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Abstract: A sensor for magnetic field measurement is developed using a small (centimeter
size) rubidium cell. A high contrast Zeeman coherent population trapping (CPT) resonance
is produced by the magnetic dither in the sensor solenoid, and a peak-locked servo is
implemented for magnetic field measurement. Sensitivity close to 110 pT/+/Hz has been
achieved in axial field measurement. The CPT-based magnetic sensor is capable of mea-
suring sub-nanotesla level magnetic field variations at high (microtesla) field strength. We
discussed possible sources of noise and broadening which are affecting the performance
of the sensor, and suggest changes that will further improve the performance of the sensor.

Index Terms: Lasers and electrooptics, magnetooptic devices, photonics magnetics.

1. Introduction

Coherent population trapping (CPT) has been extensively studied in alkali atoms with a broad
range of fundamental interests and applications relating to steep dispersion, ultralow group velocity,
nonlinear optics at low light level, precision sensing, frequency referencing and others [1]-[6]. CPT
is produced by Raman excitation with two coherent laser frequencies in a three-level A—system.
Typically, a A—system is formed when two hyperfine ground states in the alkali atom are coupled to
a common excited state by Raman excitation. For magnetic field sensing (or measurement), CPT
formed between the ground state magnetic sublevels is used [7]-[13]. Similar to atomic frequency
standards, magnetic field sensing using CPT provides high accuracy and sensitivity. Besides scalar
magnetic field sensing, studies have shown that CPT-based approach can also be used to design
vector magnetic field sensor [14], [15]. CPT also gives a practical advantage in designing an all-
optical magnetic sensor (i.e., no RF excitation is needed [16]). Advances in miniaturized and micro
fabricated alkali vapor cells are enabling significant reduction in the size of the CPT-based magnetic
sensors and sensor arrays [10], [17]-[19].

High absolute accuracy in CPT-based magnetic sensor originates from the precise measure-
ment of ground state hyperfine frequency in the alkali atom. The sensitivity of the magnetic sensor
depends on the linewidth and the contrast of CPT resonance. The linewidth is fundamentally
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determined by the inverse of the ground state coherence lifetime. In general, this is many millisec-
onds long in a buffer-gas filled vapor cell [8]. However, CPT linewidth observed in the experiment
is typically larger than its fundamental linewidth, since it gets power broadened by higher optical
power used to achieve higher contrast in the CPT resonance. Thus, there is a trade-off between
CPT linewidth and its contrast. Furthermore, linewidth and contrast of Zeeman CPT resonance
are affected by the magnetic environment of the cell. The linewidth is broadened by magnetic field
inhomogeneity, and the contrast is affected by transverse field components. Despite these effects,
CPT-based magnetic sensors have achieved high sensitivity (~12 pT/+/Hz) using extremely nar-
row Zeeman CPT resonance (FWHM ~ 42 Hz) in a buffer-gas filled Cs cell [9]. More so, chip-scale
CPT-based magnetic sensor (size = 12 mmd) with high sensitivity close 50 pT/+/Hz at 10 Hz
has also been demonstrated [10]. Alternative optical excitation schemes, such as lin L lin, push-
pull optical pumping and counter-propagating circularly polarized beams have been proposed
for improving CPT contrast without broadening its linewidth [20]-[24]. However, these schemes
are mostly applicable for magnetically-insensitive clock transition used in the CPT-based atomic
frequency standards.

In this paper, we implemented a magnetic dither mechanism in servo control to demonstrate au-
tomated magnetic field sensing using peak-locked Zeeman CPT resonance. Magnetic dither gener-
ates dispersive Zeeman CPT signals with high contrast and signal-to-noise (SNR). The dispersive
signal is then used as a feedback (or discriminant) to a phase-locked oscillator to perform magnetic
field measurements. Compared to the common frequency dither approach, magnetic dither gives
the advantage of discriminating magnetically-sensitive (Zeeman) CPT signal from magnetically-
insensitive CPT signal, due to the fact that a small amplitude magnetic dither causes appreciable
energy shift and strong modulation distinctly on the Zeeman CPT signal. Magnetic dither is also
conducive for providing higher lock stability in CPT-based sensing since it does not require the
oscillator to be perturbed during the locking. In our experimental demonstration, sensitivity close to
110 pT/+/Hz has been achieved in axial magnetic field sensing using a centimeter size rubidium cell
of length 2.3 cm. The sensitivity of the sensor is currently limited by some of our design limitations,
which are discussed later. We have also discussed how future design improvements will enable
us to measure magnetic field variation at high fields with picotesla level (or higher) sensitivity. The
paper is organized as follows. In Section 2, we provide a detailed description of our experimental
design and performed measurements. In Section 3, we present results and discussions along with
the performance and scope for future improvement of the sensor.

2. Experimental Description

Fig. 1 shows the diagram of the experimental setup used to produce CPT spectrum and measure
axial magnetic field (B,) using a peak-locked frequency servo. We used a pure-isotope & Rb vapor
cell (optical length = 2.3 cm, diameter = 1 cm) filled with 10 Torr neon buffer gas. A tunable
external-cavity diode laser (linewidth < 1 MHz) was used as a light source. The laser is tuned
to resonance with rubidium D1 transition (A >~ 795 nm). The laser beam is sent through a fiber
pigtailed electro-optic modulator (EOM, bias V,, = 1.4 V) to produce a frequency-modulated laser
beam with sidebands for conducting CPT experiment. The EOM is driven by a microwave oscillator
consisting of a 10 MHz voltage controlled oscillator (VCO) and a phase-locked loop (PLL) for
frequency up-conversion, to produce sidebands with frequency shifts close to half the ground-state
hyperfine frequency (i.e., vy/2 = 3.417 GHz) of 8Rb atoms. Therefore, the frequency difference
(v41 — v_1) between the first-order optical sidebands matches the frequency vy = 6.834 GHz. CPT
is produced by these two sidebands due to coherent A —transition in the rubidium cell (illustrated in
Fig. 2). Multiple CPT resonances are observed by scanning the frequency difference between the
two sidebands around vy and measuring the transmitted light through the cell using a photodetector.
Fig. 2 shows energy levels associated with the D1 manifold of 8 Rb atom and illustrates three CPT
resonances which can be formed using optical excitations with circular polarizations of the form
(oF, o) for the two sidebands. These three resonances are labeled as (-1, —1), (0, 0) and (1, 1)
CPT resonances in terms of the quantum numbers of the corresponding ground-state sublevels.
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Fig. 1. Experimental setup for CPT-based magnetic field measurement. Axial magnetic field (B;) is
applied by placing the rubidium cell inside a solenoid.

Fig. 2. Diagram showing multiple CPT resonances formed by A — transitions with (o, o*) circular
polarizations in the D1 manifold of 87 Rb atom.

In our experiment, we used the (1, 1) Zeeman CPT resonance for B, measurement by virtue of its
higher contrast with (o, o) excitation.

During the experiment, we locked the laser frequency to the maximum absorption (or minimum
transmission) point of the Doppler-broadened 8 Rb D1 line produced by the modulated laser beam
passing through the rubidium cell [25]. This gave us the convenience of using a single photodetector
for implementing the laser servo as well as the peak-locked servo described later for magnetic field
measurement. The laser servo is implemented via a direct dither of the piezo actuator in the
laser cavity, and by designing a servo controller box consisting of a lock-in amplifier (LIA) and a
proportional-integral (PI) controller. The presence of off-resonant carrier in the modulated laser
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Fig. 3. Pictures showing different parts of the rubidium cell assembly and enclosure (a) rubidium cell,
(b) three layer magnetic shield enclosure, (c) solenoid, and (d) cell heating arrangement and mounts.

beam produces a high background in the CPT signal. We minimized this background using an
active feedback control on the EOM bias voltage [24]. This includes following steps: dithering the
EOM bias voltage, picking off a small fraction of the beam after the EOM, measuring it with a
photodetector, and sending the corrected voltage to the EOM produced by a servo similar to the
laser servo. The servo allowed us to lock the EOM bias voltage to the minimum of the transmitted
beam power, which satisfies the condition for minimum carrier as well. We neglected the effect of
two-photon resonance of the second-order sidebands with the carrier due to the fact that power
associated with the second-order sideband is substantially weaker than first-order. Suppressed
carrier optical power produced by the EOM bias servo, was continuously monitored with a scanning
Fabry-Perot etalon with FSR = 10 GHz.

The rubidium cell assembly and enclosure were carefully designed to mitigate the effect of
ambient noise on the magnetic field measurement. Fig. 3(a) shows a small rubidium cell which is
enclosed in a custom-made three layer n-metal magnetic shield enclosure. The enclosure (Fig. 3(b))
attenuates the ambient magnetic field resulting from the Earth and the local environment in the
laboratory by more than 40 dB. The enclosure has an approximate cylindrical volume of 7000 cubic
cm. We used a solenoid mounted inside the enclosure to apply a uniform axial magnetic field
(B2). Fig. 3(c) shows the solenoid with 60 turns of copper wire coiled around a plastic tube with
spiraled grooves etched on its surface. The groove prevents the coiled wire from slipping and thus,
helps in creating a uniform magnetic field along the axis of the solenoid. Three fins made on the
ends of the solenoid allow it to be centered inside the u-metal enclosure. The solenoid is driven
by a low-noise voltage-controlled current source (CS580, SRS). We calibrated the current and
the magnetic field produced by the solenoid using a sensitive fluxgate magnetometer (mag-03,
Bartington instruments). The solenoid produced a uniform B, with strength of roughly 40 mG for 7
mA applied current (slope ~ 5.71 A/G). Fig. 3(c) also shows the mounted rubidium cell placed on
the left side of the solenoid. The cell is mounted inside two plastic discs using set-screws and then
secured within the solenoid tube via pressure.
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Prior to mounting the rubidium cell inside the discs, we wrapped the cell with bifilar twisted
and polymide insulated nichrome heating wire (32 AWG, LakeShore cryotronics) as shown in
Fig. 3(d). This reduces the residual magnetic field produced due to the cell heating coil. The cell
was also wrapped in aluminum foil to retain the applied heat, and reduce the amount of current
needed to maintain a steady cell temperature. Plastic end caps with holes for the laser beam and
the wires, close off the solenoid tube to further reduce the temperature gradient and maintain
a higher temperature stability across the cell. A programmable temperature controller (PTC10,
SRS) was setup with the resistive nichrome heating wire and a standard K-type thermocouple
sensor to actively control the cell temperature to within AT >~ +50 mK. In order to find the optimal
cell temperature, we measured the contrast of (1, 1) CPT resonance as a function of varying cell
temperature. We then maintained the cell at a steady and optimal temperature of 53 °C where the
(1, 1) CPT contrast was found to be maximum.

The laser beam used in the experiment was circularly polarized using a quarter (1/4) waveplate.
The beam emerging from the EOM was expanded and collimated using a beam expander to an
approximate diameter of 8 mm before the cell. Expanded beam size and frequent collisions of 8 Rb
atoms with Ne buffer gas atoms in the cell increased the interaction time of 8Rb atoms with the
laser beam, thus, preventing transit-time broadening of the CPT resonances [24]. We observed an
approximate 3.022 kHz frequency shift in the peak of CPT resonance which is produced by the
buffer gas. The difference frequency between the EOM sidebands is adjusted to account for this
buffer gas induced frequency shift in the cell. Since our cell temperature is actively controlled to
within an accuracy of 100 mK, the variation in this frequency shift due to temperature dependence
of buffer gas is found to be negligible. Using the voltage-controlled current driver, we applied a
bias current as well as a dither current (f = 1 KHz) to the solenoid. Bias current is independently
adjusted to produce B, with various strengths for our measurements. We measured B, by locking
the phased-locked microwave oscillator to the peak of (1, 1) Zeeman CPT resonance. The phased-
locked microwave oscillator consists of a stable 10 MHz VCO and a low phase-noise fractional-N
phase-locked loop (Frac-N PLL, Texas Instruments). The PLL output is internally connected to an
integrating servo (or loop filter) which locks the PLLs phase to the master 10 MHz VCO. Thus,
under the peak-lock condition, a change in frequency of the 10 MHz VCO due to an applied B,
results in a proportional change in the PLL output frequency which allows us to measure B,.

A sinusoidal voltage (f = 1.860 KHz) applied to the current source dithers the solenoid current
to produce a dither in B;, which in turn, produces a dither in the energy shift of the magnetic
sublevels in 8Rb atoms. As a result, the Zeeman CPT signals get amplitude modulated. We
used a lock-in-amplifier (LIA) to demodulate the CPT signal at the dither frequency to observe
high contrast dispersive (or derivative-like) CPT signal in the CPT spectrum. The full spectrum is
observed by scanning the frequency of 10 MHz VCO using a voltage ramp. A Pl controller was
used to generate feedback signal required to lock the phase-locked oscillator driving the EOM to
the peak of (1, 1) Zeeman CPT resonance. A high resolution frequency counter is used to read
the frequency shift of the locked oscillator away from 10 MHz. This frequency shift was simply
multiplied by the PLLs frequency multiplication factor and converted to magnetic field B, by dividing
with a factor 2|gr|ug(=1.399624 MHz/G for Rb) = 1.399624 MHz/G, where gr is the hyperfine
g-factor (e.g., —1/2 for (5651,2, F = 1|and + 1/2 for (565; 5, F = 2|) and up is the Bohr magneton
frequency. We decided to choose different non-harmonic dither frequencies for the peak-locked
servo (f = 1.860 KHz) and the laser servo (f = 267 Hz) in order to prevent lock instability caused
by interference in the photodetector signals.

3. Results and Discussions

First, we calculated the CPT spectrum theoretically by solving the density matrix (or Bloch) equations
for a multi-level 8 Rb atomic model [24], [26]. We included all sixteen energy levels associated with
the D1 manifold in our model. We also included velocity averaging to account for atomic motion in the
vapor medium. Fig. 4 shows the CPT spectrum generated by our model using resonant excitation
of the |F' = 2) excited state with |F = 1) and |F = 2) ground states using (o*, o) polarized light.
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Fig. 4. Calculated CPT spectrum produced by resonant excitation of |F" = 2) excited state with |F = 1)
and |F = 2) ground states using (o, o*) polarized light for B, = 20 mG.

We used following parameters in our calculations: excited state decay rate I' = 6 MHz, equal Rabi
frequencies Q, = Q_ = I'/60 for the first-order sidebands in the modulated laser beam, empirical
ground state decoherence rate y = 200 Hz and a non-zero axial magnetic field B, = 20 mG. The
CPT spectrum is plotted as a function of the difference detuning A [= (v;. — v_) — vg]. The (0, 0) CPT
peak is formed at A = 0 and the (1, 1) and (—1, —1) Zeeman CPT peaks are respectively formed at
A = £2A,, where A; = |gr|ugB;. The linewidths (Av) of all three CPT resonances were obtained
by using Lorentzian fittings to the plot. They were measured to be approximately 0.986 kHz for the
(0, 0) CPT, 1.197 kHz for the (1, 1) CPT and 0.828 kHz for the (—1, —1) CPT. These variations are
due to the fact that CPT linewidth which is proportional to the square of average Rabi frequency,
is defined by the normalized matrix elements associated with the A-transitions [26]. Additional
narrowing of CPT linewidth occurs due to velocity averaging since most atoms are detuned away
from the optical resonance. The calculated spectrum in Fig. 4 also reveals the relative contrast
between the three CPT resonances. Maximum contrast is found in the (+1, +1) CPT since it is
closer to the |F = 2, mg = 42) trap state having maximum population.

Fig. 5(a) shows experimentally observed CPT spectrum obtained by applying a bias current
Iy =12 mA (B; ~ 69 mG) to the solenoid. Fig. 5(a) shows strong amplitude modulated Zeeman
CPT spectrum as a small dither is applied to the bias current /, at 1.860 kHz. Fig. 5(a) shows all
three CPT resonances, similar to the ones shown in Fig. 4. The (—1, —1) and (1, 1) Zeeman CPT
resonances are formed with central frequency shifts proportional to the applied B;,. As before, we
measured the linewidth of (0, 0) CPT by doing a Lorentzian fit and found it to be approximately
1.483 kHz. The linewidth is broadened by the total optical power (~100 W) in the modulated laser
beam. The linewidths of (—1, —1) and (1, 1) Zeeman CPTs are broadened compared to the (0, 0)
CPT due to magnetic field inhomogeneity over the cell length. There are two possible sources for
magnetic field inhomogeneity (or gradient). In our system, it could be produced by the cell heater
due to non-uniform wrapping of the heating coil around the small cell, and/or it could be created
by ‘image current’ produced by the magnetic shield in the solenoid. The (1, 1) Zeeman CPTs is
found to have a prominent narrow peak with a side hump. We measured the linewidth of (1, 1) CPT
by doing a double Lorentzian fit (shown in Fig. 5(a)). The width of this prominent peak is found to
be approximately 2.485 kHz, which is broadened nearly 1.7 times compared to the width of (0, 0)
CPT. By measuring overall broadening of the (1, 1) CPT resonance, we estimated the magnetic
field gradient along the cell to be approximately 0.3 nT/cm. We also measured the CPT contrast, C
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Fig. 5. (a) Amplitude modulated CPT spectrum produced by (o, o*) excitation resonant with [F' = 2)
excited state using /p, = 12 mA and a small dither in [, at 1.86 kHz. The inset in the figure shows
a Lorentzian fit of the central (0,0) CPT resonance, and (b) high-contrast dispersive Zeeman CPT
spectrum obtained by using lock-in detection at 1.86 kHz.

by calculating (Vp — Vg)/Vp, where Vp and Vg are defined as the respective peak and background
voltage levels of the CPT resonance. The contrast in (0, 0) CPT is found to be ~4.5 %. The contrast
n (1, 1) Zeeman CPT is found to be ~2% and (—1, —1) CPT is found to be ~0.6 %, which are
smaller due to broadening caused by inhomogeneous magnetic field and also, due to the presence
of transverse fields. This effect is not present in our simulation result since it did not consider the
inhomogeneity (or gradient) and transverse fields. We used the (1, 1) CPT signal in the experiment
to perform B, measurements.

Fig. 5(b) shows the CPT spectrum produced by performing demodulation of the photodetector
output by a low-noise LIA at the dither frequency. The spectrum shows dispersive (or derivative-
like) Zeeman CPT signals with high contrast and SNR [27]. The (0,0) CPT is not modulated
since it is insensitive to magnetic field dither to the first-order. However, (0, 0) CPT did produce a
small dispersive signature in the spectrum due to its second-order magnetic field sensitivity. The
spectrum also shows a flip in the slopes of (—1, —1) and (1, 1) dispersive signals simply due to
opposite frequency shifts corresponding to change in I, caused by the modulation. For performing
B, measurements, we sent the dispersive CPT signal from LIA to a PI controller. The output from
the Pl controller is used as a feedback signal to lock the frequency of 10 MHz VCO to the prominent
peak of (1, 1) CPT resonance. We measured the VCO frequency under the peak-locked condition
with the frequency counter and calculated the frequency shift, A (=2|gr|ugB;) by subtracting the
peak-locked VCO frequency from 10 MHz and multiplying the subtracted frequency with the PLLs
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Fig. 6. Magnetic field scans performed using the peak-locked servo (a) linear B, scan, and (b) sinusoidal
B, scan. The vertical axis in both plots correspond to the servo frequency shift A, which is directly
proportional to B;.

frequency multiplier. The frequency shift, A; is directly converted to the magnetic field intensity B,
by dividing it with 2|gr|us (=1.399624 MHZz/G)).

Fig. 6 shows frequency shift measurements performed using slow linear and nonlinear (sinu-
soidal) magnetic field scans. These scans were performed by sweeping the bias current, /, to the
solenoid with a function generator. Frequency measurements were performed at 1 Hz by setting the
gate time to 1 sec on the frequency counter. Thus, the sensor is operated at 1 Hz bandwidth. It can
be operated at higher bandwidth by appropriately setting the gate time on the counter. However,
faster gate time reduces the precision in B, measurement. Fig. 6(a) shows frequency measurement
performed using two linear B, scans at 0.01 Hz and 0.05 Hz, by using a voltage ramp. Different
frequency shifts observed at the beginning of the scan are caused by different initial phases of the
ramp generator at two frequencies. The frequency shift before the start of the scan corresponds to
the magnetic field B, ~ 69 mG produced by the bias current [, = 12 mA. After the scan is turned
on, the frequency shift, A, follows the linear scan of the bias current. The sensor automatically
measures the variation in B, due to its locked condition. Frequency fluctuations observed on the
plot are possibly caused by current fluctuations in the cell heating coil, which is being actively
controlled to maintain a steady cell temperature. Fig. 6(b) shows similar measurements performed
using sinusoidal B, scans at two different rates, 0.01 Hz and 0.05 Hz, respectively. These measure-
ments could be interpreted as measurements of magnetic field variations associated with high field
(in this case 69 mG) using the a peak-locked CPT-based magnetic sensor. Additional electronics
can be used in the sensor to perform frequency sweep and automatic lock acquisition, thus, mak-
ing it possible to automatically lock to higher field and measure magnetic field variations thereof,
as required in various applications [28]-[30]. With a suitable phase-locked oscillator, the dynamic
range of our CPT-based magnetic sensor can be made large ranging from sub-nanotesla to tens of
microtesla, making it suitable for geomagnetic field surveying application.

Fig. 7 shows the sensitivity of the peak-locked CPT-based sensor in B, measurement. This is
obtained by calculating the power spectral density (PSD) of the PI controller voltage used in the
servo control. The controller voltage is converted to units of magnetic field intensity in the PSD plot.
The sensitivity in B, measurement is estimated from the PSD plot to be approximately 110 pT/+/Hz
at 1 Hz operating frequency of the sensor. Higher noise density is observed at frequencies below
10 Hz. Noise peaks at line frequency (60 Hz) and dither frequency (1860 Hz) are also visible
in the PSD plot. To compare, we calculated the sensitivity of the sensor using the expression
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Fig. 7. Magnetic field sensitivity obtained by calculating the PSD of the PI controller voltage in the
peak-locked servo.

AB, = (1/2|gr|u8)(Av/SNR), where Av and SNR are the respective linewidth and signal-to-noise
ratio of the (1, 1) dispersive CPT signal. To get the value of AB,, we measured Av and SNR for
the (1, 1) dispersive CPT signal shown previously in Fig. 5(b). The linewidth was obtained from the
peak-to-valley separation measurement to be approximately 2.5 kHz.

The SNR of the dispersive signal with one second averaging is found to be approximately equal to
400. With these numbers, the calculated value of AB; is found to be 357 pT/+/Hz, which is somewhat
higher than the sensitivity estimated from the PSD plot. Several factors are currently influencing the
sensitivity of the CPT-based magnetic sensor. Magnetic field inhomogeneity and transverse field
distributions resulting from the cell heater and the field coil (solenoid) are broadening the Zeeman
CPT resonance, thereby reducing the sensitivity. Measuring the magnetic field inside the solenoid
using a fluxgate sensor showed an axial field gradient, potentially caused by the ‘image current’
due to the magnetic shield. Magnetic noise due to cell heater can be suppressed by using an
ac cell heater operating at high frequency above the dither frequency. In this case, the magnetic
noise due to ac heater will be averaged out over the measurement time. Additionally, a gradient coil
can be used for cancelling (or nulling) any field gradient produced by the solenoid and/or the cell
heater. Other sources of noise such as phase stability of the 10 MHz VCO, and magnetic field noise
produced by current fluctuations in the cell heater can be mitigated using better instruments and
careful designs. Cell with higher buffer gas pressure (up to 20-25 Torr) can be used to produce sub-
kilohertz Zeeman CPT linewidth, which will further improve the sensitivity of the system. In future,
we plan to incorporate all these changes, and also employ shot-noise limited signal detection
technique to demonstrate picotesla (or higher) sensitivity using the CPT-based magnetometer.

4. Conclusion

We have demonstrated a CPT-based automated magnetic sensor for axial magnetic field mea-
surement with sensitivity close to 110pT/+/Hz. Magnetic field measurements were performed
using high-contrast dispersive Zeeman CPT signal produced by a peak-locked servo employing a
magnetic dither mechanism. Measurement of magnetic field variation at high field has been demon-
strated using a low-noise phase-locked oscillator. Performance of the CPT-based sensor showed
that magnetic field variations can be measured with sub-nanotesla sensitivity. This can be further
improved to meet applications that require monitoring magnetic field variations with high (picotesla)
sensitivity at high (microtesla) field strength.
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