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                Abstract. A three-axis magnetometer based on the nonlinear magneto-optic effect is described. The magnetometer was used to
measure the average (over the cell volume) residual magnetic field and to determine the shielding ratio of a multi-layer magnetic
shield. The shot-noise-limited sensitivity of the magnetometer is estimated to be ≈10-11 Gs/Hz1/2. A possible application to parity
and time reversal invariance violation experiments is also considered.

INTRODUCTION

In this paper we discuss applications of the recently observed nonlinear (in light power) magneto-optic effects (NMOE) with
effective resonance width γ =gµ∆BZ≈2π⋅1 Hz (1). Here g is the Lande factor, µ is the Bohr magneton, and ∆BZ is the peak-to-
peak width of the dispersion-like magnetic field dependence of NMOE. The small value of γ corresponds to an enhancement
of small-field optical rotation (ϕs∝ gµBZ/γ), making it useful in low-magnetic field measurements.
     NMOE related to the interaction of near-resonant light with atomic vapor in the presence of a magnetic field have been the
subject of a number of recent investigations reviewed in (2). Most of the work  (see e.g. (3,4,5,6,7)) addresses NMOE in the
case of linearly-polarized light propagating along the magnetic field known as nonlinear Faraday rotation. The schematic of
an experiment to observe this effect shown in Figure 1 is similar to that of M. Faraday (8), in which he discovered the linear
magneto-optical rotation (with non-resonant light), named after him as the Faraday effect. In the experiment, one observes
rotation of the linear polarization plane of light as it passes through a medium exposed to a longitudinal magnetic field. In our
case, the medium is Rb vapor contained in a paraffin-coated cell with no buffer gas. The light frequency dependence of
magneto-optic rotation in the vicinity of a resonance absorption line has a characteristic resonant profile (the Macaluso-
Corbino effect (9)). In a complementary picture, the magnetic field dependence of the Faraday effect with a fixed light
frequency, one observes several nested dispersion-like features with vastly different widths. This is illustrated in Figure 2 (1).
The feature represented in Figure 2 by the overall slope and reaching a maximum at several Gauss is due to hole burning in
the velocity distribution of ground state atoms induced by velocity selective optical pumping. The Faraday rotation with such
velocity distribution can be thought of as rotation produced by the Maxwell-distributed atoms without the hole (with the
Macaluso-Corbino spectral profile) minus the rotation that would have been produced by the pumped out atoms. While the
effective width of the Macaluso-Corbino effect corresponds to the Doppler-broadened line width (300 MHz), the hole
burning effect has effective width ~6 MHz determined by the natural width of the excited state. Significantly narrower
features arise due to long-lived light-induced alignment of the atomic ground state (10) resulting from the process known as
coherent population trapping (11). An ensemble of aligned atoms constitutes a medium with linear dichroism. In the presence
of a magnetic field, the dichroism axis precesses around the direction of the field with the Larmor frequency. The effect of
this precession on the light polarization can be understood if one thinks of the atomic medium as a layer of dichroic
polarizing material rotating in the magnetic field, see e. g. (5,1). According to this picture, the effective width γ is determined
by the alignment relaxation rate. For sufficiently low light power, this model allows one to achieve quantitative description of
dispersion-like shaped Faraday rotation due to the coherence effect as well as of the characteristic behavior of nonlinear
optical rotation in the presence of transverse magnetic fields (1,12,13). In Figure 2, the coherence effect is represented by two
dispersion-like features corresponding to different processes leading to the relaxation of the ground state alignment. The
∆BZ≈120 mGs width of the broader structure is determined by the atoms' transit time through the laser beam. The aligned
atoms fly out of the laser beam, while "fresh" atoms from the volume of the cell replace them.  This effectively provides for
the alignment relaxation. The inserts in Figure 2 show the narrowest  NMOE  features  observed  so  far  (1).  Their  effective



FIGURE 1. Schematic of an experiment to observe NMOE with Rb vapor. The Rb atoms aligned by linearly polarized light
represent a magneto-optically active medium in a magnetic field. The measure of the polarization rotation angle is the
intensity of light passing through the analyzer crossed with the polarizer. The details of the modulation polarimeter are
described in the text. The inset illustrates the mechanisms for the coherence effect.

width is γ=gµ∆BZ/!≈2π⋅⋅⋅⋅1.3 Hz, where ∆BZ≈2.8 µGs. The width is determined by spin-exchange collisions among Rb atoms
in the cell. The corresponding relaxation time, 250 ms, shows that the alignment is preserved over several thousand wall-
collisions.
     In this paper, we consider an application of nonlinear magneto-optic effects with ultra-narrow (∼ 1 Hz) widths for three-
axis magnetometry. The sensitivity of a possible experiment to search for a parity (P) and time reversal invariance (T)
violating electric dipole moment (EDM) in cesium is also estimated based on the sensitivity to the magnetic field.

THE LOW-FIELD MAGNETOMETER

The experimental set-up was described in (1). It incorporates a paraffin-coated cell with 85Rb -vapor at room temperature and
a modulation polarimeter - Figure 1. The cell (diameter d=10 cm) has high quality paraffin coating (14), ensuring negligible
relaxation of alignment in wall collisions compared to spin-exchange relaxation (1). The cell was surrounded with three
mutually perpendicular (3-D) magnetic coils. The coils allow compensation of the residual magnetic field and application of
an arbitrarily directed well-controlled field to the cell. An external cavity diode laser is used. In the following we describe
experimental results and estimate the magnetometer sensitivity for the Fg=3→Fe=2,3,4 transition of the D2

(2S1/2 → 2P3/2; λ=780.2 nm) resonance line of 85Rb. The optical thickness of the vapor at a temperature of 20.5°C was
measured to be d/l0≈1.4 for the center of the absorption line. Here l0 is the unsaturated absorption length. The modulation
polarimeter (see Figure 1) incorporates a crossed Glan prism polarizer and a polarizing beam splitter used as an analyzer
(extinction ratio ε<5⋅10-5). A Faraday glass element modulates the direction of the linear polarization of the light at a
frequency ωm≈2π⋅1 kHz with an amplitude αm≈5⋅10−3 rad. The first harmonic of the signal is detected with a lock-in
amplifier. Its amplitude, normalized to the transmitted light intensity detected in the bright channel of the analyzer, is a
measure of the magneto-optical rotation in the vapor cell, ϕs.
     In a magnetometric measurement using this technique, we record the dependences of ϕs on longitudinal magnetic field BZ,
scanning an appropriate current in the 3-D coils. Depending on the value of measured field, one of the nested dispersive
features, like those shown in Figure 2, is observed. The feature shape and horizontal offset depend strongly on the value and
direction of the magnetic field being measured. Fitting a series of experimental curves at different bias currents in the
magnetic coils with the model developed in (1) and briefly described in the Introduction we determine all three Cartesian
components of magnetic field. The highest sensitivity of the magnetometer is achieved by realizing the effect of alignment
preservation in collisions of Rb atoms with paraffin-coated cell walls. To observe this effect, the cell surrounded with 3-D
coils is placed inside a four-layer magnetic shield, shown in Figure 3. The shield was manufactured from 0.040" thick
CONETIC-AA sheets. The three outer layers of the shield are cylinders with conical lids, while the innermost layer is a cube
with rounded edges. The nearly spherical shape of the three outer layers is intended to provide nearly isotropic shielding of
an external DC field. Indeed, the shielding ratio for multi-layer shield depends strongly on the shield shape as well  as  on  the
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and, consequently, the achievable shot-noise-limited sensitivity δBZ  is
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     This sensitivity is comparable to or surpasses the best devices based on other
other magnetometers will be given elsewhere.

SENSITIVITY OF A POSSIBLE EDM
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assuming electric field E=10 kV/cm  and data accumulation time T=106 sec. This corresponds to a sensitivity to the electron's
EDM, de that is, according to theory (see, e.g. (19) and references therein) approximately 120 times smaller:

                                                       2810−≈edδ e⋅cm.                                                                               (9)

To obtain an EDM limit at the level of statistical sensitivity (9), one has to control possible systematic effects at least at a
similar level. We are considering an experiment with a coated cell containing vapors of both Cs and Rb atoms. While the
EDM measurements are performed on Cs atoms, Rb will be used as a "co-magnetometer."

CONCLUSIONS

 In conclusion, we have considered some applications of NMOE with ultra-narrow widths observed recently in experiments
with a 85Rb-vapor cell with a high quality anti-relaxation coating (1). A three-axis magnetometer based on the strong
dependence of NMOE on the longitudinal and transverse magnetic fields was developed. The magnetometer was used to
determine the shielding ratio of a four-layer magnetic shield shaped to be close to a sphere but retaining relative simplicity of
manufacturing. It was found to be ≈10-6 for shielding of an external dc magnetic field in accord with design expectation. The
magnetometer was also used to measure and compensate the average (over the cell volume) residual magnetic field. This
provided near-zero transverse magnetic field condition at the cell, which was found to be very important in order to achieve
the ultra-narrow NMOE features. It was shown that the shot-noise-limited sensitivity of the magnetometer 10-11 Gs (for 1-sec
data accumulation time) is achieved using the advantages of tuning the laser to the line-slope. Possible application of NMOE
in searching for P- and T- violating EDM in atoms has been considered also. We estimated the shot-noise-limited sensitivity
of EDM experiment with cesium based on the sensitivity to magnetic field achievable with our set-up. Assuming that it is
possible to apply a 10 kV/cm electric field to a paraffin coated cell, this provides statistical sensitivity of δdCs~10-26e⋅cm and
δde~10-28e⋅cm for data accumulation time 106 sec. These are more than two orders of magnitude better than the current limit
for dCs (20) and about 40 times better than the best published experimental limit on electron EDM, |de|≤4⋅10-27e⋅cm,
established in an experiment with 205Tl (21), respectively.
     In the nearest future, we plan to investigate application of high voltage electric fields to a paraffin-coated cell, and the
effects of the spin-exchange collisions between rubidium and cesium in the cell in the proposed EDM experiment.
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