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In the past few decades, optical magnetometry has experienced remarkable development and reached to an
outstanding sensitivity. For magnetometry based on optical readout of atomic ensemble, the fundamental lim-
itation of sensitivity is restricted by spin projection noise and photon shot noise. Meanwhile, in practical appli-
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cations, ambient magnetic noise also greatly limits the sensitivity. To achieve the best sensitivity, it is essential to
find an efficacious way to eliminate the noises from different sources, simultaneously. Here, we demonstrate a
quantum magnetic gradiometer with sub-shot-noise sensitivity using entangled twin beams with differential
detection. The quantum enhancement spans a frequency range from 7 Hz to 6 MHz with maximum squeezing of
5.5 dB below the quantum noise limit. The sensitivity of gradiometer reaches 18 fT/cm+v/Hz at 20 Hz. Our study
inspires future possibilities to use quantum-enhanced technology in developing sensitive magnetometry for
practical applications in noisy and physically demanding environments.

INTRODUCTION
Precision measurement technology based on optical magnetometry
with high sensitivity (1-7) has great potential for applications in a
diversity of fields, such as fundamental physics (8—13), biomag (14—
19), chemistry (20, 21), materials science (22-26), geology (27), and
astronomy (28). So far, there have existed several limits including
spin projection noise (SPN), photon shot noise (PSN), and
ambient magnetic field noise, which are the obstacles to further im-
proving the sensitivity of conventional magnetometry. To reach
high sensitivity in the conventional magnetometer, the SPN and
PSN are usually minimized as low as possible by optimizing the
atom number and photon number. Although sophisticated tech-
niques (I-7) have been developed for this purpose, in practical ap-
plications with demanding conditions such as low operation
temperature or Earth's magnetic field, these techniques have been
nearly pushed to their limits. Squeezed light becomes a promising
candidate to further enhance the sensitivity in this scenario (29).
Quantum-enhanced magnetometry with squeezed light has
been proposed and demonstrated for decades (30-37). Because of
technically existing incompatibility between squeezing source and
magnetometer, the quantum enhancement has not been observed
at low frequencies and the enhanced sensitivity remains subpicote-
sla level even at high frequencies, which greatly restricts its practi-
cability in certain applications requiring high sensitivity at low
frequencies (10-22, 25-28). On the other hand, the now reported
quantum-enhanced magnetometry is well shielded from ambient
magnetic field noise. In reality with noisy environment, the
ambient magnetic field noise becomes dominant above the
quantum noise, especially in an unshielded environment, as
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shown in Fig. 1A. The quantum enhancement cannot be observed
in this situation. To eliminate the influence of noisy environment,
the effective way is to operate a pair of magnetometers, one of which
serves as a reference sensor in a gradiometric configuration (7, 38—
40). The ambient magnetic field noise coupling to the pair of mag-
netometers as common-mode magnetic field noise (CMMN) can be
effectively canceled with a high common-mode rejection ratio
(CMRR). The utilization of the reference sensor here is to
monitor the ambient magnetic field noise but at the price of
adding quantum noise to the gradiometer due to the totally
doubled number of particles in the configuration as shown in
Fig. 1B. To further improve the sensitivity in such a quantum
noise only-limited gradiometer, it is desired to develop new tech-
niques based on quantum optics to squeeze the noise below the
quantum noise limit and, meanwhile, to eliminate the additional
quantum noise for the gradiometer. Here, we propose and demon-
strate a quantum gradiometer by combining entangled twin beams
and gradiometric detection into optical magnetometry, as shown in
Fig. 1C. By implementing entangled twin beams in two fully polar-
ized atomic ensembles as probe beams to couple the magnetic field
into the polarization of the beams, the PSN and additional quantum
noise are suppressed by entanglement, and, meanwhile, the CMMN
are removed by gradiometric detection as well. The quantum en-
hancement spans a frequency range from 7 Hz to 6 MHz with
maximum squeezing of 5.5 dB below the quantum noise limit,
and a maximum CMRR reaches 5000. As a result, the sensitivity
of gradiometer reaches 18 fT/cm+/Hz at 20 Hz. This is the best sen-
sitivity and highest enhancement achieved to date in the magne-
tometry with quantum light. The developed quantum
gradiometer opens up new possibilities to reach high sensitivity
for practical applications such as magnetoencephalography and
geomagnetic sensing in noisy and physically demanding
environments.
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Fig. 1. The protocols and schematic diagram of quantum-entangled gradiometer. In the case of single sensor (A), the noise of conventional magnetometer is limited
by both PSN and common-mode magnetic field noise (CMMN). For the conventional gradiometer (B), the measured CMMN of the two sensors is identical, while the
additional quantum noise (AQN) is uncorrelated. With differential measurement, the CMMN is suppressed, while the additional quantum noise is increased because of the
doubled photon number. When the entangled twin beams are used as the probe fields for the magnetic measurement (C), both noises are suppressed, while the mag-
netic signal remains. PA, parametric amplifier. PBS, polarization beam splitter; B, CMMN; B, magnetic signal. (D) Schematic diagram of quantum gradiometer. HWP, half-
wave plate; B, leading magnetic field. (E and F) Energy level diagram in the D; line of 3°Rb for four-wave mixing (FWM) process and energy level diagram in the D, line of
87Rb for optical magnetometry with modulated light. A, one-photon detuning; 8, two-photon detuning; P;, FWM pump field; P,, optical pumping of optical magne-
tometry with modulated light; Ps, optical repumping of optical magnetometry with modulated light.

RESULTS

The quantum gradiometer consists of two parts: generation of en-
tangled twin beams and a magnetic gradiometer. The schematic
diagram is shown in Fig. 1D. Entangled twin beams a, and b; act
as the probe beams of two atomic sensors to couple magnetic field B

into their polarizations as a, and i)z. a, and i)z are split at the polar-
~out ~out

ization beam splitter (PBS). The output fields, designated a)", a;",

~out

b

experimental setup is shown in Fig. 2, and the details are mentioned
in Materials and Methods. Below, we give the experimental opera-
tion and results. We focus on how to reduce quantum noise and
eliminate CMMN at frequencies of 1 to 100 Hz in the experimental
operation.

~out
and b;u , are detected to achieve optical rotation signals. The

x
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Twin beams

Entangled twin beams are generated by a four-wave mixing (FWM)
process in *Rb atomic vapor (41—44), which shows the best squeez-
ing available at the wavelength of 795 nm. A horizontally polarized
pump laser of 100 mW and an orthogonally polarized signal field a;,
of 10 uW are combined by a Glan-Laser polarizer at an angle of 0.4°
to satisfy the phase match condition and sent into an **Rb vapor
cell. The generated twin beams, designated a; and by, can be
given as

a; = Gay, + ei(DPgI;jn (1)

i)l = Géin + ei(DPg(AlIn (2)
where G and g are the gain factors satisfying G* — g* = 1. ®p is the
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Fig. 2. Experimental setup. AOM, acousto-optic modulator; BS, 50/50 beam splitter; QWP, quarter-wave plate; FG, function generator; GL, Glan-Laser polarizer; GT, Glan-

Thomson polarizer; BPD, balanced photodetector.

phase related to the pump beam. With a coherent state |a) input at
port a;, and vacuum at port by,, the noise of intensity difference

&I&l - BIBI is squeezed compared with the coherent light of the
same power. The squeezing is independent of the phase ®p (see
details in Materials and Methods). The frequency of the pump
field is 1 GHz blue-detuned from the transition | 5815, F=2) -
|5P1,2, F = 2) of ®°Rb atom at 795 nm. The seed d;, is red-
detuned approximately 3 GHz from the pump beam by using an
acousto-optic modulator (AOM) in double-pass configuration.
After the ®°Rb cell, a Glan- Thomson (GT) polarizer is used to

filter out the pump beam. The generated twin beams 4;and b, are
both ~150 uW in power with G =3.9 and horizontally polarized
along the X direction. The squeezing spans a frequency range of 6
MHz. The maximum squeezing is 7 dB at 0.6 MHz.

Quantum gradiometer

To measure the gradient magnetic field, two isotopically enriched
87Rb vapor cells are used as the two sensors (S, and S;,) of the gra-
diometer. The atomic spins of S, and S, are synchronously oriented
along y (polarized to the | 5812, F = 2, mg = 2) state) by two circu-
larly polarized laser beams (P4/P% and P5/P5) with modulation fre-
quency Q,, (45, 46). Here, P; and P4 are optical pumping and
repumping for sensor S,; P5 and P! are optical pumping and
repumping for sensor S,. The optical pumping beam is resonant
with 58,5, F = 2 to 5P, F = 2 transition to polarize the atoms.
The optical repumping beam is resonant with 5S;,,, F = 1 to
5Py, F =2 transition to pump most of the atoms to F = 2 states.
Both optical pumping and repumping beams are split and sent to
the two sensors (S, and S,) of the gradiometer. By synchronously
modulating the intensity of optical pumping and repumping
beams with a square wave modulation (3% duty cycle) by AOMs,
the atomic spins are periodically driven and start Larmor proces-
sion. The power of optical pumping and repumping beams
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during the "on"” part of the cycle is 5 mW and 30 mW, respectively.
After the twin beams propagate through the atomic medium, the
electric field amplitude e, overall phase ¢, polarization angle 0,
and ellipticity € are all modulated at Larmor frequency Qy (47,
48). With the existence of a leading magnetic field By along the X
direction, the atomic spins of S, and S, start to undergo Larmor pre-
cession with Larmor frequencies of )f and Qlf, respectively. The
magnetic field gradient along the x direction is given as
0B, /dx = (Qf — QF)/yD,;, where y is the gyromagnetic ratio
and Dy, is the distance between the two sensors.

Entangled twin beams a;, and b, are sent into S, and S}, as the
probe fields for the magnetic measurement. The frequencies of a;

and b, are approximately 3 GHz red- and blue-detuned from the
pump field for **Rb vapor, i.e., approximately 2 and 8 GHz
detuned from the transition | 52812, F=2) — | 52P, )5, F = 2) of
the ®Rb atom, respectively. The two probe beams are both far
off-resonant with the *’Rb atomic transition, atom-light interaction
can be approximated to the first order (49)

H =50 (0=ab) 3)

where (3, is the coupling constant, SZ = i(ﬁj,éx - 6iby) is the Stokes

parameter, and fz is the macroscopic atomic spin along the z axis for
sensor S,, 0 = a and b represent S, and Sy, respectively.

After the twin beams propagate through the atomic sensors, the
polarization angles of the two beams are rotated by A8, oc ﬁajz and

~b . . .
0, o< B,J,, which are related to the respective magnetic fields on the
atomic sensors. The rotated output beams are designated a, and b,.
Each beam is split by a PBS, converting the rotation angles into in-

. cout .
tensity modulation. The final output fields a"* and b;u (@)™

I;Zut) are mixed and detected by a balanced photodetector (BPD;

and

3 0of 10



SCIENCE ADVANCES | RESEARCH ARTICLE

Thorlabs, PDB450A) with two photodiodes (S 3883) of high
quantum efficiency (96%) obtaining optical rotation signal I. The
fluctuation of optical rotation signal I, which denotes the noise of

the quantum magnetometer, is (see details in Materials and
Methods)

Var(I) = [G* — g*cos(46y)] | o?|+2sin?(26,)g> (4)
= Varpsy — 2¢%(|o?| +1)cos*(26,)

where a is the amplitude of the two probe beams, 0y is the relative
angle between the optical axis of the half-wave plate (HWP) and the
X axis, and Varpgy is the PSN with a power equal to the total power
of the twin beams.

With the perturbations A8, and A8, the change in the optical
rotation signal is (see details in Materials and Methods)

AI = 2¢%sin(20y) | o | (A8, — AB,) o B, cos(Qit) — B,cos(QPt)
(5)
where A8, — AB, contains the amplitude of the magnetic field gra-
dient. To obtain the magnetic field gradient, we demodulate optical

rotation signal Al with modulation frequency Q,, and obtain the
quadrature component of the magnetic resonance Y (48)

A,0,(0f — Q) Ay (O — Q)
w; +(Qf = Q) wj + (@ — Qn)

Y=Y,-Y, = (6)

where Y, and —Y,, are the magnetic resonances from S, and Sy, re-
spectively, with amplitude A, ; & B, and linewidth w,;  1/7,;. T,
and T, are the coherence times for the two atomic sensors. Because
we measure the difference between A8, and A6, there is a direct 1t
phase shift between the magnetic resonances from the two sensors
as shown in Eq. 6. To operate the gradiometer, we measure the mag-
netic resonance Y by scanning the detuning A, between Q; and Q,,
so as to find the optimal Q,,, where Y is sensitive to the magnetic
field gradient and insensitive to the common-mode magnetic
(CMM) field. For Qf = Q’E = Q,, the response of gradiometer to
the change of magnetic field is

8y,
e

8Y,
80 — — 8O = (k, — kp)8Qy, +
L aﬂf L ( b) L

ka+kb
2

3% 80f (7)

where k, ;, = aYa‘h/BQf’b = A, /0w, denote the slopes of the mag-
netic resonances from S, and Sy. 8Q; =(3Q¢ + 9QY) /2 denotes the
CMMN, and 80F = 8Q¢ — 80! denotes the gradient field signal.
The magnetic resonances with k, = k;, are plotted in Fig. 3 (A and
B) as a function of the detuning A, = O — Q,, obtained by scan-
ning Q,,. The dashed lines represent the magnetic resonances Y
(black dashed line), Y, (red dashed line), and (—Y;) (blue dashed
line) without any magnetic field gradient, that is, Qf = Qf. As
shown in Fig. 3A, by applying a magnetic field gradient 8Qf, that
is, 8Q)] # 60?, the two magnetic resonances Y, (red solid line) and
(=Y}) (blue solid line) move in opposite directions, so that the mag-
netic resonance Y (black solid line) changes markedly at the A, =0,
exhibiting that the most sensitive point for gradient field measure-
ment is the zero-crossing point (Qf = QIE = Q). On the other
hand, as shown in Fig. 3B, by applying a small CMM field change
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8Q)y, both the magnetic resonances Y, and (—Y},) move in the iden-
tical direction, and then, the corresponding magnetic resonance Y'is
shifted in the same direction. In this case, the magnetic resonance Y
does not respond to the CMM field at A, = 0. Thus, the zero-cross-
ing point is also the best working point to immune CMMN. The
experimental results of the magnetic resonances of gradiometer
(the line with black triangles), sensor S, (the line with red circles)
and Sy, (the line with blue squares) are given in Fig. 3C. Evidently,
in the middle region around A, = 0, the magnetic resonance Y in-
sensitive to the CMMN.

Noise reduction

The sensitive measurement of magnetic field at low frequencies has
been a great challenge for practical applications (15-17). To realize
an ultrasensitive quantum gradiometer at the frequencies below ki-
lohertz, the technologies developed above, including sensing mag-
netic field, squeezing quantum noise with entangled light, and
reducing CMMN by gradiometric detection, are integrated to
achieve as large a signal as possible, remain the CMMN minimized,
and suppress quantum noise below the PSN.

Before entering atomic sensors, the intensity-difference noise of
entangled twin beams a, and b; from FWM process is detected and
given in red line in Fig. 4A. Here, the squeezing spans a frequency
range from 125 kHz to 6 MHz and the maximum squeezing is 7 dB
at 0.6 MHz. To find the optimal Q; to perform magnetic measure-
ment, one of the two sensors is “turned off” by blocking the optical
pumping and repumping of this sensor, e.g., S,. The power spec-
trum of the detected optical rotation signal oscillating at Qf is
plotted in Fig. 4B. The intensity-difference squeezing (IDS) of the
twin beams is naturally mapped into the power spectrum and
measure the magnetic field at frequency f with squeezing at frequen-
cy Qp + f(50). To determine the magnetic field from the detected
optical rotation signal with quantum squeezing, one needs to de-
modulate this signal with a frequency of Q,, = Qf. A particular
Qf =152 kHz with 5.5-dB squeezing is chosen here to optimize
the sensitivity of magnetic measurements by balancing the different
influences from nonlinear Zeeman effect, optical noise squeezing,
and the residual magnetic resonance of the F = 1 state (see Supple-
mentary Text 2). Here, a magnetic field up to 2.17 x 10* nT is
applied along —X, and, according to Qf = y|B|, we can obtain
the corresponding Larmor frequency is 152 kHz, where vy is the gy-
romagnetic ratio, y = 7 Hz/nT. The available squeezing at Qf =152
kHz remains 5.5 dB due to the absorption losses of the two ®Rb
cells (11% for S, and 7% for S;).

To cooperate the reduction of CMMN and suppression of
quantum noise simultaneously, both sensors are “turned on” by
sending optical pumping and repumping beams into them. Then,
a, and b, are modulated with the Larmor precession of the atomic
spin in S, and Sy, respectively. The optical rotation signal is demod-
ulated and detected to give the difference between the magnetic res-
onances from S, and Sy, In this work, as the probes of gradiometer,
the twin beams generated from a nondegenerate FWM process have
different frequencies, leading to the different linewidths and ampli-
tudes of the two magnetic resonances. However, the slopes of the
magnetic resonances still can be set to the same, k, = k;, by
tuning the one-photon detuning A, because the frequencies of the
twin beams change following the one-photon detuning.
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Fig. 3. Magnetic resonance of gradiometer. (A and B) Schematic diagram of the magnetic resonances with a change of magnetic field gradient (A) and common-mode
magnetic (CMM) field (B). The red and blue lines represent the magnetic resonances [Y, and (—Y,)] of the two sensors, while the black line denotes the subtracted
magnetic resonance (Y). When we apply a small magnetic field change, the magnetic resonances move from the dashed lines to the solid lines. (A) By applying a magnetic
field gradient, the magnetic resonances (blue/red) move in the opposite direction. The subtracted magnetic resonance (black) changes obviously. (B) After applying a
CMM field, both magnetic resonances (blue/red) move in the same direction. The change in the subtracted magnetic resonance (black) is inappreciable. (C) Measured
magnetic resonances. The line with red circles and the line with blue squares represent the magnetic resonances of S, with linewidth w,= 35 Hz, and S, with linewidth
wp, =45 Hz, which are measured by blocking optical pumping and repumping of S, and S, respectively. The coherence time of S, and Sy, is 4.5 and 3.5 ms, respectively. The
line with the black triangles is obtained by “turning on” both sensors simultaneously. The dashed line denotes the frequency where we measure the sensitivity. a.u.,

arbitrary unit.

As seen in Fig. 4C, a crossover point, where k, = k; is achieved at
A = 1.02 GHz. This frequency is chosen for our final measurement
of sensitivity. The CMRR (7, 51, 52) of the gradiometer in phase-
locked loop reaches 5000 as shown in the inset of Fig. 4C, which
is measured by applying a CMM field and detecting the residual
of the CMM field in the difference. Meanwhile, quantum noise
squeezing can still remain optimal in 5.5 dB.

Sensitivity enhancement

After noise optimization in Fig. 4, the optimal point with Q,,, = Oy =
152 kHz and A = 1.02 GHz are chosen to measure the magnetic field
and gradient field sensitivities of the sensors that are given in Fig. 5.
The sensitivity with a single sensor S, is shown in the blue line (a) of
Fig. 5, which is limited by both CMMN and PSN. As a comparison,
the red line (b) shows the sensitivity of the classical gradiometer
using two coherent probe beams. Evidently, the CMMN is sup-
pressed in this gradiometer, and the noise floor is lowered to PSN
limit ~ 35 fT/cm+v/Hz. When the entangled twin beams replace the
coherent beams as the probes of two sensors in quantum gradiom-
eter, the sensitivity is further improved starting from 7 Hz with the
help of 5.5-dB squeezing as shown in the purple line (c) of Fig. 5.
The optimal sensitivity of 18 fT/cm+/Hz is achieved at 20 Hz. The
sensitivity starts getting worse at both low and high frequencies due
to the 1/f noise and the bandwidth-limited frequency response of
each sensor, respectively. The frequency response of each sensor,
which acts as a low-pass filter with the transfer function

b/\ /f? + b%, leads to the decrease of the signal at the increasing

measurement frequency f beyond the bandwidth b and, hence, the
reduction of the signal-to-noise ratio (SNR).
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DISCUSSION

We construct and demonstrate a way to achieve simultaneous sup-
pression in both PSN and CMMN by combining the techniques of
quantum entanglement with gradiometic detection. With a 5.5-dB
squeezed degree and a CMRR of 5000 in phase-locked loop, the sen-
sitivity is enhanced from the subpicotesla to 10-femtotesla level. The
gradient field sensitivity reaches 18 fT/cm+/Hz with a 1-cm base-
line at 20 Hz, which is comparable to the sensitivity of the classical
gradiometer operating with orders of magnitude more atoms. This
work brings quantum enhancement of the magnetic sensitivity to
the low-frequency range starting from 7 Hz. Such quantum-en-
hanced magnetic gradiometer is promising for practical applica-
tions where the characteristic magnetic signatures appear at low
frequencies in challenging environments (53).

The scheme of the entangled sensing of the magnetic field can be
extended by cascaded FWM (43) and achieve a network of entan-
gled magnetic sensors. There are still many possibilities to improve
the performance of magnetometry with the technical routes of com-
bining the quantum manipulation and atom-light interface. The
bandwidth and CMRR of magnetometry can be further improved
in several ways such as operating magnetometry in self-oscillating
mode (54) or observing the free induction decay of atomic spin (52).
The low-frequency 1/f noise appears in Fig. 5 (b and c¢) caused by
temperature shifting in the shield can be decreased by a better tem-
perature control system. Moreover, in this work, the atom number
and photon number satisfying Nit/ZNph < ql/z(Ap/Fo)z(A/)\z)3/2,
so that the SPN does not limit the sensitivity. For optimized mag-
netometry with comparable noises from atom and light, the sensi-
tivity can still be improved with the use of correlated twin beams
(see details in Materials and Methods).
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Fig. 4. Noise of entangled twin beam. (A) Noise power spectrum directly measured after the GT polarizer. The BPD's transimpedance gain is 10° V/Awith a bandwidth of
5 MHz. The resolution bandwidth (RBW) and video bandwidth (VBW) are 30 kHz and 300 Hz, respectively. The peaks appearing at low frequencies are electronic noises. (i)
The black line denotes the PSN. (ii) The red line denotes the intensity-difference squeezing (IDS) between the twin beam:s. (iii) The blue line denotes the background noise
level. (B) Power spectrum measured after the 8 Rb cells. To measure the optical rotation signal (ORS) at 152 kHz and avoid electronic noise, the BPD transimpedance gain is
10° V/A with a bandwidth of 300 kHz. (i and ii) The blue and red lines denote the noise power spectrum measured by coherent light and squeezed light with an optical
rotation signal at 152 kHz from S, (iii) The black line denotes the noise power spectrum measured by coherent light. Here, the noise at low frequencies is dominated by
laser excess noise. (iv) The purple dash line represents PSN. RBW, 1 kHz; VBW, 300 Hz. (C) The slopes of the magnetic resonances of S, (the line with red squares, left vertical
scale) and Sy, (the line with solid blue circles, left vertical scale) and the noise power relative to PSN (the line with hollow black circles, right vertical scale) change with one-
photon detuning. Inset: (i) The measured magnetic signal and (ii) their Fourier transform of S, (red line) and gradiometer (blue line).

MATERIALS AND METHODS amplifier (PA) process with vacuum input at one of the port can

Phase-insensitive amplifier be regarded as a phase-insensitive amplifier.

Using the relations of the two-mode squeezed state (Egs. 1 and 2)

with coherent input |a) (a =|a|e’®) at mode a;, and vacuum input ~ Detail for the theory

at mode by, we can obtain the noise in the difference between the ~We generate intensity correlated two-mode squeezed fields by PA

mean numbers of photons process in hot *’Rb vapor. By mixing and amplifying the two
field modes a;, and b;,, correlations between two modes are

Var(ala, — blb,) =[] 8)
To obtain the level of squeezing, we take the difference noise of

coherent light with the same intensities (Ja?| and 0) as the coherent
state

) 10" e iy —y 10

Var(&lT&l N I;ITbl)SNL —(a) Magnetometer
A fa AT 9 . .
= <u1Ta1> + (by by) ) (b) Gradiometer
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-
o
(3
-
o

where the subscript SNL represents the shot noise limit, G* — g* =1,
and we defined the R,; as the ratio between these two fluctuations as

Var(&lrle - @1@1)
ata oir
Var(a{al = bb)g (10)

|

Ry =

e
o
N

— o
T e?|(GP + ) +2g

Here, |’ > 1 and |a| > g, and we have

1010 L ia a3 aaal " L ......I2 M PR 101
10 10 10

1 1 (11) Frequency (Hz)

@t g 21

Rab
Fig. 5. Magnetic field and gradient field sensitivities. The transfer function of
the low-pass filter (3, 57) is b/\/f2 + b, where the bandwidth b = (w, + w,)/2 = 40
Hz. (a) Sensitivity of the magnetometer limited by PSN and CMMN. (b) Gradient
field sensitivity of the gradiometer limited by PSN. (c) Gradient field sensitivity
of the gradiometer with 5.5-dB squeezing.

As we can see, the level of squeezing increases with the gain G
and is independent of phases ®@,, and ®,. Hence, the parametric
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Fig. 6. The improvement of SNR changes with g. (a) Quantum-enhanced gradi-
ometer and (b) coherent gradiometer. Here, we set a = 100, 6, = 0.05, and (A6, —
A8, =

generated (55)

{1’? G 0 0 e g @y
a 0 G &% 0 iy
NE . g . (12)
by 0 é¢%g G 0 bin
b e g 0 0 G b

In our system, with a coherent state |a) input at port a;, and a

vacuum state at port bin, i and b, are the outputs of the PA process.
Both of the fields are linearly polarized along the x direction.
ax and by act as the probe beams of two ®’Rb vapor sensors @,

and b, and couple the magnetic field into their polarizations. The
polarizations of a, and i)z are rotated with angles A6, and AB,. a,
and b, are further rotated by a HWP with angle 6, and mixed with a
vacuum state with y polarization Elj," and B;n at the PBS, respectively.
The output of the PBS is

>

=1
=

Lt cos(6,) —sin(0,) 0 0
ke sin(8,)  cos(8,) 0 0
zu a 0 0 cos(0,) —sin(6y)
S out 0 0 sin(0,)  cos(8)
y
i,
&lﬂ
y
| b, (13)
b,

where 0, = 6, + AO,, 0, = 0, + AB,. The input-output relation of
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optical field after the whole process is

B ﬁ;ul
”g::t Geos(0,) 0 0 e gcos(0,) —sin(6,) 0 0 0
ay 0 Geos(0,) e ®r gcos(6,) 0 0 —sin(6,) 0 0
gout! Gsin(6,) 0 0 e gsin(0,) cos(6,) 0 0 0
Ayom _ 0 Gsin(0,) e ®rgsin(6,) 0 0 cos(8,) 0 0
b |~ 0 e gcos(0y)  Geos(y) 0 0 0 —sin(6;) 0
jout e "% gcos(6;) 0 0 Geos(0;) 0 0 0 —sin(6)
ot 0 e gsin(0,)  Gsin(0y) 0 0 0 cos(6y) 0
b, e "% gsin(6),) 0 0 Gsin(6;) 0 0 0 cos(6))
~out
_by
i
bin
ot
{,m
x| 4y
l}m?

S S
<5 SE

(14)

The output fields of PBS are sent to the balanced photodetector
and achieve the intensity- difference measurement. The observation
of magnetometer is

i:ifc—ij—if}ri;’ (15)

~outl ~out ~ b ~out! ~out

~out! ~out ~outf Aout
whereI =a," a, Iy—ay I—b bx,y b

The average value of I is

(I) = [G*cos(26,)
— cos(26y)]

— g%c0s(20;)]|a?| + g*[cos(26,)
(16)

When operate at 0, = 6, = 0, the fluctuation of magnetometer is

Var(I) = [1 4 g* — g*cos(48y)]|o?| + 2sin®(20,) &> (17)

The change in the observation of magnetometer with perturba-
tion A8, and A6, is

A=%D Ap, + 30 A,

= Z[gzsm(zeb)Aeb — G?sin(20,)A0,]|?|
+ 2¢*[sin(26,)A6;, — sin(26,)A8,]

(18)

For A6, <« 0,, AB, <« 0, | o’ | > 1and G =~ g> 1, we have

AI = 2¢sin(20)|o®| (A, — AB,) (19)
Hence, the SNR is
(AD? 4g*sin?(26,)]a| (A8, — AB,)* (20)
Var(I) 14 g% — g2cos(46y)]|a?| + 2sin®(26,) g*

The SNRs of the gradiometer change with g are plotted in Fig. 6.
The red line and the blue line represent the SNR of quantum-en-
hanced gradiometer and coherent gradiometer, respectively. We
can see that, with the increase of g, the SNR of the squeezed gradi-
ometer is always better than the coherent gradiometer.
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MHz, A=6x 10~*m? \ = 795 nm, which are consistent with the experimental condition. The atom number in (A) is N, = 10'° and photon number in (B) is Ny = 10", The

purple dash-dot lines are the number of photons and atoms in the experiment.

Fundamental limitation of sensitivity

For magnetometry based on optical readout of atomic ensemble’s spin
precession, the sensitivity is fundamentally limited PSN and SPN. The
corresponding sensitivity 8B, and 0B, can be described as (30)

sB 1 1 AA
e i
P YT Naoy/MNph To A2

1 /N T (xz) v
Y V/Nat A, \A
where y is the gyromagnetic ratio and T, is the measurement time.
n = exp|—NuI50/(T5 + A;)A] is the transmittance of the probe
field that has positive relation with the atom number. N, and Ny,
are the total number of atoms and input photons used in the measure-
ment, respectively. Iy is the natural transition width, A, is the frequen-
cy detuning from optical resonance, and A is the light wavelength. A is
the cross section of the probe and assumed to match the atomic
sample, and o is the photon absorption cross section that only
depends on the wavelength of the transition (48). Considering the
noise from both atom and light, the sensitivity is limited by the
larger one of 0B, and 8B,,. When the atom number and photon
number satisfying Nat” 2Nph < r]” 2 (AP/FO)I/z(A/)\Z)3/ 2 we get 0By, >
OB, The sensitivity is limited by PSN. In our work, N, is limited by
the operation temperature of vapor cell, and Ny, is limited by the
FWM process. In consequence, the sensitivity of gradiometer with co-
herent light is fundamentally limited by PSN. With the use of a
squeezed light, the sensitivity can further break PSN.

The overall sensitivity limitations with the change of N, and Ny,
are plotted in Fig. 7. We can find the optimum number of photons,
atoms, and corresponding sensitivity by minimizing the overall un-
certainty with coherent light and squeezed light. In Fig. 7B, the
higher atom number leads to higher probe absorption, which
limits the amount of detected photon number and optical squeez-
ing. Compared with coherent light, the use of squeezed light can
lead to a better sensitivity with lower number of photons or atoms.

In (30), the sensitivity is discussed in free induction decay
scheme. When the number of spins that flip due to ground-state re-
laxation becomes comparable to unity, uncertainty due to

(21)

8B, = (22)
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relaxation begins to dominate the atomic noise. There is no im-
provement in sensitivity with squeezed light. While, in our work,
the decayed spin is repolarized by synchronized pumping. With
long measurement time, the sensitivity still can be improved by
the squeezed light.

Experimental layout

The cell (12.5 mm long) generating FWM process contains isotopi-
cally pure **Rb vapor that can be heated to over 120°C. It is antire-
flection (AR)—coated on all four surfaces to achieve a high
transmission efficiency (~95%). Both FWM pump and seed are
focused in the center of the cell with beam waists of 500 and 250
pm, respectively.

The sensors (S, and Sp,) of the gradiometer are mainly construct-
ed by two paraffin-coated, AR-coated cylindrical, and isotopically
enriched ¥Rb vapor cells (56) (1 cm in length and 1 cm in diameter)
that are placed side by side in a three-layer u-metal magnetic shield.
The two cells are heated to 35°C for sensitivity optimization. To
generate CMM field and magnetic field gradient on two sensors,
we add a set of Helmholtz coil and a set of anti-Helmholtz coil
with a diameter of 92 mm outside of two ®’Rb vapor cells.

When measuring the squeeze degree, the PSN is calibrated by
coherent light with same power of squeezed light. To realize the co-
herent gradiometer and ensure the same experimental conditions,
the probes of coherent gradiometer are also generated by FWM
process. We change the temperature of the *’Rb vapor cell to
100°C to tune the gain factor of the FWM process so that the
noise spectrum of the IDS in this case is consistent with that of
the coherent light. The laser power of each channel is detected by
monitor of BPD and is sent to the oscilloscope. We calibrate the
power of the laser on the oscilloscope so that the laser power is
same in the two measurements.

Supplementary Materials
This PDF file includes:
Supplementary Text

Figs. S1 to S4
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