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Sensitive magnetometry based on nonlinear magneto-optical rotation
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Application of nonlinear magneto-opticéFaraday rotation to magnetometry is investigated. Our experi-
mental setup consists of a modulation polarimeter that measures rotation of the polarization plane of a laser
beam resonant with transitions in Rb. Rb vapor is contained in an evacuated cell with antirelaxation coating
that enables atomic ground-state polarization to survive many thousand wall collisions. This leads to ultrana-
rrow features ¢ 10 ® G) in the magnetic-field dependence of optical rotation. The potential sensitivity of this
scheme to suleG magnetic fields as a function of atomic density, light intensity, and light frequency is
investigated near thB1 andD?2 lines of ®®Rb. It is shown that through an appropriate choice of parameters
the shot-noise-limited sensitivity to small magnetic fields can reaci® 2 G/\Hz.

PACS numbegps): 32.80.Bx, 07.55.Ge, 42.50.Gy

[. INTRODUCTION rotation feature[14] with a width determined by Doppler
broadening. This feature arises because the Zeeman splitting
Optical pumping magnetometdis,2] have achieved sen- of magnetic sublevels shifts the resonance frequencies for
sitivities of ~3x 10" G/\Hz (see, e.g., Refd§3] and[4] right- and left-circularly polarized light. There are also non-
and references thersirThere is considerable interest in im- linéar Faraday rotation features, such as the Bennett
proving the sensitivity of magnetic-field measurements botrptructure-related feature which has a width determined by the
for practical applications and for fundamental research. Folifétime of the excited stattsee, e.g., Ref8], and references
example, sensitive magnetometry and related techniques aierein. The narrowest features in the magnetic-field depen-

applied in tests of discrete symmetries in atomic systemgence of the Faraday rotation are due to NMOR associated

[5,6]. Atomic magnetometers based on nonlinear magnetowith light-induced ground-state polarizatidnoherence ef-

X X fectg. The Bennett structure and coherence effects are non-
optical (Fara_d_a_y rotatlon(NM(.)R). [7.8] may be able to en- linear in the sense that they require at least two light-atom
hance sensitivity to magnetic fields compared to conven-

. . ; . interactions, one to prepare the atomic saniplg., optical
tional optical pumping magnetomete[@s]. I_n th|_s paper we pumping[15]) and a second interaction to probe the atomic
show that NMOR with ultranarrow linewidths (2

; ) sample. Because magnetometry based on the Faraday effects
X1 Hz, demonstrated in Reffl0] and[11]), achieved by  employs detection of forward-scattered light, it can be much

employing an evacuated alkali vapor cell with high-quality more efficient than schemes based on fluorescence detection
paraffin coatind3], can in principle be used to reach a shot-[1g].
noise-limited sensitivity of~3x10 ' G/\JHz. We per- The sensitivityB, to magnetic fields along the direction
form a systematic investigation of the shot-noise-limited seny |ight propagation %) is given by
sitivity to magnetic fields with respect to light intensity, light
frequency, and atomic density. It is demonstrated that the
sensitivity can be considerably improved by detuning light
from the center of a Doppler-broadened absorption profile
[12]. It is interesting to note that the optimum sensitivity in
this experiment is close to the shot-noise limit for an ideal ) o ] o )
experiment with the given number of atoms in the vapor celWhere d¢ is the sensmwt%/ to light polarization rotation
(~10"2 at room temperature=20°C) and rate of ground- (Measured in, e.g., rad_HiJ [18]) andd¢/ B, is the slope
state relaxation, demonstrating the high efficiency of‘?f the optical rotatlon_wnh rgspect_to_ a longitudinal m_agnehc
NMOR-based magnetometry. field B,. The shot-noise limit ob¢ is mvgrsely proportional
Faraday rotation is a process in which the plane of lightl© the square root of the transmitted light poW8]. As-
polarization rotates as light propagates through a mediuriuming that transverse fields are compensated at a level
along the direction of a magnetic field. Typically, in the caseMuch smaller than the value &;, where optical rotation
of resonant atomic media, there are several nested, dispeieaches a maximurwhich ensures that thB, dependence
sively shaped features of different widths in the magneticOf NMOR has a dispersive shap0]) for magnetic-field
field dependence of the rotatiaisee, e.g., Ref[13], and  Sensitivity neaB,=0 we have
references therein For example, there is a linear Faraday

Jde -1
o6B,= 7B o, (1)
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electronic elements are described in R¢1€)] and[11]).
FIG. 1. Partial energy-level diagram dPRb (nuclear spin
=5/2) with hyperfine splittings and relevant transitiofisot to  the antirelaxation coated Rb vapor c@lD cm diameter the
scals. light passes through an attenuatosed to adjust light inten-
sity), a linear polarizer, and a Faraday rotaffor calibration
whereP is the light flux transmitted through the cell in pho- of rotation angles The coated vapor cell is inside a four-
tons per secondy, is the relevant effective relaxation rate, layer magnetic shield that provides nearly isotropic shielding
and e maxis the maximum rotation angle with respect to mag-of external dc magnetic fields at a level of 1 part irf £01].
netic field. Residual magnetic fields are compensated to less than
When applied to the coherence effects in NMOR, which0.1 uG (averaged over the cell voluméy three mutually
are related to the evolution of light-induced atomic polariza-perpendicular magnetic coils using the techniques of three-
tion, Eqg. (2) indicates that decreasing the relaxation rate ofaxis magnetometry discussed in R¢fid] and[11]. At room
atomic ground-state polarization can improve the sensitivittemperature (20°C) the atomic number density~ig.5
to magnetic fields. In our experiment, we obtain ultranarrowx 10° c¢cm™2, which corresponds to on the order of one ab-
NMOR resonances in the coherence effdd8] by using sorption length at the center of resonance lines. For investi-
evacuated vapor cells with high-quality paraffin coatiBg gation of magnetometer sensitivity with respect to atomic
The depolarization rate limits the amount of time that polar-density, the vapor cell is heated to around 30 °C by channel-
ized atoms can evolve in the magnetic field before probinging warm air into the inner magnetic shield. The atomic den-
Since atoms can undergo many thousand collisions with theity is determined from fits of the light transmission spec-
paraffin-coated cell walls without depolarizing, in our casetrum to a Voigt profile.
the upper limit on the average precession time360 ms at NMOR signals are detected using the technique of modu-
20°C) is determined by relaxation due to spin-exchange collation polarimetry (see, e.g., Ref[22]). After passing
lisions. Although our apparatus is not currently shot-noisethrough the coated Rb vapor cell, light goes through a second
limited, by measuringgeo/dB, and the transmitted light in- Faraday rotator that modulates the direction of linear polar-
tensity we can estimate the shot-noise-limited sensitivityization at a frequency of 1 kHz wita 5 mrad amplitude. The
using Eq.(2). polarization of the light is subsequently analyzed with a po-
larizing beamsplitter aligned with the initial light polariza-
tion. The first harmonic of the signal from the photodiode
PD1, which detects light from the nearly crossed channel of
In this paper, we investigate coherence effects in nonlinthe polarizing beamsplitter, is measured with a lock-in am-
ear Faraday rotation for thB1 andD2 lines of ®Rb (Fig.  plifier. Transmitted light intensity is the sum of the light
1). The experimental apparatiBig. 2) for these measure- detected with the bright chann@D2) and the dark channel
ments is essentially the same as that used in our previoU®D1) of the analyzer. The ratio of the first harmonic signal
experimentg10,11]. We use tunable external cavity diode from PD1 to the transmitted light intensity is a measure of
lasers to produce light at 795 nm for ti2l line (°Sy, the optical rotation anglg22].
—2Py,») and 780 nm for theD2 line (3S;,—2P3y). The
frequency of theD 1 Ig_ser is monitored by observing fluores- lll. LIGHT FREQUENCY DEPENDENCE OF COHERENCE
cence from an additional uncoated Rb vapor cell and the EFEECTS IN NMOR
signal from a confocal Fabry-Perot spectrum analyi&.
The frequency of th®2 laser is monitored by observing the  In order to optimize the sensitivity of an NMOR-based
signals from the Fabry-Perot cavity and a dichroic atomicmagnetometer, it is essential to understand the dependence of
vapor laser lock(DAVLL) [20,21. These signals permit optical rotation on experimental parameters, such as light
relative frequency calibration of NMOR spectra to within frequency. There are a variety of physical mechanisms that
~10 MHz (laser linewidths ares7 MHz). Before entering determine the spectra of NMOR for the coherence effects.

Il. EXPERIMENTAL SETUP
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FIG. 3. lllustration of the transit and wall-induced Ramsey ef- B,=50mG : (b)
fects in a cell with antirelaxation coating. The linearly polarized
light induces ground-state polarization that evolves in the longitu-
dinal magnetic field. The evolution of atomic polarization can both
cause the atomic vapor to acquire circular birefringefzg and
rotate the axis of linear dichroism with respect to the initial plane of
light polarization[10,11], causing optical rotation as light propa-
gates through the vapor. In the transit effect, pumping and probing 1
occur while the atom traverses the beam. In the wall-induced Ram- 4 o5

sey effect, the atom travels about the cell undergoing many Wa||§ /f.—...—-..._.
collisions before the probe interaction occurs. Thus the time be-2o.95 |
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tween pumping and probing can be much longer for the wall-g o, a,-"".
induced Ramsey effect compared to the transit effect, leading to the§ 0.90 [ ot (C
ultranarrow linewidths observed in the present paper. =
0.85 : : : : : !
1.2 08 0.4 0.0 0.4 0.8 1.2
When atomic polarization survives many wall collisions be- Relative Frequency (GHz)

tween .pumplng and prpblr(gjﬁe ngl-lnduced Rar_nsey eff(.:"Ct FIG. 4. () Wall-induced Ramsey rotation spectrum for the
[23], Fig. 3, atoms which are optically pumped in a particu- F,=3 component of thd1 line, light intensity is 1.2 mW/cf

lar resonant velocity group generally return to the beam with,eam diameter-3 mm. (b) Transit effect rotation spectrum, light

a different velocity. In the case where Doppler-broadenegyensity is 0.6 mwicrh (c) Light transmission spectrum for light

hyperfine transitions overlap, it is possible for the light to bejntensity=1.2 mwi/cnt. Overall slope in light transmission is due

resonant with different transitions during pumping and prob+o change in incident laser power during the frequency scan.
ing. For example, when the laser is tuned to the center of the

F,=3 component of thD1 line [see Fig. 4a)], an atom optical pumping and probing. Therefore the contributions to
pgmped on th& ;=3—F,=2 transition can be probed with rotation from each velocity group add near the center of the
comparable probability on either tife,=3—F.=3 or the Dolpprler prloflle[Flg. Lll(bi)] b dth Stark shifts of
Fy=3—F.=2 transition, wheré, andF are the total an- t has also recently been observed that ac Stark shilts o

: - _the ground-state sublevels caused by the electric field of the
ular momenta of the ground and excited states, respectively., O . X
%he same is true for %toms pumped on 3 F p:3 Ight can significantly modify NMQR spect@4]. At light -
il e powers where the number of optical pumping cycles during

transition. Atoms pumped of —F andF—F—1 transi- 0 vo|axation time of ground state coherences exceeds unity,
tions tend to populate dlfferen.t_gro.und-st_ate sublevels, anéjround-state alignmeri25] created by optical pumping can
the dark state for aff —F transition is a bright state for an pe efficiently converted into orientation via the combined
F—F~—1 transition. Similarly, the dark state for &h—F  5ction of the magnetic field and the optical electric figé—

—1 transition is a bright state for @—F transition. Con-  30]. This effect leads, for example, to a change in the overall
sequently, forF—F,F—1 transitions, the contribution to sign of rotation for closedc—F+1 transitions as light
optical rotation from atoms pumped and probed on differenpower is increased.

transitions is of opposite sign compared to the contribution In the following, we focus on nonlinear Faraday rotation
from atoms pumped and probed on the same transition. Ifor the hyperfine transitions which exhibit the largest optical
this case, the wall-induced Ramsey rotation spectrum corrotation for the wall-induced Ramsey effect: thg,=3
sists of two peaks, since the contributions to optical rotation—F.=2,3,4 component of thB2 line and theF;=3—F,

nearly cancel at the center of the Doppler profile. =2,3 component of th®1 line, respectivelyFig. 1).
This can be contrasted with a situation where the relax-

ation of ground-state polarization is determined by the time- V- SENSITIVITY AS A FUNCTION OF LIGHT

of-flight of atoms through the light beafthe transit effect, FREQUENCY AND INTENSITY

Fig. 3. Here atoms remain in a particular resonant velocity The spectra ob¢/dB, for the F,=3 components of the
group(in the absence of velocity-changing collisipnsiring D1 and D2 lines are shown in Figs(ah and &a), respec-
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FIG. 5. (a) Slopede/dB, as a function of laser detuning for the FIG. 6. (a) Slopede/dB, as a function of laser detuning for
Fy=3 component of the RbD1 line (laser intensity the Fy=3 component of the RbD2 line (laser intensity
~1 mWi/cnt); (b) normalized light transmission(c) estimated ~4.5 mW/cn?); (b) normalized light transmissior(c) estimated
shot-noise-limited sensitivityB, . shot-noise-limited sensitivityB, .

tively. Figures %b) and @b) show light transmission through served to change slightly with light power

the cell, where incident light intensities for til andD2 The sensitivity as a function of light intensity is shown in

lines are 1 mW/crhand 4.5 mW/crh, respectivelfbeam  Fig. 7. The optimal valuéB, with respect to laser frequency

diameter~3 mm). The optimum shot-noise-limited sensi- and intensity is

tivity is obtained for these light intensities, as discussed be-

low. The slopes were determined by taking the difference of 8B,~3x10 2 G/\Hz.

nonlinear Faraday rotation spectra wigh=+1 uG, which

cancels magnetic-field-independent background rotation. Th&his is a factor of 8 improvement from our previous result

primary contribution to the background rotation has a spect11,18, obtained without systematic optimization. This opti-

tral and light intensity dependence similar to that of self-mum sensitivity is achieved at a laser intensity

rotation of elliptical polarizatioi17]. The magnitude of the =4.5 mW/cnf and frequency tuned~0.4 GHz to the

effect is consistent with that expected from self-rotation in-high-frequency side of thE =3 component of th®2 line.

duced by residual elliptical polarization of the incident light The optimum_sensitivity for théd1 transition is 6B,~4

(which is nominally linearly polarizediue to the nonideality <10 2 G/\/Hz at a laser intensity of=1 mW/cn? with

of the polarizers and birefringence of the vapor cell wall. frequency tuned=0.6 GHz to the low-frequency side of the
From the measurements 6f{/JB, and transmitted light Fy=3 component.

intensity, the shot-noise-limited sensitiviB, to longitudi- We believe that the difference in the light intensities

nal magnetic fields can be found using E2). The sensitiv- where optimum sensitivity occurs for tiel andD2 lines is

ity as a function of light detuning from the center of the related to the saturation behavior of the hyperfine transitions

Doppler-broadenedr ;=3 components of thé&®1 and D2 involved. At the frequencies where optimum sensitivity is

lines is shown in Figs. (8) and Gc). Note that for both the achieved, the primary contribution to optical rotation for the

D1 andD2 lines, the sensitivity can be improved by detun-D1 line is from the operF,=3—F,=2 transition and for

ing the light from the center of the Doppler-broadened resothe D2 line, the closed=3=3—F.=4 transition. Specifi-

nance. In fact, detuning the light improves the sensitivitycally, in contrast to the=;=3—F.=2 D1 transition, the

over the entire range of light powers studieathough the Fy=3—F.=4 D2 transition has no dark state and is a cy-

frequency where the optimum sensitivity is achieved is ob-cling transition. Thus significant differences in saturation be-
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§ atomic number density at a relatively high-laser intensity
§ (20 mW/cnf) for the D2 line (Fig. 8). The sensitivity was
§ § § studied over a range of densities between 4.5 and 14
§ § x10° cm 3, corresponding to cell temperatures of 20 to
30°C, limited by our present thermal stabilization system.
The atomic densities were determined by fits to the absorp-
tion profiles at low-light intensity. Over this range of densi-
s 10 15 2 25 ties we do not find a significant change B, .
Light Intensity (mW/cm?) The behavior ofé6B, with respect to density can be un-
derstood as follows. With the laser frequency detuned from
FIG. 7. Optimum(with respect to frequengyshot-noise- limited  the center of the absorption profile at the high-light intensity
sensitivity as a function of light intensity for tifg;=3 components  used, there is little absorption over the entire range of densi-
of theD1 andD?2 lines. Data taken at room temperature (20 °C, ties studied. Therefore the transmitted light poWwes inde-
atomic density=4.5x10° cm™%). Note that the scale of the hori- pendent of density, so the shot-noise-limited sensitivigy
zontal axis is five times larger for tHa2 line. to rotation angle is constant. At the light intensities and de-
tunings where optimum sensitivity is achieved for each den-
havior occur for these two cases. It should also be noted thaiity, the relaxation rate due to spin-exchange collisipnss
at the |Ight powers where highest sensitivity is Obtainedgreater than or Comparab|e to the ||ght broadening W&%
alignment-to-orientation conversion is expected to be g10,11. Under these conditions, the sensitiviéB, is ap-
dominant mechanism in NMOR4]. proximately independent of atomic density since bty
and y,¢~ v<e are proportional to atomic densifizg. (2)].

Sensitivity 8B, (1072 G/Hz'?)

S
L L L L L L AL

(=]

V. SENSITIVITY AS A FUNCTION OF ATOMIC DENSITY

VI. ADDITIONAL CONSIDERATIONS
Our approach to NMOR-based magnetomelfy,11]

takes advantage of the ultranarrow linewidths in the wall- As discussed in Ref433,1( and[11], transverse mag-
induced Ramsey effect obtained with evacuated, antirelaxaetic fields(e.g., B,) can also be detected with the present
ation coated cells. Another technique to achieve narrowapparatus. We find experimentally that if the transverse fields
NMOR resonances employs cells with buffer gas to increasare compensated to a level well beld®;] they do not
the transit time of atoms through the laser bd&t). Under  significantly affect sensitivity to longitudinal fields. This is
conditions of relatively high-atomic density ~10'>  because neaB,=0, if the transverse magnetic fields are
atoms/cm) and high-light intensities{2 mW/cnf), ithas  much less thahBY'®j, the nonlinear Faraday rotation is lin-
been shown that shot-noise-limited sensitivities surpassingar with respect to longitudinal magnetic field while there is
~10 " G/\Hz are possible with this approa¢Bl]. It is  a quadratic dependence of rotation on transverse figds
suggested that by increasing atomic density and light powenonlinear Voigt effect, see, e.g., Ref84] and[35]). The
NMOR-based magnetometer sensitivity can be further imamplitude of the transverse magnetic field, where optical ro-
proved (as in the case of the recently proposed, closely retation due to the nonlinear Voigt effect reaches a maximum,
lated “phaseonium”’—phase coherent atomic ensemble-is approximately BJ'®.
magnetometef32]). Optimization of an NMOR magnetometer also involves
We have investigated the dependence of sensitivity orthe choice of the atom. In order to employ the paraffin coat-
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ing to achieve low-spin-relaxation rates, the stable isotopeg these parameters, a shot-noise-limited sensitivity of 3
of sodium, potassium, rubidium, and cesidamong the al-  x 10712 G//Hz is achievable. If limitations due to technical
kali atoms are most convenient; for these species, sufficientoyrces of noise can be overcome, the sensitivity of an
atomic densities are achieved in the range of temperaturg§MOR-based magnetometer may be able to surpass that of
for which the_ paraffin coatlng works. We plan to investigatecyrrent optical pumpin§8—5] and superconducting quantum
NMOR fO_I’ different SpeQIeS of atomS. in the future. . interference device magnetometé%] (both of which op-
There is also a question of the optimum laser beam diamerate near their shot-noise-limtty an order of magnitude. It
eter. Our present apparatus limits the range over which thgy interesting to note that this sensitivity to magnetic fields
beam diameter can be varied to a few mm. No significantorresponds to a sensitivity of 16 Hz/\/Hz to atomic en-
change in sensitivity was observed over this range. Estimategqy |evel shifts, indicating that the general techniques em-
indicate that the_ sensitivity cannot_ be improved by more tha'bloyed may be of considerable interest for a variety of fun-
a factor of 2—-3(if at all) by changing the laser beam diam- §amental and practical applications.
eter, although we plan to investigate this question more care- The results of our present investigation may be useful in
fully with density-matrix calculations in the near future. We pe development of an NMOR-based magnetometer for use
have also recer_ltly mvestlga_ted NMOR with Rb m_paraffm-in the earth field rangelB|~0.5 G) and the application of
coated cells using two spatially separated laser figB. closely related nonlinear electro-optic effects to precise
Sugh a scheme offers the p035|b_|l|ty of independent optimiy|actric-field measurement89]. We also hope to apply
zation of the light frequency and intensity of both pump andsjmilar methods in a search for a permanent electric dipole
probe. _ o o moment (EDM) [8,40,10,11,41 The optimum shot-noise-
Recent experiments have indicated a promising new waymited sensitivity to the EDM should occur under param-
to obtain ultranarrow resonancgd7]. When alkali atoms  gers close to those where an NMOR-based magnetometer

contained in vapor cells filled with He buffer gas are cooled,ggches optimum sensitivity to magnetic fieldee, e.g., Ref.
below ~2 K, the cross sections for spin-exchange relax{11J).

ation reportedly decrease by orders of magnitude. In prin-
ciple, this may allowy, to reach the mHz range and corre-
spondingly improve the sensitivity of NMOR-based
magnetometry.
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