous optical resonance line, 
130 mbar of argon was added as a buffer gas; the col- 
lisional broadening caused a homogeneous linewidth 
of 1.5 GHz, somewhat larger than the Doppler width. 
The laser beams were 
ring dye laser; the lase 
(2= 589.6 nm) where ~ 
~ 60%. The output o f  
beam with an intensit] 
beam with an intensi' 
erlapped in the sample 

terived from a single-mode cw 
r was tuned to the Na-DI line 
he small signal absorption was 
:he laser was split into a pump 
of 200 t tW/mm 2 and a probe 

y of  50 ~tW/mm 2 which ov- 
region at an angle of less than 

I °. The polarization ot both incident laser beams was 
linear and the orientation of the pump laser polar- 
ization was set to 45 ° with respect to the fast axis of 
the EOM. The static birefringence of the modulator 
crystal was compensat¢d with a Solefl-Babinet com- 
pensator. Behind the sample cell, the pump beam was 
blocked and the probd beam was passed into a po- 
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larization-selective detector [ 10 ] which measured the 
intensity difference of the two circular polarization 
components, so that the resulting signal was pro- 
portional to the ground-state magnetization com- 
ponent mz. This signal was amplified and fed into 
the EOM, thus coupling the polarization of the pump 
beam to that of the probe beam. At the same time, 
the detector signal was digitised and transferred to 
a computer for data analysis and storage. 

The experiments presented here were performed 
in a magnetic field of I Bxl = 14.3 ~tT, corresponding 
to a Larmor frequency of 100 kHz. The feedback loop 
was closed by switching the pump laser beam on with 
an acoustooptic modulator (not shown in fig. 1 ). As 
displayed in fig. 3, the polarization of the laser beams 
starts to oscillate soon after the pump laser beam is 
switched on; the oscillations grow out of the noise 
with a delay that depends on the loop gain. The phase 
varies randomly between experiments, as expected 
for a random initial condition. The growth of the os- 
cillation amplitude is initially roughly exponential 
until the system saturates and reaches the limit cycle. 
When the pump laser is switched off, the magneti- 
zation, which was built up during the pulse, is ob- 
served as a free induction decay. Comparing the os- 
cillation period of the FID with that of the driven 
magnetization shows that the driven system does in- 
deed oscillate at the Larmor frequency. A closer ex- 
amination of the equations of motion shows that 

°T I r~ 

0 0.2 0.4 0.6 0.8 

time (ms) 

Fig. 3. Polarization oscillation observed when the feedback loop 
is dosed by switching the pump laser on. The upper trace shows 
the pump laser intensity, the lower trace the signal of the polari- 
zation-selective detector. 

" , ' , m l l r  
I00 I IXSl 

time 

Fif~ 4. Polarization oscillations as a function of the loop gain which 
increases from bottom to top. 

propagation delays through the feedback loop must 
be negligible if the oscillation frequency is to be de- 
termined by the magnetic field strength alone. 

Figure 4 shows a series of self-starting oscillations 
for increasing gain (from bottom to top) in the elec- 
tronic feedback loop. In the lowest trace, the gain is 
just high enough to cancel the losses and the growth 
of the oscillations is very slow. For increasing gain, 
the amplitude as well as the rate of the approach to 
the stationary state increase until the amplitude 
reaches a maximum. For the highest gain (top trace), 
the rate increases further, but the amplitude de- 
creases again, in agreement with the theoretical 
curves shown in fig. 2. 

4. Conclusion 

We have demonstrated an experimental setup that 
makes it possible to lock the polarizations of two laser 
beams to each other that interact with the same 
atomic medium. We have analysed the resulting dy- 
namics of the atomic medium and the coupled laser 
beam polarizations; it was found that the system can, 
under suitable conditions, undergo a spontaneous 
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symmetry breaking and develop a magnetization 
which undergoes Larmor  precession if  a transverse 
magnetic field is applied. Depending on the exper- 
imental parameters, such as the loop gain, the pre- 
cessing magnetization can be strongly damped, un- 
damped or  grow exponentially until it falls into a 
stable limit cycle which corresponds to a continu- 
ously precessing magnetization vector of  constant 
length and synchronously oscillating polarizations o f  
the laser beams. Numerical  simulations, using the 
equations o f  mot ion presented here, have shown that 
the system can also exhibit period doubling and cha- 
otic motion. Since the experimental setup is simple 
and rather robust, this may become an interesting 
prototype system for studying nonlinear dynamics. 

The results reported here can be compared to the 
'NMR-laser '  o f  Brun and coworkers [ 12,13 ], where 
a polarized system of  nuclear spins is placed in a coil 
that is a part o f  a tuned rf-circuit acting as a laser 
cavity. Like in the present case, the dynamics o f  the 
N M R  laser are determined by the coupling between 
the spin system and the magnetic field. In our setup, 
the locking of  the polarizations o f  the two beams may 
be considered as one mirror, while the interaction o f  
the beams in the atomic medium represents the sec- 
ond mirror o f  the laser cavity. 

Since the system locks itself to the Larmor  fre- 
quency o f  the ground state magnetization, it can be 
considered as a magnetic field controlled oscillator, 
which converts the field strength into a frequency. 
As such, it could be used as a sensitive magnetom- 
eter. Compared to other setups [ 14 ], it should pro- 
vide similar absolute sensitivity, but the relative sen- 

sitivity could be significantly higher, since the value 
o f  the bias field does not  influence the absolute sen- 
sitivity, as long as the delays in the feedback circuit 
are negligible on the timescale o f  one Larmor period. 
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