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We describe a magnetic gradiometer that operates at ﬁnite ﬁelds and uses an intense pulsed laser to
polarize a 87 Rb atomic ensemble and a compact vertical-cavity surface-emitting laser probe laser to detect
paramagnetic Faraday rotation in a single multipass cell. We report √
diﬀerential magnetic sensitivity of
14 fT/Hz1/2 , corresponding to gradiometer sensitivity of 70 fT/cm/ Hz with a 0.2 cm baseline, over
a broad dynamic range, including Earth’s ﬁeld magnitude and a common-mode rejection ratio higher
than 104 . We also observe a nearly quantum-noise-limited behavior of the gradiometer by comparing
the experimental standard deviation of the estimated frequency diﬀerence against the Cramér-Rao lower
bound in the presence of white photon shot-noise, atomic spin noise, and diﬀusion.
DOI: 10.1103/PhysRevApplied.18.L021001

a. Introduction.—Optically pumped magnetometers
(OPMs) [1] have emerged as the most sensitive cryogenfree magnetic-ﬁeld sensors in the last decade, providing
a viable alternative to superconducting quantum interference devices (SQUIDs) [2–4], thanks to the achievement
of subfemtotesla sensitivity [5–7] together with signiﬁcant progress in sensor miniaturization [8,9]. More
recently, optical magnetic gradiometers [10,11] have been
developed for improving spatial information in near-zero
ﬁeld applications like magnetoencephalography (MEG)
[12,13], as well as for eﬀective ambient noise suppression
in unshielded environments [14,15]. Operation in geomagnetic ﬁelds (10 − 100 μT) requires a high commonmode rejection ratio (CMRR) to achieve high sensitivity
for applications in demanding environments [16], such
as space magnetometry [17–19], magnetic navigation
[20,21], archeological mapping [22,23], mineral exploration [24,25], searches for unexploded ordnance [26,27],
and fundamental physics tests [28,29].
Multipass-cell-based magnetic √
gradiometers have
reached sensitivities
of
0.36
fT/cm/
Hz at 7.3 μT [7]
√
and 10.1 fT/cm/ Hz at a medium-sized ﬁeld of 26 μT
[30], using either two 0.66 cm3 cells or a single 10.8cm3 cell. Only a few intrinsic [31,32] (common noise
rejected in one output) or synthetic [14,33] (subtraction
of two OPMs outputs) gradiometers have reported operation around 50 μT, i.e. Earth-ﬁeld magnitude,
with the
√
best experimental sensitivity of 16 fT/cm/ Hz with a 3cm baseline, enabling detection of biomagnetism in the
*
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ambient environment [14]. Due to additional technical
noise sources such as rf broadband noise, pump, probe,
or background ﬁeld ﬂuctiations, none of these gradiometers could attain experimental sensitivity at the quantum
noise level. Operation near quantum limited sensitivity has
been demonstrated at the near-zero ﬁeld in biomagnetism
[34], while quantum enhancement has been achieved
by spin squeezing in rf magnetometry [35–37] and by
squeezed light in a scalar optical magnetometer operating
at 4.3 μT [38].
Here we describe a compact magnetic gradiometer
using a 0.5-cm3 single multipass cell, adjacent verticalcavity surface-emitting laser (VCSEL) probe, and detection optics, that achieves quantum-noise-limited
diﬀer√
ential sensitivity of 14 fT/ Hz over a broad dynamic
range including 50 μT and CMRR higher than 104 , the
best reported value for a magnetic gradiometer regardless
of ﬁeld dynamic range [11,14,39,40]. Due to a 0.2
√ cm
baseline, the gradiometer sensitivity is 70 fT/cm/ Hz,
comparable with state-of-the-art work at Earth-scale ﬁelds
[14,31,32]. To match all these requirements, we operate our all-optical gradiometer in a synchronous lightpulse mode [41–43] under extreme conditions of intense
pump power and pump pulse duration down to tens
of nanoseconds. We also report experimental saturation
of the standard deviation of the estimated frequency
diﬀerence versus ﬁtting time, in agreement with the
Cramèr-Rao lower bound due to white photon noise
plus additional atomic noise. This distinguishing feature
shows that the described Earth’s ﬁeld magnetic gradiometer is experimentally quantum-noise-limited, opening the
possibility for quantum enhancement in geomagnetic ﬁelds
by squeezed light [38,44,45] and spin squeezing [35,37,46,
47] with femtotesla-level sensitivity.
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b. Sensor design and experimental setup.—The full experimental apparatus is shown in Fig. 1. The atomic sensor consists of a multipass vapor cell, fabricated through
anodic bonding of glass windows and internal mirrors [48],
ﬁberized optical heaters, a VCSEL probe laser, collimation
and detection optics (not shown), and a quadrant photodiode. The cell is ﬁlled with pure 87 Rb and pN2 = 700
Torr of N2 buﬀer gas pressure. The eﬀective interaction
volume is 62 mm3 . The compact sensor is housed within
ﬁve layers of μ-metal magnetic shielding, with a set of
cylindrical coils producing the main ﬁeld Bz , as well as
the ﬁrst-order gradients ∂Bz /∂x, ∂Bz /∂y, and ∂Bz /∂z. A
semiconductor multimode pump laser, with a linewidth
of 3 GHz, is tuned to the 87 Rb D1 line. It is circularly
polarized and aligned along the y axis to maximize initial atomic polarization. The pump laser works in a pulsed
regime with an adjustable repetition rate, number of pulses,
and width of pulses. The peak power is 2 W for a one
microsecond pulse. When a ﬁnite Bz ﬁeld is applied, to
produce a resonant build-up of atomic spin orientation
[41,42], we synchronize the pump repetition time with the
Larmor period Tpump = 1/νL , where νL = (γ /2π )Bz is the
Larmor frequency and γ = gF μB / is the gyromagnetic
ratio. After a train of Npump = 10 pulses of τpump = 1 μs
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Here V0 is the maximum amplitude and T2 is the transverse
relaxation rate. In Fig. 2 we report typical FID rotation
signals from the two gradiometer channels and a sample
ﬁt to the function given in Eq. (1) for a shorter timescale.
The temperature is optimized for sensitivity to 100 ◦ C with
a number density of 4.4 × 1012 atoms/cm3 , measured via
absorption spectroscopy [50].
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width, the free induction decay (FID) of atomic polarization is probed by a VCSEL laser, which undergoes
paramagnetic Faraday rotation and, after 15 reﬂections
in a linear pattern without overlapping in the x-z plane,
is detected by a dual-balanced polarimeter [39], consisting of compact polarization optics and four detectors, i.e.,
the active areas of a quadrant photodiode. As depicted in
Fig. 1(b), the probe shape is elliptical with a width of 0.2
mm in the z direction and a height of 4 mm in the y direction, thus enabling a gradiometer detection of the gradient
dBz /dy with a 0.2-cm baseline, i.e., the spatial distance
between the top and bottom half of the probe beam. This
baseline is experimentally determined by applying a calibrated gradient and by measuring the distance between
the two peaks in the fast Fourier transform of the signals
from the two channels. The probe is blue-detuned by 100
GHz to optimize the trade-oﬀ between signal amplitude
and spin relaxation due to residual probe absorption. The
pump-probe cycle occurs repeatedly at a driving frequency
of fd = 180 Hz. After ampliﬁcation with a transimpedance
gain G = 5 × 104 V/A, the two diﬀerential signals V14 =
V1 − V4 and V23 = V2 − V3 are fed into a 24-bit digital
oscilloscope (DAQ). In the absence of wrapping for small
rotations (φ < π/4) [49], mapping atomic FID evolution
onto light probe polarization produces observed signals in
the form of a sine wave with exponential decay:
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FIG. 1. (a) Schematic of the experiment. CL, cylindrical lens;
QW, quarter-wave plate; HWP, half-wave plate; PBS, polarizing
beam splitter; MVC, multipass vapor cell; TC, temperature controller; QP, quadrant photodiode; DAQ, data acquisition card. (b)
Dual-balanced polarimeter. The elliptical probe impinges on the
active areas (1-4) of the quadrant photodiode with either horizontal (H pol) or vertical polarization (V pol), after undergoing
Faraday rotation in the multipass cell and detection by a balanced
polarimeter.

(1)

c. Data analysis and results.—We acquired a FID train of
signals for T = 20 sec with a rs = 5 MHz sample rate.
Then, we ﬁt all signals in each gradiometer channel for
a duration Tm = 5 ms to get a frequency diﬀerence array
{ ν (i) }i=1,...,n . Each sample is temporally spaced by τd =
1/fd ≈ 5.5 msec. In Fig. 3(top) we report the results in
the frequency domain, by showing the gradiometer√magnetic spectral noise density ρ B (ν) = (2π/γ √
)σ ν /
f,
i.e., the diﬀerential magnetic sensitivity in fT/ Hz, at different ﬁnite ﬁelds, where σ ν is the standard deviation of
the estimated frequency diﬀerence and f = 1/(2Tm ) is
the gradiometer bandwidth. Apart from the technical noise
peak at 60 Hz, we experimentally
measured a diﬀerential
√
sensitivity of 14 fT/ Hz over a broad dynamic range [51].
In fact, the magnetic noise ﬂoor does not change when the
main ﬁeld Bz is increased by an order of magnitude from
5 μT up to 50 μT, i.e., Earth’s ﬁeld magnitude. To keep the
sensitivity high for fast precession, where νL  1/T2 , and
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FIG. 2. (Top) Experimental signals. The rotation signals of the
two channels V14 (back, black) and V23 (front, red) acquired from
the digital oscilloscope at ﬁeld Bz = 16 μT and 400-μW total
probe power. (Bottom) Short time signal and ﬁt. Enlargement of
the rotation signal (red points) and ﬁt result (black continuous
line) for the initial 0.2 ms.

to avoid atomic depolarization by the pump, we gradually
decrease the width τpump of the pump pulses while increasing their total number, e.g., Npump = 150 and τpump = 50 ns
at Bz = 50 μT, optimizing in this way the pump power
per cycle for eﬃcient polarization. The sensitivity can be
alternatively obtained by directly computing the standard
deviation of the frequency diﬀerence { ν (i) }i=1,...,n after
averaging out the 60-Hz noise and calculating the shortterm diﬀerence between successive points. The results of
this equivalent analysis are√
shown in the inset of Fig. 3(top)
and agree with the 14 fT/ Hz spectral noise ﬂoor within
uncertainty.
In Fig. 3(bottom) we report a sample signal of the atomic
gradiometer, obtained by applying a 25 Hz modulation
to the magnetic coil gradient dBz /dy with an amplitude
of 21.7 pT/cm. The ﬁgure shows the experimental noise
spectral density with the applied gradient
√ signal arising
above the same noise ﬂoor of 14 fT/ Hz. Furthermore,
we measure the CMRR of the gradiometer by applying a
6 Hz modulation to a dc magnetic ﬁeld. The modulation
amplitude is 1.4 μT for the ﬁeld parallel to the pump alignment By and 1.8 μT for the transverse ﬁeld Bz . The ratio
of the signal peak amplitude in the magnetometer (single
channel) over the amplitude in the diﬀerential gradiometer
spectral density gives the measured CMRR. In the inset of
Fig. 3(bottom) we show the measurement when the modulation is applied in the Bz main ﬁeld. We measured the best
CMRR of 1.2 × 104 and 2.9 × 104 for 6 Hz modulation

FIG. 3. (Top) Gradiometer sensitivity. Experimental magnetic
noise spectral density at ﬁnite ﬁelds of 5 μT (blue triangles),
9 μT (black crosses), 16 μT (green diamonds), 33 μT (red
squares), and 50 μT (cyan circles). (Inset) Magnetic noise density (blue points) is directly estimated (see text)√versus the main
ﬁeld magnitude. Sensitivity reference of 14 fT/ Hz (dot-dashed
line) in both the main plot and inset. (Bottom) Gradiometer signal. Experimental noise spectral density for an applied
∂Bz /∂y gradient oscillating at 25 Hz. Inset: CMRR. Magnetometer (black) and gradiometer (red) noise density for an applied Bz
oscillating at 6 Hz.

of the ﬁeld in the two directions, respectively. This analysis shows good cancellation of broadband common ﬁeld
noise, as required for operation in an unshielded ambient
environment, which in fact has been demonstrated by using
a similar measurement scheme in a portable sensor with
two multipass cells separated by a 3 cm baseline [14,52].
d. Fundamental theory and analysis.—The gradiometer
fundamental noise contributions are due to photon shot
noise and atomic spin noise [1]. In Fig. 4(a) we report
the noise spectral density of a single gradiometer channel
when the unpolarized ensemble is probed at Bz = 16 μT. A
typical spin noise spectrum √
[53,54] with a peak noise density ρat = 3.9 × 10−7 Vrms / Hz arises above a white√photon shot-noise background ρph = 3.2 × 10−7 Vrms / Hz,
signiﬁcantly above the electronic noise level. The photon shot-noise
level agrees with its theoretical value [55]
√
ρph = 2G2 eP, where G is the transimpedance gain, e
is the electron charge,  = 0.57 A/W is the photodiode
responsivity, and P = 200 μW is the total optical power
incident on the single channel. We compare the same
noise spectrum in power density units, after subtracting
white noise and shifting to zero frequency,
to the analytical
∞
power spectrum S(ν) = V2at  −∞ Cd (τ )e−(τ/T2 +i2π ντ ) dτ
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FIG. 4. (a) Noise spectral density. Experimental spin noise
spectrum (blue points) at Bz = 16 μT. Atomic noise peak amplitude (dashed red line) and photon shot-noise background (blue
line) with probe beam on. Experimental electronic noise (black
points) with probe beam oﬀ. (b) Normalized power spectral
density. Power spectral density (blue points) minus photon shotnoise background under same conditions of (a). Analytical power
spectrum (red line) for 700 Torr of N2 buﬀer gas and 0.2-mm
beam radius. (c) Uncertainty of frequency diﬀerence. Experimental standard deviation of the gradiometer frequency diﬀerence
(blue points) versus ﬁtting time. Analytical CRLB (continuous
blue curve) due to photon shot noise and best experimental result
(dot-dashed line). Inset: the same curves of (c) in magnetic units
for a longer ﬁtting time.
2
in Fig. 4(b), where V2at  = (ρat2 − ρph
) is the atomic noise
power contribution and Cd (τ ) is the contribution to the
spin noise time-correlation function due to diﬀusion of
atoms across the multipass probe beam [7,56]. By using
the analytical solution of Cd (τ ) obtained in [56], we found
good agreement against data with no free parameters and
a buﬀer gas pressure of pN2 = 700 Torr, beam width
w = 0.2 mm, and physical lcell = 10 mm, where these
quantities have been independently measured. This conﬁrms that due to a diﬀusion time shorter than the intrinsic
relaxation time T2 the lineshape of the Lorentzian spin
noise spectrum is broadened, giving a FWHM linewidth
νc = 1/(π Tc ) of about 290 Hz, where Tc is the noise correlation time including the eﬀect of atomic diﬀusion across
the probe beam. This linewidth is about 3.2 times larger
than the linewidth due to the transverse relaxation time
T2 = 3.5 ms, obtained from the ﬁt of the signals in Fig. 2.
To investigate the quantum-noise-limited behavior of
the gradiometer sensitivity, we report the experimental
standard deviation of the estimated frequency diﬀerence
σ ν versus ﬁtting time Tm in Fig. 4(c). The theoretical
Cramèr-Rao lower bound (CRLB) for the estimation of
the frequency of an exponentially damped sine wave in
the presence of white gaussian noise has been obtained in

12ρw2 C(Tm , T2 )
,
(2π )2 A2 Tm3

(2)

samwhere Tm = tN is the ﬁtting time, t is the discrete √
pling time, A is the signal amplitude, and ρw = Nw / fbw
is the spectral noise density, where Nw2 is the gaussian
noise variance and fbw = rs /2 is the detection bandwidth
(or Nyquist frequency). The factor C, where C = 1 for a
pure sine wave, takes into account the exponential decay
and, in the limit t → 0 (large N ), is


2Tm3 e2α e2α − 1


 , (3)
C(Tm , T2 ) =
3T2 T22 e4α + T22 − 2e2α T22 + 2Tm2
where α = Tm /T2 . For a gradiometer measurement, the
ﬁnal lower bound for the standard deviation of the estimated frequency diﬀerence is then given by

2
2
σ CRLB
≥
σν1,w
+ σν2,w
,
(4)
ν,w
where σν1,w and σν2,w are the lower bounds in the two channels in the presence of white noise only. In Fig. 4(c) we
compare the experimental standard deviation σ ν , measured up to 5 ms, against the theoretical CRLB due to white
photon shot noise. This is obtained with no free parameters
by inserting in Eqs. (2), (3) and (4) experimental values of maximum signal amplitude A = V0 , spin relaxation
T2 = 3.5 ms, and rms noise density ρph for both channels.
The discrepancy depends on the fact that Eq. (2) does not
include a second contribution due to the nonwhite atomic
noise density ρat , which is comparable to the photon shot
noise as the signal starts to decay above the spin-coherence
time T2 = 3.5 ms. However, the same saturation of the
experimental standard deviation occurs over the entire
investigated dynamic range, including Bz = 50 μT. This
demonstrates that the pulsed magnetic gradiometer operates in a nearly quantum-noise-limited sensitivity regime.
Finally, in the inset of Fig. 4(c) we report the CRLB due
to photon shot noise in magnetic sensitivity units, which
shows an optimal region of ﬁtting time due to the magnetometer’s bandwidth scaling. However, the experimental
sensitivity saturates in shorter times due to the atomic spin
noise, and the experimental ﬁtting time is limited by the
180-Hz driving frequency of the pump-probe cycle. The
extension of Eq. (2) to the presence of nonwhite noise is
currently under theoretical investigation.
e. Conclusions and outlook.—We demonstrated a compact magnetic gradiometer operating in pulsed mode
at ﬁnite ﬁelds with 14 fT/Hz1/2 diﬀerential magnetic
sensitivity over a broad dynamic range, 5 to 50 μT,
including Earth’s ﬁeld magnitude. The small 0.5-cm3
cell volume represents a signiﬁcant step forward in the
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miniaturization of multipass-cell-based atomic sensors
[7,30]. The high CMRR is suitable for applications in
unshielded and challenging environments [14,16]. The
sensitivity could be further improved with higher VCSEL
laser power, while a technique for reducing heading errors
due to the orientation of a total-ﬁeld sensor has been
recently developed [59]. A limitation to the accuracy is
due to the short baseline of 0.2 cm, comparable with the
quadrant photodiode active areas, can be overcome by
employing separated beams probing the same cell [43,60]
or two multipass cells [14]. However, since stretching the
baseline in a two-beam or two-cell [31,32] geometry also
reduces the CMRR due to the inherent addition of uncorrelated noise, further improvement could be made with the
design of an all-optical and miniaturized version of a direct
gradiometer using a single probe and a single multipass
cell with intrinsic noise cancellation [30]. The operation
mode of the described quantum-noise-limited gradiometer
is compatible with quantum enhancement techniques using
spin or polarization squeezing [38,61] in geomagnetic
ﬁelds. The analysis at ﬁelds above 50 μT, due to nonlinear
Zeeman eﬀect and hyperﬁne splitting, will require further
investigation.
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