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A radio-frequency tunable atomic magnetometer with a sensitivity of about 1 fT/Hz1/2 in a range of

10–500 kHz is demonstrated. The magnetometer is operated in the orientation configuration in which

atoms are pumped to the stretched atomic state by a scheme based on indirect optical pumping using

only one unmodulated, low-power laser. The magnetometer operates with cesium atoms, which

have sufficient vapor pressure near room temperature to enable high magnetometric sensitivities.

The technique enables a compact and robust module to be constructed that could become an

in-the-field device. [http://dx.doi.org/10.1063/1.4729016]

An ever increasing demand for ultra-precise magnetic-

field measurements has driven a recent revival of interest in

atomic magnetometers (AMAGs). With the highest sensitiv-

ity ever achieved, the possibility of absolute field measure-

ments, very low running costs and power consumption, and

the potential for miniaturization, the devices have become a

rival to superconducting quantum interference devices.

AMAGs have already proved their usefulness in a wide spec-

trum of applications ranging from fundamental science (tests

of local invariance, permanent electric dipole moment or gF

measurements) to medical screening (magnetocardiography,

magnetoencephalography) and security applications (nuclear

quadrupole resonance).1 One of the best-suited applications

of AMAGs is in the detection of radio-frequency (rf) electro-

magnetic fields.2

The principle of operation of rf AMAGs relies on the

detection of magnetically induced transitions between neigh-

boring Zeeman sublevels of a given ground state. The transi-

tions are generated by an oscillating rf field with a frequency

that coincides with the energy splitting of adjacent mF suble-

vels. The sublevels are tuned into resonance with the rf field

through the Zeeman effect, i.e., via application of a bias

magnetic field. The resulting changes of the sample’s mag-

netization are detected through the polarization rotation of a

linearly polarized probe beam propagating through the

medium.

At the fundamental level, the sensitivity of a rf AMAG

is limited by quantum fluctuations of the spin component

involved in the interaction with the probe light (atom-projec-

tion noise). In that case, the sensitivity of the magnetometers

scales with the square root of the transverse relaxation rate.

For atomic vapors at room temperature, one of the significant

contributions to the rate comes from spin-exchange colli-

sions. This contribution, however, may be reduced by pump-

ing most of the atoms into the stretched state, i.e., the state

with maximum/minimum mF.3 Effectively, the relaxation

rate is reduced and higher magnetic-field sensitivity may be

achieved.

In this paper, we demonstrate operation of a rf AMAG

based on an indirect optical pumping scheme where a cesium

atomic vapor is prepared in the stretched state.4 The imple-

mentation of the scheme not only increases the sensitivity,

but also simplifies the instrumentation, i.e., just one pumping

beam is required, instead of the usual pump and repump

beams.5 Furthermore, the wavelength of the pumping beam

is close to that of the probing beam [Fig. 1(a)], thus the

whole setup could be realized with a single modulated laser.

When using cesium, operation close to room temperature

provides atomic density of 1011 cm�3. The low optical den-

sity of the medium results in relatively low laser powers

(below 1 mW) being required for the pumping and probing.

Confinement of the sample in a paraffin-coated glass cell

minimizes the relaxation of the ground state due to inelastic

collisions of atoms with the walls.

The measurement instrumentation is described in detail

in Ref. 4; here only the key elements of the setup are intro-

duced. The Cs vapor is housed in an antirelaxation-coated,

cross-shaped, glass cell with a length of the cross arm of

33 mm and 20-mm diameter of the window [Fig. 1(b)]. The

ambient magnetic field is suppressed by the use of five layers

of mu-metal (shielding factor of 106). The bias magnetic

field to tune the Zeeman splittings is created by two axial

solenoids placed next to each other with a separation of

6 mm to allow the probe laser to pass through. The atomic

vapor is optically pumped by a circularly polarized laser

beam, 20 mm in diameter, frequency locked close to the

F¼ 3!F0 ¼ 2 of the cesium D2 line [Fig. 1(a)]. A second,

probing beam is linearly polarized parallel to the bias field

and is frequency stabilized to the F¼ 4!F0 ¼ 5 transition

using a standard saturated-absorption setup, and then fre-

quency shifted by a double-pass acousto-optic modulator to

960 MHz blue-detuned [Fig. 1(a)]. The rf field to be deter-

mined is created by a set of coils and oscillates along the

y direction. The probe light transmitted through the cell is

analyzed by a polarimeter, while the resulting signal is proc-

essed by either a lock-in amplifier or a rf spectrum analyzer.

In the standard configuration, the optical pumping into

the stretched state is achieved with circularly polarized light

tuned to the F¼ 4!F0 ¼ 4 (D1 transition).6,7 For that transi-

tion, about half of all excited atoms escape to the F¼ 3 state,

so typically an additional laser, the so-called repumper, is

necessary to recycle population back into the F¼ 4 state.5
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Here, however, we discuss the case when pumping into the

stretched state is achieved by the recently demonstrated tech-

nique of indirect optical pumping combined with spin-

exchange collisions.4 The technique addresses simultane-

ously two aspects relevant to the magnetometer perform-

ance: (1) it depletes the F¼ 3 state, so that more atoms can

contribute to the signal, (2) it creates a high degree of orien-

tation in the F¼ 4 state, which both reduces the width of the

rf resonance and increases the signal-to-noise ratio (SNR). In

contrast, the standard approach results in power broadening

of the rf resonance by a direct optical coupling to the pump

laser, which drastically reduces SNR.

Figure 2 presents the polarization-rotation spectrum as a

function of the rf-field frequency. In a bias field of 143 lT,

the second-order Zeeman effect is 54 Hz, which splits the rf

resonances corresponding to specific transitions between

neighbouring Zeeman sublevels. For Larmor frequencies

below 100 kHz, the second-order Zeeman effect is smaller

than the ground-state relaxation rate and all rf resonances

overlap to a single peak (inset to Fig. 2). Analysis of Fig. 2

naturally implies operation of the magnetometer using

the strongest rf resonance that corresponds to the

mF¼� 4$mF¼� 3 transition.

The amplitude of the rf resonance depends on the popula-

tion difference between the two rf-field coupled Zeeman sub-

levels,8 so achievement of the highest possible orientation in

atoms is desired. In our system, the degree of orientation

depends on the power and detuning of the pump laser (pump-

ing rate) and the atomic density (rate of the collisions).

The amplitude of the strongest rf resonance,

mF¼ �4$mF¼�3, as a function of the pump-laser power

for two different detunings is shown in Fig. 3 (red circles

correspond to the center of the F¼ 3!F0 ¼ 4 transition while

blue diamonds correspond to a detuning 14 MHz below the

F¼ 3!F0 ¼ 2 transition). Both dependences have broad

maxima and tend to contract slightly for the highest accessi-

ble light powers. We attribute this oversaturation tendency to

the coupling of the pump light to the F¼ 4 ground state

which, despite the 9 GHz detuning, becomes significant.

Comparison of the highest amplitudes measured for both

cases confirms the relatively strong detuning dependence of

the rf resonances. Amplitudes of the rf resonances can be

optimized by the pump laser frequency which modifies the

rate of pumping between the F¼ 3 and F¼ 4 manifolds.

FIG. 1. (a) Energy structure of the cesium

62S1/2!62P3/2 transition (D2 line, 852 nm). The

arrows correspond to pump- and probe-beam excita-

tions, respectively. (b) Experimental scheme of

the described rf AMAG. P stands for polarizer, and

k/2 and k/4 are half- and quarter-waveplates,

respectively.

FIG. 2. Rotation of the probe-light polarization versus the rf-field frequency

(rf spectrum). Due to nonlinear Zeeman splitting (B¼ 143 lT), a number of

distinct rf resonances are observed, with the most pronounced one corre-

sponding to the mF¼�3-mF¼�4 transition (locations of the 8 resonances

are marked on the bottom of the plot). The inset shows a similar spectrum

measured for a field of 21.4 lT, where nonlinear Zeeman splitting is negligi-

ble. The spectra were measured for a pump-beam power of 600 lW, probe-

beam power of 1 lW, and rf field magnitude of 10�10 T.

FIG. 3. Amplitudes of the rf signal versus the pump-beam power for the

pump laser tuned to the F¼ 3!F0 ¼ 4 (red circles) transition and 14 MHz

below the F¼ 3!F0 ¼ 2 transition (blue diamonds).
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The last important parameter that determines the degree

of orientation is atomic density. Within the studied density

range (0.3–2.0 � 1011 cm�3), the degree of the orientation

peaks for a density of about 1.2 � 1011 cm�3 and slightly

decreases for higher densities (Fig. 6 in Ref. 4). This results

from the fact that increasing the density not only increases

the rate of spin-exchange collisions (that helps to generate

orientation) but also the absorption rate that causes radiation

trapping and degrades the pump beam polarization. Since the

orientation affects magnetometer sensitivity (resonance line-

width and signal to noise) the discussed scheme can be effec-

tively operated with the cell at nearly room temperatures of

32 �C. The resulting orientation in the F¼ 4 state reaches at

the temperature 92%.

Figure 4 presents the dependence of the signal amplitude

on the probe-beam power (black points). Because of its con-

siderable detuning (960 MHz), the probe laser only margin-

ally perturbs the system within the power range up to

0.5 mW (linear power dependence of the signal amplitude,

which is determined by the rotation angle and probe-light in-

tensity). Above that power, the competing build-up of atomic

alignment by the probe beam becomes visible and reduces

the signal amplitude.

There are four major components of the noise for

magnetic-field measurements with the AMAG. For probe

powers below 10 lW, the noise level of our setup is deter-

mined by the electronic noise of the detection system. Above

that power, the leading contribution comes from the photonic

shot-noise that scales with the square root of the probe-laser

power. Both these components contribute to the background

noise (red solid line in Fig. 4). We have noticed that for

probe powers above 1 mW this noise component (extracted

as a background from the spin-noise spectra—Fig. 5) was

significantly different from the shot-noise level (measured

with the bias field turned off). It is caused by the wide (up to

a few kHz) pedestal, which along with the resonance noise

peaks might be described in terms of diffusion-induced nar-

rowing.11 Finally, there are atomic components resulting

from the atomic-projection noise and probe-beam back-

action, both oscillating at the Larmor frequency (light blue

diamonds in Fig. 4). The atomic noise is modified by the

alignment tensor part of the atom-probe-light interaction,

thus its amplitude scales quadratically with probe-beam

power.9 Optical pumping generated by the probe beam

causes saturation of the atomic-noise amplitude oscillating at

the signal Larmor frequency above 2 mW.

Several schemes have been proposed to eliminate the

probe-light back-action,5,10 while detuning the probe laser

far from the resonance helps to reduce tensor addition to the

atomic-projection noise. Therefore, the reported amplitude

of the noise component oscillating at Larmor frequency does

not constitute the ultimate limit for SNR. To illustrate the de-

pendence of SNR on probe laser power the ratio between

the signal amplitude and the noise level is shown with the

dashed (green) line in Fig. 4. It is worth mentioning that the

probe-laser power that optimises SNR (0.2 mW) is signifi-

cantly lower than the value that maximises the signal (1.5

mW). It falls into the probe-power range where the noise

floor is limited by the photonic-shot noise (the electronic

noise is five times smaller than photonic shot noise).

Figure 5 shows the signal from the spectrum

analyser recorded with a calibrated rf-magnetic field magni-

tude of 0.83 � 10�12 T, tuned to the center of the

mF¼�4$mF¼�3 transitions. The grey solid curve repre-

sents the rf spectrum recorded in the presence of the rf mag-

netic field, while the dotted curve represents the background

contributions from the back-action of the probe beam

(recorded with the pump beam on and the rf field off) in

addition to the atomic-projection noise. The photonic shot-

noise level, measured with the bias field turned off is shown

as the black curve. As a consequence of the fluctuation-

dissipation theorem, the atomic projection noise spectrum

mirrors that generated by the interaction with a rf field.12

With the atomic sample not completely oriented (about 80%

of atoms in the stretched state), there are components of the

atomic-projection noise and probe-beam back-action at fre-

quencies lower than that of the mF¼�4$mF¼�3 transi-

tion (as in Fig. 2). For low bias fields, the signal, as well as

noise increase because of overlap of different transitions.

Thus, to first order, when noise is dominated by atomic-

projection noise and probe-beam back-action, the

FIG. 4. Amplitude of the magnetometer signal versus the probe-beam power

(black points). Background of the noise (red solid curve) includes electronic

noise and photonic-shot noise, while the noise component oscillating at the

Larmor frequency (blue diamonds) consists of atomic-projection noise and

probe-beam back-action. The sum of the various components of the noise is

depicted by the dashed-dot red curve. The green dotted line represents the

ratio between signal and photonic-shot-noise level which values are deter-

mined using the axis on the right.

FIG. 5. Noise spectrum of the magnetometer recorded with (grey solid line)

and without (blue dotted line) a rf magnetic field. The photonic-shot-noise

level is marked with a black solid line. The resolution bandwidth for the

measurement was 1 Hz.

242401-3 Chalupczak et al. Appl. Phys. Lett. 100, 242401 (2012)



magnetometer sensitivity is independent of the frequency

of the field to be detected. For optimised conditions, the

atomic-projection noise and probe back-action are at

1.16 fT/Hz1/2, while photonic shot-noise is at 0.4 fT/Hz1/2.

To conclude, we have demonstrated a rf-field atomic

magnetometer employing the magnetometric scheme that

combines indirect optical pumping and spin-exchange colli-

sions. This magnetometer enables one to detect rf electro-

magnetic fields with a sensitivity of 1.16 fT/Hz1/2, with an

important advantage of the proposed scheme being its tech-

nical simplicity. The magnetometer operates with the atomic

vapor at near room temperature, which simplifies the thermal

isolation between atomic cell and potential sample.7 The low

vapour density (1011 cm�3) results in relatively low laser

powers being required for the measurements (pump 400 lW

and probe 500 lW). The frequency of the pumping beam is

about 10 GHz away from that of the probing beam and thus,

in principle, a single frequency or amplitude-modulated laser

could be used. Some practical applications of the scheme are

already under development.
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