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Abstract. We present the results of our latest experiments on atomic coherences in cold
atoms. Interaction of atoms with a near-resonant, linearly polarized light leads to an effective
creation of long-lived ground-state Zeeman coherences which is observed through the nonlinear
Faraday effect or free induction decay signals of the Larmor precession. Both optically and radio-
frequency induced Zeeman coherences are observed, with relaxation rates around a 100 Hz.

1. Introduction

Ever since the first experiments with laser cooling of neutral atoms, there is a growing interest
in the field of cold and ultra-cold diluted gases, see, e.g., references [1, 2, 3]. Due to the slowed
down motion and confinement, atom observation time can be as long as minutes, which results
in the extraordinary stability of atomic clocks [4, 5], as well as the great sensitivity of atomic
interferometers [6]. Moreover, cold atomic samples have been widely used for detection of electric
and magnetic fields [7, 8, 9, 10, 11, 12, 13]. State-of-the-art experiments exhibit now quantum
limited sensitivities, see, e.g., reference [14].

In this work we report on our latest experiments on nonlinear magneto-optical effects in laser-
cooled rubidium samples released from a magneto-optical trap (MOT) [15]. Such experiments in
a MOT present both unique opportunities and challenges compared to those performed in vapor
cells at room temperatures. The most obvious difference is the greatly reduced velocity of atoms
that brings the Doppler broadening below the homogeneous width of the hyperfine transitions.
On the other hand, however, the trapping and cooling electromagnetic fields need to be turned
off during the measurements because they significantly disturb atoms. Once released from the
trap atom cloud spreads out and undergoes a freefall which limit the available observation time
to about 20 milliseconds. The duty-cycle (measurement bandwidth) is also limited because the
atoms need to be recaptured before the next measurement can be performed.

Interaction of atoms with a near-resonant, linearly polarized light leads to an effective
creation of long-lived ground-state Zeeman coherences [16] which can be observed through
the nonlinear, or paramagnetic Faraday effect [17]. Optical nonlinearity that results from
existence of ground-state coherences allows for precision magnetometry of near-zero magnetic
fields [18]. Additionally, by employing the amplitude-modulated optical rotation [19] it is
possible to measure also higher magnetic fields up to the geophysical range [15]. Moreover,
Zeeman coherences form a versatile tool for studying superposition states [20] which are vital
to fundamental atomic physics and quantum information. In this work, we demonstrate the
dynamics of coherent superposition states under the influence of laser and magnetic fields. Our

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
BY

of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI.
Published under licence by IOP Publishing Ltd 1



22nd International Laser Physics Worksop (LPHYS 13) IOP Publishing
Journal of Physics: Conference Series 497 (2014) 012006 doi:10.1088/1742-6596/497/1/012006

5]
o
~—

MOT beams magnetic Time [ms] 10
\ field coils 1 ey
T 4
= 2 T
probe » %‘
=
beam pump balanced 2
beam polarimeter <
X mu-metal &
vacuum shielding

y 4 chamber

Magnetic field [G]

Figure 1. a) Schematic plot of the experimental setup. b) Faraday rotation in the atomic
sample released from the MOT as a function of time and magnetic field B. Wide resonance is
the linear, whereas the central, narrow structure around B = 0 is the nonlinear effect. Decay
of the total signal corresponds to the loss of atoms due to the combined effect of their freefall,
cloud expansion, optical pumping and magnetic field inhomogeneities.

experiments show that high rotation angles of above ten degrees and coherence lifetimes of a few
milliseconds can be achieved with cold atoms released from the MOT in a simple magnetically
shielded setup.

2. The experiment

In our experiments we prepare cold atomic samples of about 108 8°Rb atoms at the temperature
of the order of 50-100 uK in a standard vapor-pressure-loaded MOT. Atoms are then released
from the trap by switching off the trapping laser beams and the quadrupole magnetic field.
During the freefall of the cloud, a uniform magnetic field and a week probing beam are applied
along the z axis [15]. Additionally, a resonant pumping beam along the z direction is used for
preparation of the atomic state by optical pumping means. Polarization of the pumping beam
is set either to the linear or the circular one, depending on the experiment. The probe beam is
linearly polarized along y direction and the rotation of its polarization plane is recorded in time
using a balanced polarimeter. Subsequently the trap is reloaded and the next measurement is
performed for a different value of the Faraday magnetic field. In this way the magneto-optical
rotation signals are recorded versus time and magnetic-field (Fig. 1).

To alleviate the effect of stray magnetic fields we shield the experimental vacuum chamber
with a simple, single-layer p-metal shielding. The magnetic shield consists of a cylinder with
two end caps and a set of holes in three orthogonal directions z,y, z for the MOT, pumping and
probing beams. Inside the shield the MOT-quadrupole field coils are mounted, as well as the set
of coils that allows for application of the extra magnetic fields and their gradients in the three
directions. The shield, despite its simplicity, provides a shielding factor of the order of 20 and,
more importantly, reduces the time by which the quadrupole field can be switched off. This
effect is attributed to the fact, that massive optical mounts in the vicinity of the MOT trap are
shielded and the contribution of the generated eddy currents is diminished.

3. Experimental results

3.1. Nonlinear Faraday effect

When a linearly polarized, resonant laser beam is directed at the atomic cloud in a longitudinal
magnetic field, its polarization plane undergoes rotation due to the para- and diamagnetic
Faraday effects. After switching off the MOT, initial atomic population distribution in our
experiments can be regarded as uniform over Zeeman substates with no Zeeman coherences in
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Figure 2. Contour plots of the nonlinear Faraday rotation signal with a single, probe beam of
2 pW/mm? intensity in a wide (a) and narrow (b) magnetic field range. The width of the NFE
resonance is 6.5 mG

the F = 3 manifold of the 525, 2 ground state. However, application of the resonant laser
beam may drastically change this distribution. The linearly polarized light creates an alignment
in the ground state with no net magnetization, yet with Zeeman coherences evolving in the
magnetic field. For a CW laser light, this results in a quasi-stationary (compared to the Larmor
precession) rotation of the polarization angle, the nonlinear Faraday effect (NFE).

Typical magneto-optical rotation signal ¢(B) obtained with a relatively weak probing beam
(~ 2 pW/mm?), nearly resonant with the F' = 3 — F’ = 4 transition of the 8°Rb D2 line is shown
in Fig. 1. Signal decay with time is easily seen, and can be attributed to the combined effect of
atom loss due to the freefall, cloud expansion (dilution) optical pumping, and inhomogeneous
magnetic field. The wide dispersive structure around B = 0 is the linear Faraday effect (LFE)
and has a width of ~ 20 G. Additionally, the signal exhibits a much narrower resonance, also
centered around B = 0, which corresponds to the NFE. This effect can be understood in terms
of optical pumping, and thus requires time to build-up, which is easily seen in Fig. 2. The
width of the NFE resonance, typically ~ 1 mG, is much narrower than that of the LFE and
corresponds to the lifetime of the Am = 2 Zeeman coherences in the F' = 3 ground state [17]
(m being the magnetic quantum number).

The large amplitude of a few degrees and and narrow width of the NFE resonance allows for
precision magnetic field measurements. The magnetometric sensitivity improves when the NFE
resonance width is reduced [18]. It is thus advantageous to keep the resonance width as narrow
as possible, i.e., prolong the coherence lifetime. Special care has to be taken to achieve long
coherence life-times, since any stray magnetic fields can shorten it. In the following subsection
we discuss the pump-probe method we used for assessment of magnetic-fields compensation.

3.2. Pulsed pump experiments

The nonlinear Faraday Effect allows one to measure an averaged response of an ensemble of a cold
atom ensemble to the applied magnetic fields. It is, however, possible to observe the dynamics of
the system by using a relatively short (7 << 1/wy,, where wy, is the Larmor precession frequency)
strong light pulse for creation of the desired atomic population distribution. After such a pulse,
the evolution of the system is interrogated by measuring the polarization rotation of a weak
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probing beam.

By means of a o™ -polarized pump pulse propagating along the z direction we pump the atoms
into the stretched state, ' = 3, mp = 3, assuming the quantization axis along the z-direction.
We then apply a dc magnetic field B, along the x axis which causes the atomic polarization to
rotate around that field at a frequency proportional to its magnitude, i.e., Larmor frequency wy,.
The created distribution of atomic populations among the ground state Zeeman sublevels causes
the polarization of a weak probe light to oscillate due to the paramagnetic Faraday effect, and
this oscillation is recorded in the form of a free induction decay (FID) signal [7, 21, 22]. Such
oscillations decay with a relaxation rate of Zeeman coherences, which is governed by several
factors, including transverse magnetic fields, magnetic field instability and interaction with the
probing light via absorption and AC Stark shifts.

The effect of stray magnetic field is shown in Fig. 3 where signals recorded with and without
magnetic shielding are compared. Not only the coherence lifetime is prolonged in the shielded
case, but also the envelope of the FID signal shows the exponential decay - a proof for the
right magnetic field control. We were able to determine that after minimizing all other sources
of decoherence we are left with the dephasing due to the spatial inhomogeneity of the applied
magnetic field. Slight differences in the values of the B, field across the atomic cloud are
attributed to atoms from different parts of the sample experiencing precession at slightly deviated
frequencies. The rate of such dephasing was measured to be 7, = 27 - 160 Hz.

3.8. FID signals of Zeeman coherences

In a standard observation of FID signals, the sample is magnetized along one direction and then
subjected to the precession around a perpendicularly oriented magnetic field, which provides
the highest amplitude of the rotation signal. It is, however, possible to observe the FID spin
polarization dynamics in an arrangement where the pump beam is propagating along the B-
field direction, i.e., the natural geometry for the Faraday rotation experiments. Since Zeeman
substates are the eigenstates of the magnetic field, it is only Zeeman coherences which evolve in
time in such a realization.

To record FID signals associated with Zeeman coherences, we use a short pump pulse of the
linearly polarized beam, which prepares the F' = 3 ground-state Am = 2 Zeeman coherences,
and monitor time dependence of the rotation angle of the probe beam polarization. Examples
of such dependence of FID signals on the magnetic field are shown in Fig. 4. Clearly visible are
the hyperbolas of the constant phase of Larmor precession. Frequency of the Larmor precession
tends to zero around the zero field (long oscillation period) and increases with the magnetic field
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Figure 4. FID signals of the Am = 2 atomic coherences prepared by a short pumping light
pulse at ¢ = 0. a) Contour plot of the rotation dependence on time and the magnetic field,
b) coherences FID signal recorded for B, = 95 mG.

magnitude.

3.4. Detection and measurements of the radio-frequency magnetic fields

By tuning the Zeeman splitting to resonance with an external radio-frequency field B¢ oscillating
at the frequency wys in the z direction we are able to observe resonant changes of the rotation
angle. This happens provided that there is some initial inequality in atomic populations of given
sublevels is established by optical pumping. These resonances can be applied for magnetometry
in two ways: (i) the rf resonance frequency is taken as the measure of the dc magnetic
field intensity B, (ii) the amplitude of resonance in the rotation amplitude can be used for
measurement of the intensity of the rf field B¢ [23, 24].

For sufficiently strong amplitude B¢, Rabi oscillations between neighboring Zeeman sublevels
of the ground state manifold can be observed due to the paramagnetic Faraday rotation. By
initially preparing atoms in the stretched state with a short o™ light pulse as described earlier,
we are able to maximize the observed rotation angles.

Our present experimental setup is severely limited by a short lifetime of the MOT and cannot
compete with other optical magnetometers in terms of sensitivity. Instead, we can use it for
studies of a coherent interaction between cold atoms and various fields, like coherent evolution of
atomic observables in the rf field. Figure 5 (a) depicts an example of Rabi oscillations recorded
with rf field of 11 kHz frequency and 5.5 mG amplitude. The width of the rf rotation resonances
is strongly power broadened. This allows observation of the dependence of the generalized Rabi
frequency on the detuning of w, ¢ from the exact Larmor frequency in the form of characteristic
bending of the resonance features on a contour map [Fig. 5 (a)]. Rabi oscillations for lower rf
field amplitude and with relaxation rate v,y/2m ~ 50 Hz are shown in Fig. 5 (b). It is worth
noting that polarization rotation angle can easily reach hundreds of milliradians in an atomic
cloud from a standard MOT.

4. Conclusions

We have demonstrated an ability to observe a coherent evolution of polarized atoms prepared
in a magneto optical trap for times of the order of milliseconds and detection of dc and rf
magnetic fields with high sensitivity. The present experimental setup is limited by a short
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Figure 5. a) Contour plot of the polarization rotation dependence on time and a dc magnetic
field showing Rabi oscillations induced by the rf magnetic field of frequency w,y = 27 - 11 kHz
and amplitude Bt = 5.5 mG switched on at ¢ ~ 0.6 ms. b) Rotation signal for the resonance
condition wy, = wyf = 27 - 8.2 kHz, By~ 1.7 mG.

lifetime of the MOT. The reported observations indicate, nevertheless, that the upgrade to a far-
detuned optical dipole trap would significantly improve the lifetimes of the trapped atoms.
Consequently, this would allow applications in sensitive magnetometry and studies of long-lived
atomic superpositions states, including quantum degenerated samples.
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