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Quantum weak measurement amplifies
dispersion signal of Rydberg
atomic system
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This paper presents a scheme to amplify dispersion signal of Rydberg atomic microwave detection
system, using a quantum weak measurement technique together with improved dimensionless
pointer. The scheme effectively mitigates the impact of technical noise and can be used to achieve a
measurement precision close to the limit set by atomic shot noise in theory. Compared with the
superheterodyne method based on transmission detection, our scheme has been experimentally
proved to have a sensitivity increase of 5 ~ 6 dB. In this work, the Rydberg dispersion signal
amplification mechanism offers an approach to enhance microwave detection sensitivity, which also
facilitates deeper investigations into its dynamic processesand further applications of thismechanism
in quantum communication and quantum control.

Microwave detection plays a crucial role in fields such as radar systems,
communication systems, and radio astronomy. As scientific research pro-
gresses, there are increasing demands for higher sensitivity in microwave
measurements in areas suchasparticle physics andastrophysics.Traditional
metal antennas are limited by electronic thermal noise, and their sensitivity
is unable to meet the requirements. Against this backdrop, the Rydberg
microwave meter emerges as a promising solution1–4. Rydberg atoms have
large principal quantum numbers and electric dipole moments, making
them highly sensitive to external fields5. Furthermore, its characteristics,
such as large bandwidth6,7, traceability8, stealthiness9, etc., make it a pro-
mising microwave meter with a great potential. In 2012, Sedlacek et al. first
proposed the Rydberg atom microwave measurement technique based on
the Electromagnetically Induced Transparency10,11 with Autler–Townes
(EIT-AT) effect12,13. This techniqueutilizes the splittingdistancebetween the
two peaks of the Autler–Townes (AT) splitting to measure the strength of
the microwave field. Subsequently, more research proposals based on this
have been put forward9,14, such as homodyne detection technique15, fre-
quency modulation spectroscopy technique16,17, three-photon readout
scheme18. In 2020, Jing et al. proposed the technique of superheterodyne
detection19, where a known local field and the signal field with a known
amplitude and frequency interacted with the atoms. This conversion from
measuring microwave fields at theMHz level to measuring optical signal at
the kHz level enhances the sensitivity of Rydberg atom microwave meters.
In addition to the studies based on the Rydberg system’s amplitude,
researchers have utilized prism cells20 and interferometers21 to observe the
Rydberg atom’s dispersion signals22. The direct measurement of Rydberg

atom dispersion signal is of significant importance. In the field of quantum
information, the dispersion effect through the process of Electro-
magnetically Induced Transparency (EIT) enables the realization of slow
light23 and the storage of photon in atoms24. In the laser field, dispersion
spectra can be used to achieve higher frequency stability of lasers25. In the
field of precise measurement, dispersion signals have been demonstrated to
play an important role in noise suppression and sensitivity enhancement26,
and there is a great potential for further advancement in this area.

Quantumweakmeasurement is a precisemeasurement technique that
has gained significant attention in recent years since its initial con-
ceptualization by Aharonov, Albert, and Vaidman (AAV) in 198827,28. It is
an advanced technology that offers higher sensitivity for parameter esti-
mation. Weak measurement is characterized by post selection, and it has
found widespread applications in the measurement of various small-scale
parameters, such as beam deflection29,30, phase31,32, thin film thickness33,
velocity34, frequency35, temperature36,37, quantum-state metrology38,39, and
various material parameters40,41. Besides, weak measurement has also been
proved to be an effective noise suppression method42. This technique is
applicable to almost all traditional domains of precise measurement and
does not require complex or stringent experimental setups. Both in theory
and experiment, it has been demonstrated as a high-precisionmeasurement
technique.

In this paper,we introduceweakmeasurement techniquesbasedon the
Sagnac loop interferometer (SLI)43,44 in the Rydberg atom system. Tradi-
tionally, to observe the dispersion signal of the Rydberg atom system,
Mach–Zehnder interferometer (MZI) is the most popular choice due to its
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high precision and purely optical structure45.However, the combined effects
of dispersion and absorption of the probing light in the Rydberg atoms
introduce an attenuation factor21 in the interference signal determined by
the absorption differences of the two arms, which cannot be resolved by any
interferometer. The interferometer cannot simultaneously extract phase
and amplitude information. But incorporating weak measurement with
post selection, we can construct a purely imaginary weak value that elim-
inates the influence of the absorption differences on the detection results
while amplifying the phase difference caused by dispersion. Furthermore,
more exciting is that using weak value amplification techniques, we can
amplify the dispersion signals of Rydberg systems, with an amplification
factor inversely proportional to the weak coupling introduced by the SLI.
The amplification effect comes from the physical mechanism of quantum
weak measurement, rather than from the circuits or suppressing noise.
Therefore, it is theoretically possible to approximate the atomic shot noise
limit by controlling the weak coupling strength. Besides, we propose a
method based on this approach that utilizes piezoelectric transducer (PZT)
for feedback control, which has been applied in the experiments to suppress
the environmental classical noise effectively. After the beam traverses the
SLI andpasses the post selection, we use an improved dimensionless pointer
named, intensity-contrast-ratio pointer, to extract the dispersion informa-
tion. We independently design a Dual-Channel detector which cooperate
with the intensity-contrast-ratio circuit to achieve large bandwidth and
high-precision measurement. In addition, SLI itself has a better stability
compared toMZI46, but there is no precedent for using it in Rydberg atomic
systems and our work is the first to conduct this experiment. To verify the
superiority of our measurement scheme, we compare our results with the
ones from superheterodyne measurement based on amplitude and dis-
persion under the same experimental conditions, and our scheme

demonstrates an impressive improvement of 5–6 dB.Andbyoptimizing the
detector, we can easily achieve higher improvements.

Results
Theory
In previous studies on the dispersion of Rydberg atoms, the technique was
primarily based on the MZI21,22. Although the MZI has the advantages of a
simple structure and ease of control, its drawbacks are evident: the sig-
nificant phasedifference causedbyonlyone armpassing through the atomic
cell introduces excessive phase noise and mitigates the coherence of the
laser, leading tomeasurement errors in the intensity of the interference light.
The use of piezoelectric-controlled mirrors to adjust the phase does not
effectively eliminate the phase noise. In contrast, the utilization of SLI
effectively addresses these issues. SLI allows for the separation of the two
arms, both of which enter the atomic cell. By employing quantum weak
measurement, the phase difference can be significantly amplified.WithPZT
feedback control, the method greatly suppresses air disturbances while also
suppressing common-mode phase noise, which is not achievable with
the MZI30.

We use two orthogonal linear polarization states ∣Hi and ∣Vi as the
system of quantummeasurement. Therefore, the observable operator of the
system can be represented as: A ¼ ∣Hi Hh ∣� ∣Vi Vh ∣, and the transverse
position distribution of the beam φ xð Þ ¼ 1ffiffiffiffi

2π
p w expð� x2

4w2Þ serves as the
meter for themeasurement,wherew is thewaist radius of laser beamandwe
consider only the x-direction for simplicity. The concept of the quantum
measurement systemandpointer comes fromVonNeumannmeasurement
scheme47, and weakmeasurement adds post selection on it48,49. As shown in
Fig. 1a, after the beam enters the SLI consisting of a polarizing beam splitter
(PBS) and three mirrors, the clockwise path is the ∣Vi light, while the
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Fig. 1 | Experimental setup. aThemain optical path structure of the experiment. NF
neutral density filters, P film polarizer, HWP half-wave plate, QWP quarter wave
plate, DM dichroic mirrors, HR dielectric mirror, NPBS non-polarizing Beam
splitter, PBS polarizing Beam splitter, PZT piezoelectric transducer, PDH Cavity
Pound-Drever-Hall Cavity, ECDL External cavity and distributed-feedback diode
lasers, TA-SHG Unit tapered amplifier and second-harmonic generation, DA dif-
ferential amplifier, PID Proportional-Integral-Differential controller, ICRC

intensity-contrast ratio circuit, SA spectrum analyzer, GPSDO GPS disciplined
oscillator with Rubidium timebase. b Frontal sketch of Dual-Channel detector.
c Slow axis angle of theQuarter-Half-Quarter (QHQ) combination,green for quarter
wave plate and blue for half-wave plate. d The post-selected angle (gray double
arrow). e Energy level of atoms. State 6S1/2, 6P3/2, and 63D5/2 are coupled by 852 nm
and 509 nm laser.The local microwave field (Ωl) and the weak signal field (Ωs) are
coupled to 64P3/2.
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counterclockwise path represents the ∣Hi light.After completing one round,
they converge back to one beam. The crucial point is that the clockwise and
counterclockwise paths in the Sagnac loop are not co-propagating. There-
fore, in the Rydberg atom system, when we excite one path to the Rydberg
state (in this case, the counterclockwise path asmentioned in the article), the
influence of the external field will be reflected in the phase difference Δϕ
between the ∣Hi light and ∣Vi light. The phase information is encoded in the
preselected state: ∣ψi

� ¼ ðeiΔϕ=2eΔβ∣Hi þ e�iΔϕ=2e�Δβ∣ViÞ= ffiffiffi
2
p

, where Δβ
denotes the change in amplitude. So far, we have prepared the preselected
state, which is essentially the coherent combination of ∣Hi and ∣Vi beams
with different amplitudes andphases. It isworthnoting that bothΔϕ andΔβ
are introduced by theRydberg atomic dynamical process in our experiment.
This preselected preparation process is also known as biased weak
measurement50. The transversemomentum shift k (along x-direction) given
to the beamby themirror introduces entanglement between the systemand
the meter, which is so-called weak coupling. The evolution matrix can be
represented as follows: Û ¼ expð�ikxAÞ. The corresponding physical
process of the evolution operator is that ∣Hi and ∣Vi light pass through the
loop with opposite tiny momentum shift. The state of the beam exiting the
SLI can be expressed as:

Û ∣Ψi ¼
Z

dxφðxÞ∣xi expð�ixAkÞ∣ψi

�
: ð1Þ

The post-selected state is represented as: ∣ψf i ¼ ðcosðπ=4Þ∣Hi � sin
ðπ=4Þ∣ViÞ= ffiffiffi

2
p

. Post selection is the core operation in quantum weak
measurement, and its essence is a strong projection measurement. It
involves projecting different eigenstates of a system onto a specific
eigenstate, causing asymmetric interference of the wave functions from
the original eignstates, thereby obtaining pointer displacement that are
much larger than their eigenvalues. The post-selection projection measure-
ment of a photon systemof twopolarization states (HandV) canbe realized
byusinga singlepolarizer inour experiment.Thefinal statewave functionof
the whole system here can be written as:

∣Φi ¼ ψf jÛjΨ
D E

� ψf jψi

D EZ
dxφðxÞ∣xi exp �ixAwk

� �
; ð2Þ

where purely imaginary weak value is constructed:

Aw ¼
ψf jAjψi

� �
ψf jψi

� � ¼ �i cotΔϕ=2. The expectation value of spatial position

can be obtained:

xh i ¼ ΦjxjΦh i
ΦjΦh i ¼

4kw2eiΔϕ sinΔϕ

1� 2e2k
2w2þiΔϕ þ e2iΔϕ

� �Δϕ
k

: ð3Þ

The conditions for taking an approximation are:Δϕ≪ 1 and k2w2≪ 1. The
equation above demonstrates a few interesting results: Firstly, phase infor-
mation transfers from the intensity of light to the centroid of light. This is
one of the distinguishing features of ourmeasurement scheme compared to
traditional interferometers. Secondly, the amplitude parameter Δβ corre-
sponding to the absorption in the atomic cell disappears, which is attributed
to the property thatweakmeasurement allows for easy separation of the real
and imaginary parts in the measurement. Thirdly, the most interesting
result is that weakmeasurement amplifies themeasured phase by a factor of
1/k. The weak value amplification effect helps us approach the atomic noise
limit. Atomic shot noise is standard quantum limit of frequency measure-
ment in Rydberg atomic system: δν ¼ 1=ðT ffiffiffiffiffiffiffi

Nat

p Þ, where T is the time of
measurement and Nat is the number of of atoms participating in the
measurement51. By using the ideal gas equation, it can be obtained that the
number of atoms involved in the measurement is around 1012. In contrast,
interferometer exhibits shot noise and radiation pressure noise, and under
the conditions of weak probing light, shot noise dominates and is inversely
proportional to the square root of the photon number52: δϕ ¼ 1=

ffiffiffiffiffiffiffiffiffi
Npho

p
,

where Npho is the number of photons participating in the measurement

(independent of atom number). The number of photons involved in the
reaction can be calculated using the probe laser power andNpho ≈10

15 s−1. It
is evident that photon shot noise is smaller than atomic shot noise.However,
the best precision of the experiment has not yet reached the level of atomic
shot noise so far, because of the decoherence effect from the environment,
the classical noise, the thermal noise in the circuit, etc. Thus, it is difficult to
improve the sensitivity of the Rydberg system by only suppressing noise.
However, through weak measurement, we can further improve the sensi-
tivity by amplifying the signal. Although the influence of photon vacuum
fluctuation cannot be restrained, by controlling the coupling strength to be
sufficiently small, the shot noise limit can be achieved in phase
measurement.

In order to further illustrate the superiority of our scheme, we compare
it with MZI which is based on intensity detection:

I ¼ a cosðΔϕÞ ¼ a cos Δϕ
� �

; ð4Þ

where a represents the attenuation caused by the amplitude absorption after
passing through the Rydberg system21. Traditional MZI have theoretically
highest sensitivity forΔϕ = π/2+ nπ(n = 1, 2, 3. . . ), where the intensity and
phase exhibit an almost linear relationship. However, for the Rydberg sys-
tem, the change in amplitude is greater than the change in dispersion (easier
to measure), making the attenuation factor a have a significant impact.
Furthermore, achieving optimal sensitivity requires perfect alignment of the
two arms, which is practically impossible in experiments. As a result,MZI is
limited by these shortcomings.

The weak measurement in the SLI, in comparison to the traditional
MZI, has the following advantages: Firstly, it amplifies the phase, allowing
for a significantly higher sensitivity than the MZI, even without perfect
alignment which introduces weak coupling k. Secondly, the Sagnac weak
measurement scheme does not require the consideration of the absorption
difference in the cell between the two arms, as the center of mass is inde-
pendent of Δβ in theory. Thirdly, SLI introduces a smaller phase difference
compared with MZI, which contributes to the preservation of laser coher-
ence. This also provides us with the insight that in interferometer experi-
ments, phase information is not solely contained in the intensity after
interference. The information embedded in the intensity distribution may
be even more important, and the weak measurement scheme can help to
extract it.

Experiment
Theexperimental setup is shown inFig. 1a.The852 nmprobing light,which
is split into two beams, up and down, by a beam splitter (BS). The second
polarizer and a half-wave plate together form the pre-selection for weak
measurement, resulting in a light linearly polarized at an angle of 45∘withH
polarization state. Subsequently, a polarizing beam splitter (PBS) splits the
light into clockwise propagatingH-state light and counterclockwise rotating
V-state light. Since both beams enter the PBS simultaneously in the entire
loop, there are four beams of probing light passing through the Cs cell,
exciting Cs atoms from the ground state 6S1/2 to the excited state 6P3/2 as
shown in Fig. 1b. The quarter-half-quarter wave plate (QHQ) combination
in the SLI is used to control the phase difference between H and V light as
shown in Fig. 1c (see “Methods”). At this point, the 509 nm coupling light
and one of the counterclockwise propagating probing light (the upper beam
in the experiment) co-propagate through the Cs cell, coupling Cs atoms to
the Rydberg state 63D5/2, generating EIT, the energy level structure of which
is shown in Fig. 1b. After completing one round trip, the two interfering
beams recombine and pass through another polarizer forming the post
selection, and are detected by a Dual-Channel detector. One beam that is
excited to the Rydberg state serves as the experimental light, while the
unexcited beam is reflected by a D-shapedmirror and used as the reference
light for feedback control of phase stability.

To extract the centroid position information, the response time of the
traditional image array sensors such as CCD is far from meeting the
requirements. Therefore, we use a custom-designed Dual-Channel
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detector53 to achieve a high-precision detection. After the post selection the
intensity of the laser beam exhibits a spatial distribution with left and right
double peaks as shown in the red part of Fig. 1b. Considering only the x-
direction,wedefine themidpoint equidistant to the twopeaks as x = 0,when
the two peaks are balanced with the same intensity. The intensity-contrast-
ratio is defined as the difference between the light intensity on the left and
right sides of the balanced position divided by the sum of the left and right
light intensity:

η ¼ I � I!
I þ I!

¼
R1
0 ΦjΦh idx � R 0

�1 ΦjΦh idxR1
0 ΦjΦh idx þ R 0

�1 ΦjΦh idx
¼ 2eiΔϕErfi ð ffiffiffi

2
p

kwÞ sinΔϕ
1� 2e2k

2w2þiΔϕ þ e2iΔϕ
ð5Þ

where I← and I→ represent the total light intensity on the left and right sides,
respectively. Under the same approximate conditions as Eq. (3), we can

obtain: η �
ffiffi
2
π

q
Δϕ
kw. From the results mentioned above, it can be observed

that the intensity-contrast-ratio η is directly proportional to the phase
difference Δϕ, and inverse proportional to weak coupling strength k or the
laser beam waist radius w. The information processing of the dual-channel
detector utilizes analog signal processing, which enables a significantly
larger bandwidth. Additionally, it also has better detection accuracy,
especially when the transverse distribution of the beam is non-uniform. For
more details, please refer to “Methods”.

As shown inFig. 1a, the tilt angle of themirror in the lower left cornerof
the SLI is controlled by PZT. We use a tilted beam splitter (BS) to separate
the light into two beams, with the upper beam used for the Rydberg
experiment and the lower beam used for feedback control to maintain the
stability of SLI. The lower beam passes through the SLI and post selection,
and is adjusted to the balanced state of the double peaks, i.e., ηcon = 0, where
the subindex “con" labels the intensity-contrast-ratio for the control beam.
After detection by the Dual-Channel detector, the intensity-contrast-ratio
signal is used to control the Mirror to align to PZT through a PID (Pro-
portional-Integral-Derivative) controller tomaintain the balanced state. It is

worth emphasizing that it is the first time to use this scheme to perform the
optical path stabilization although previous works30,43,44 have used it to
measure the small beammomentumchange causedby themirror. Figure 2b
shows the signal observed in our experiment. We open the PID at t = 0 s to
provide feedback control. Under the condition of keeping the experimental
setup unchanged andminimizing external disturbances, it is inevitable that
the intensity-contrast signal is affected by factors such as instrument fans
and building vibrations, leading to significant fluctuations before t = 0.
However, when we activate the feedback control, low-frequency noise is
significantly suppressed. The standard deviation of the ηcon is reduced from
2.9 × 10−3 to 5.05 × 10−4 after the suppression and the phase deviations to
less than 0.1 degrees after active stabilization. It is evident that active control
of the optical path is necessary in an interferometer.

In next experiment, we measured the EIT dispersion curve using the
SLI weak measurement scheme, as shown in Fig. 2a. Simultaneously, the
reference EIT amplitude signal is also displayed. In order to further inves-
tigate the dispersion properties of Rydberg systems inAT splitting, we apply
amicrowave RF signal with a frequency of 2.77 GHz and gradually increase
the output power of the RF signal. The changes in dispersion signal are
shown in Fig. 2c, from top to bottom, the respective output powers are:
−3 dBm and ~5 dBm. The dispersion curves of the two peaks in the AT
splitting gradually separate, corresponding to the amplitude signal of theAT
splitting. When the power of the RF signal is weak, the dispersion curve
splits but cannot fully separate. However, when the RF amplitude reaches
5 dBm, the dispersion curve completely separates, exhibiting two distinct
dispersion curves. The amplitude and dispersion signals exhibit the
expected results predicted perfectly by the KK (Kramers-Kronig) relation-
ship. This result has not been experimentally exhibited in previous research
work.Additionally,we lock theprobe light frequency at zerodetuningpoint,
slowly scan the coupling light from negative detuning (−100 kHz at top) to
positive detuning (100 kHz at bottom). The trend of double peaks captured
by the CCD camera is shown in the Fig. 2d. As we progress from negative to
positive detuning, the double-peak-patterned light spot progressively

a dc

b

Fig. 2 | Experimental result. a The experimentally observed electromagnetically
induced transparency (EIT) signal (blue solid line) and the corresponding dispersive
signal (orange solid line) are presented. b The noise signal of the Dual-channel
detector. Turned on the piezoelectric at t = 0 to feedback control. c From top to

bottom, the change trend of the dispersion signal observed by increasing the
amplitude of the applied MW field from −3 dBm to dBm. d The change of double-
peak-patterned light spot with different detunings of the coupling light. From top to
bottom in turn is −100 kHz, −50 kHz, 0 kHz, 50 kHz, 100 kHz.
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evolves, starting with a smaller peak on the left and ending with a larger one
on the left. The above experimental results perfectly validate the correctness
of the theory.

We also compare the weak measurement SLI and amplitude-based
superheterodyne detection methods. The superheterodyne method
employs optical readout of the beat signal between the signal field and the
strong local field. Under the same laboratory noise environment, active
frequency stabilization (PDH cavity) and power stabilization (variable
optical attenuators), we carried out the experiments with weak measure-
ment SLI and amplitude-based superheterodynemethods, respectively. For
detailed experimental procedures, please refer to the Method. Figure 3
presents the experimental results, which demonstrate the superiority of the
weak measurement SLI over amplitude-based superheterodyne detection.
The minimum detectable field is increased by almost 20 dBV cm−1, the
sensitivity of weak measurement SLI superheterodyne detection is
improved by 5–6 dB. On the one hand, the reason for the improvement of
sensitivity is that the dispersion curve has a larger slope maximum in the
spectrum than the transmission curve, and on the other hand, it is attributed
to the improvement of the signal-to-noise ratio caused by the weak
amplification effect.However, it isworthnoting that this is far fromreaching
the limit of the weak measurement SLI detection scheme. As we analyze in
the theory part, higher sensitivity requires a smaller weak coupling (k),
which means that the light intensity after post selection will be weaker. It
needs higher requirements for photon noise in the environment and the
weak light detection ability of the detector. By using a Dual-Channel
detector composed of avalanche photodiodes, we can achieve even greater
sensitivity improvements.

Conclusion
Wehaveproposed aweakmeasurement SLI scheme inmicrowavedetection
which utilizes the quantum weak measurement to amplify the dispersion
signal of theRydberg atomic system.Wehave discussed the theoretical basis
of the scheme and show that this scheme not only eliminates interference
from amplitude absorption but also enhances the dispersion signal through
weak coupling amplification mechanisms. The amplification factor is
inversely proportional to the weak coupling strength. By elucidating the
underlying physical mechanisms, a feasible scheme of approaching the
atomic shot noise limit for Rydberg atom systems is proposed. This scheme

is shown to be superior to the traditionalmethod usingMZI.We also set up
the weak measurement SLI experiment to test this scheme. A series of
experimental evidence has proved the correctness of the theoretical basis. In
addition, we have also compared the superheterodyne detection based on
the amplitude and our weakmeasurement scheme based on the dispersion.
The results show that our scheme has at least 6 dB improvement compared
with the former. In addition, by improving the performance of the detector,
one can obtain higher sensitivity. This schemewould be of great interest to a
broad range of readers including researchers in quantum precise mea-
surement, atomic and molecular optics, quantum optics and other rela-
ted fields.

Methods
Dual-channel detector
Dual-Channel detector consists of a Si PIN photodiodes S3096-02 from
HAMAMATSU and low noise amplifier circuit. S3096-02 has two com-
pactly arranged 1.2 × 3mm photosensitive areas, and the element gap is
only 30 μm. Its cutoff frequency is 25MHz and themaximumdark current
is 0.5 nA, and the noise equivalent power is 7.2 × 10−15WHz−1/2. The
amplifier circuit magnifies the signal by 100,000 times. The shape of Dual-
Channel detector and S3096-02 are shown in the Fig. 4. We measured the
noise power spectrum of the Dual-Channel detector and the balanced
detector PDB210A of Thorlabs without signal light input. The background
noise of the Dual-Channel detector is slightly higher than that of the
balanced detector, because it is more affected by the ambient photon noise.
And they all have a low-frequency noise of about 30–50KHz, which is
presumed to be the electrical noise of the laboratory environment.

Feedback control in weak measurement scheme
The feedback control loop passes through the cell, but the atoms on the
path are not excited by coupling light. So the weak coupling process is
determined by the deflection angle of the reflector. The description of the
measurement system is different from the theoretical part. The evolution
operator can be expressed as eikxAF , where AF ¼ ∣↻i ↻h ∣�
∣↺i ↺h ∣; f∣↻i; ∣↺ig described beam’s which-path information. The
initial state of the system can be described as path state
∣ϕFi

� ¼ ðieiΦF=2∣↻i þ e�iΦF=2∣↺iÞ= ffiffiffi
2
p

, where ΦF is the phase difference
between ∣↻i and ∣↺i introduced by QHQ wave plate combination.
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Fig. 3 | Superheterodyne detection results with error bar. Results based on weak
measurements SLI (a) and amplitude (b) under the same experimental condition.
Red circle is the mean of five measurements, and the space between the two hor-
izontal lines on the red circle is the error. The abscissa is the actual electric field
intensity felt by the atom, which is calibrated by the AT splitting (more details can be
seen in “Methods”). The ordinate is the received power signal of the spectrometer. As

the signal power becomes smaller and smaller, the measurement error gradually
increases. Below the dotted line is the noise base, which marks the loss of linearity
between signal and electric field amplitude. Above the noise base, the minimum
electric field of weak measurement SLI is 111 nV/cm, while the amplitude scheme is
350 nV/cm.
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Through the sagnac loop, the momentum and path state (measurement
system) are entangled: ∣ΨF

� ¼ R
dxφðxÞ∣xi expð�ikAFxÞ∣ϕFi

�
, where

φ(x) is the wave function of the meter in the position representation.
Postselecting with a final state ∣ϕFf

� ¼ ð∣↻i þ i∣↺iÞ= ffiffiffi
2
p

leaves
the state as hϕFf jΨFi ¼ ψFf jψFi

� � R
dxφðxÞ∣xi exp �ixAFwk

� �
, where

AFw ¼ �i cotðΦFÞ. The expected value of the beam position is
〈x〉 = 2kw2∣AFw∣. The above mathematical process is similar to the the-
oretical part, but the measurement system changes from polarization to
which-path information. After post selection, the shift of the beam
centroid is amplified by the weak value, which is very sensitive to the
change of beam momentum in the sagnac loop. We use this feature in
feedback control to adjust the reflector such that the center of mass of the
beam is kept constant to maintain the stability of the optical path.

Experiment details
In the experiment ofmicrowave sensitivitymeasurement, thewavelength of
the probe light and the coupling light are 852.35 nm and 509.93 nm,
respectively. The two lights are all tunable semiconductor lasers with fiber
output, and the beam waist is 1.2 mm and 2mm, respectively, and the
frequency is lockedby the PDHcavity. TheCs cell is a cylinderwith a length
of 10 cm. And all the experiments were done at 26 degrees Celsius. In the
amplitude-based superheterodyne detection, we use a variable optical
attenuators (VOA) and a PID (SM960) to perform power stabilization, and
use a balanced detector to further suppress power noise.We can achieve the
best sensitivity by fine-tuning the power and frequency of the probe light
and coupled light, the output power and frequency of the local microwave

Fig. 4 |Dual-Channel detector and its noise power spectrum. a Shielding shell of detector; b detector front, S3096-02 in the red circle; c detector back; noise power spectrum
of d Dual-Channel detector and e Balanced detector.
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Fig. 5 | Calibration curve of single measurement. The abscissa is the root of the
input power of the horn, and the ordinate is the electric field intensity calculated by
theAT splitting.The red circle is our experimentalmeasurement results and red solid
line is the fit curve. k is the slope of the fitting curve.
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field and so on. After optimizing the parameters, the local field frequency is
8.556 GHz which couples Rydberg energy level 44D5/2− 45P3/2, the
amplitude is 2.8 dBm, the signal field is 8.566015 GHz, and the frequency
difference is 150 kHz. The weak measurement SLI scheme uses one-
dimensional piezoelectric deflection mirror P33 from “COREMORROW”
and PID (SM960) to keep the optical path stable. The power of the probe
light in front of the cell is 175 μW, the power in front of the detector is about
2 μW, and the power of the coupled light in front of the cell is 80mW. The
local field frequency is 8.566 GHz and amplitude is 6 dBm. The frequency
detuning of the probe and coupled light is calibrated by the energy level
spacing of 44D5/2 and 44D3/2 (839MHz). The actual electric field strength is
determined by AT splitting of Rydberg state 44D5/2: E = hfAT/μ, where h is
Plank constant, fAT is AT splitting frequency interval, and μ is the dipole
moment of the Rydberg state. The calibration curve of the experiment is
shown in Fig. 5.

Data availability
The datasets generated during and/or analyzed during the current study are
available in the figshare repository54.

Code availability
Code available from the corresponding authors (Z.Z.) upon request.
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